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Development that meets the needs of the present without compromising the 

ability of future generations to meet their own needs.  
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Executive Summary 

In Norway, aviation plays a central role in connecting the remote areas of the country 

with its cities, and is a fundamental means of transportation for the population to reach 

hospitals and educational institutions. Norway hosts half of the Nordic region’s twenty-five 

busiest airports and the routes from Oslo to Trondheim, Bergen, and Stavanger are amongst 

the ten busiest in Europe. Norway also presents the largest Public Service Obligation (PSO) 

routes network, with forty-four airports owned by the government through its airport operator, 

Avinor. These characteristics, together with many small regional routes, make Norway 

potentially very suitable for the first pilots of emission-reducing options for aviation. 

Furthermore, in the eyes of its airport operator Avinor, Norway’s geography makes its 

connected aviation network economically rational. With focus on Norway, this case-study 

evaluates the commercial feasibility of three aircraft identified to have near-term potential to 

reduce aviation emissions and costs – one hydrogen-electric, one hybrid-electric and one 

battery-electric aircraft – on three routes: Bergen-Stavanger, Trondheim-Bergen and Bodø-

Leknes. In addition to presenting an emission and a cost model, the study proposes policy 

scenarios that aid in making emission reduction options more cost-competitive, and hence lead 

not only to reduced emissions but also to reduced costs. This study takes inspiration from a 

first 2020 University of California, Berkeley study on the potential for sustainable regional 

aviation (SRA) in California. The thesis also builds on a 2020 Western Norway University of 

Applied Sciences study of the potential of sustainable aviation in Norway on selected routes 

to be covered by aircraft with more emission-effective propulsion.  

The model shows that based on modelled number of passengers and the technical data 

from company dialogues with Berkeley contributors, the ZeroAvia renewably–powered 

hydrogen–electric 19-seater HyFlyer can be more cost-competitive than the hybrid, the 

battery-electric aircraft and the traditional aircraft currently in use on the selected three 

reference routes, with cost-competitiveness over 90 to 100% of the studied aircraft. The 

renewably–powered hydrogen–electric aircraft is more emission-effective than the battery-

electric based on modelled number of passengers and assumptions of hydrogen production 

from electrolysis in 2025 and more emission-effective than the hybrid-electric aircraft with 

on-site or nearby electrolysis plant. Including hydrogen fuel cells in the Norwegian mandate 

for sustainable aviation fuels can (a) strongly facilitate technology and industry development 

in Norway and (b) make more emission-effective aircraft even more cost-competitive. 
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1.  Introduction 

1.1. Problem Statement: Air transport in an emission world 

During 99% of our history, humans have lived as restless nomads, challenging the 

concept of mobility for as long as one can remember (Service, 1968–85). Within these settings, 

humans have always embedded a strong driving force for the development of mobility and 

improvements in transportation technology have been among the most powerful drivers of 

change in our history. Advances in technology have made it possible for human beings to 

reach and explore farther areas, and expand their horizons. As new transport challenges arose 

and new inventions were applied to them, researchers have been working to find new ways to 

reduce costs and increase transport efficiency. Travel time has decreased and the ability to 

move more frequently and with larger loads has increased. Hunting-gathering and nomadic 

societies started to rapidly dissolve especially after the Industrial Revolution (Service, 1968-

85). With it came unprecedented improvements, as well as unprecedented human impact and 

changes on Earth's climate system on a global scale. The immense human-led improvements 

came at the cost of burning fossil fuels – releasing significant amounts of carbon dioxide and 

other greenhouse gases (GHGs) into the atmosphere and „it would take several more decades 

before scientists realized the full extent of GHGs accumulation in the atmosphere, and their 

relation to global warming” but it is now clear that for several years “average surface 

temperatures have consistently surpassed 1.5°C above pre-industrial values” (Ghosh, 2021). 

 

Global aviation has grown dramatically worldwide (Michot et al., 2003), with 

estimates that emissions have increased by a factor of 6.8 per year between 1960 and 2018 

(Lee et al., 2020). In particular, according to Penner et al. (1999), global passenger air travel, 

as measured in revenue passenger-kilometer, has been projected to grow by about 5% per year, 

and total aviation fuel use – including passenger, freight and military – by 3% per year, “the 

difference being due largely to improved aircraft efficiency” (Penner et al., 1999). In fact, 

according to Vlek and Vogels (2000), substantial aircraft emissions per passenger-kilometer 

improvements have been made, with more fuel efficient aircraft engines resulting from the 

reduction of airframe weight. However, the authors asserted already in the year 2000 that these 

measures to increase aircraft fuel efficiency summed to the establishment of international 

emission regulations by ICAO were still insufficient to compensate for the increase in 

emissions as a result of the growth of global aviation (Vlek and Vogels, 2000).  
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With worldwide air traffic is expected to continue to grow at rates of 3-5% per year 

between 2020 and 2050 (ICAO, 2016a; Penner et al., 1999; Van Pham et al, 2010), and 

therefore the projected growth of aviation’s environmental impacts, “decision-makers and 

stakeholders are seeking policies, technologies, and operational procedures that balance 

environmental and economic interests” (Mahashabde et al., 2011). In addition, according to 

Graver et al. (2019), by 2050 aircraft might account for 25% of the global carbon budget. 

Gössling and Humpe (2020) also estimate that only 2% to 4% of global population flew 

internationally in 2018, find that 1% of world population emits 50% of CO2 from commercial 

aviation, and reiterate that the current climate policy regime for aviation is inadequate. “If the 

global aviation sector were treated as a nation, it would have been the sixth-largest source of 

carbon dioxide emissions from energy consumption in 2015, emitting more than Germany 

(Air Transport Action Group [ATAG], 2019; Olivier et al., 2016)”, write Graver et al. (2019). 

 

Vlek and Vogels (2000) present three challenges to finding answers to the question of 

what measures shall be advised and adopted: (1) the international character of aviation 

implying that measures must be taken globally, (2) the variety of global aviation, with its many 

different kinds of aircraft, and large number of flights over a very wide range of distances and 

(3) the complexity of assessment of the many possible emission reduction measures, spanning 

from technical to economic measures. Similar categorizations of subsystems of measures 

(technology, economy, atmosphere and environment) can be found already in the AERO 

model by Vlek and Vogels (2000) as well as in the listed measures by ICAO and in Destination 

2050, the route to net zero European aviation by the European aviation sector. The complexity 

of the topic motivates the use of a High-level Emission and Cost Reduction for Aviation 

(HECRA) Model. According to Eliassen and Stoknes (2015) in the Festschrift to Jorgen 

Randers, high-level modeling is an approach and research tool whose advantage is to make a 

synthesis of a large, often interdisciplinary body of research, allowing for both broad synthesis 

and in-depth empirical research.  

 

A new generation of more emission-effective aircraft propulsion is challenging the 

norms of commercial air traffic. This study explores exactly how and with what options the 

aviation industry can reduce its costs and emissions by focusing on the following subsystems: 

(1) environment, (2) technology, (3) economy and (4) policy, with case study Norway. 
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Firstly, Chapter 2 Literature Review frames the current status of research on the topic 

by starting from (1) the main factors influencing the environmental impact of aircraft 

emissions, and following with presenting (2) the current emission reduction options from the 

ICAO Global Coalition for Sustainable Aviation as well as from Destination 2050 – A route 

to net zero European aviation by the European aviation sector. In addition, the chapter 

includes (3) a section on the state of the methodologies for evaluation of aviation options and 

(4) outlines the efforts of the Norwegian aviation industry in the last two decades by 

summarizing the measures included in the four reports published so far with the title 

“Bærekraftig og samfunnsnyttig luftfart”, "Sustainable and socially beneficial aviation", in 

2007, 2011, 2017 and 2020. Avinor, the Norwegian airport operator, led the work from report 

one to report four. Finally, the chapter presents (5) key insights from the four conferences the 

author of this study attended in 2020 and 2021 and from company dialogues with Avinor and 

the key contributors to the University of California, Berkeley Sustainable Regional Aviation 

study. The four conferences that were attended are the Norwegian Hydrogen Conference in 

June 2020, the ZeroAvia Conference in June 2020, the First International Hydrogen Aviation 

Conference in September 2020 and the Digital Half-day Webinar on Sustainable Aviation by 

the Department of Mechanical and Marine Engineering at the Western Norway University of 

Applied Sciences and the Bergen Energy Lab at the University of Bergen in October 2020. 

 

Secondly, Chapter 3 Methodology presents the research design choices, the collected 

data types and the study’s time horizon, including hypotheses and research model. Thirdly, 

Chapter 4 High-level Emission and Cost Reduction for Aviation Model, Data and 

Assumptions describes the subsections of the model: (1) environment, (2) technology, (3) 

economy and (4) policy. The chapter includes the explanation of the key assumptions and 

collected data in the various subsections. 

 

Chapter 5 Results and Discussion follows to the model presentation by analyzing the 

collected data presented in the previous chapter and adding new perspectives that were not 

mentioned earlier in the thesis. Chapter 6 Policy Recommendations follows with policy 

improvements recommendations based on the current policies outlined in the four Sustainable 

and Socially-beneficial Aviation reports for Norway. Lastly, Chapters 7, 8 and 9 address the 

reliability, validity, limitations and research ethics of the study, draw the conclusions and 

highlight suggestions for avenues for future research. 
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1.2. Research Aim and Research Questions 

This paper seeks to reproduce and adapt to the Norwegian context a 2020 University 

of California, Berkeley study [Schefter et al. (2020), also called Berkeley model – University 

dialogue] on the potential for sustainable regional aviation (SRA) in California. In the 

Berkeley study and this Norwegian study, the authors evaluate the commercial feasibility of 

three aircrafts identified to have near-term potential to reduce aviation emissions and cost: 

ZeroAvia’s 19-passenger hydrogen-electric aircraft, Faradair’s BEHA_M1H 18-passenger 

hybrid-electric aircraft and Eviation’s Alice 9-passenger battery-electric aircraft. The thesis 

also builds on a 2020 Western Norway University of Applied Sciences study on the potential 

of sustainable aviation in Norway on selected routes to be covered by aircraft with more 

emission-effective propulsion.  

 

In the Berkeley model, the contributors evaluate the environmental and financial 

performance of the aircraft technologies, by selecting three Californian reference travel routes, 

conducting a mode shift analysis to compare against typical modal substitutes, and finally 

making policy recommendations. Similarly, this study evaluates the cost and emission 

reduction potential of the aircraft solutions identified in the Berkeley model by selecting three 

Norwegian reference travel routes and additionally includes an incentive model. This paper 

aims to answer the following research questions, with a specific focus on the Norwegian case 

study: (1) What types of aircraft solutions can make air travel more cost-effective and 

emission-effective? (2) What kind of policies can incentivize the development and adoption 

of the above identified aircraft solutions? The reproduction of the Berkeley study for Norway 

was commissioned by ZeroAvia, powering the world's first hydrogen fuel-cell-powered flight 

for a commercial-size aircraft in September 2020 (Cairns, 2020). 

 

 

 
 

Figure 1. ZeroAvia’s HyFlyer 
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 Figure 2. Avinor numbers. From Avinor, The Full Story (2017) 

Figure 3. Public Service Obligation (PSO) routes. From Avinor (March 2020) and NOU 2019:22 
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1.3. The Norwegian Case Study 

In Norway, forty-four airports are owned by the government through its airport 

operator, Avinor, making the country one of the most hyper-connected aviation networks in 

the world, with half of the Nordic region’s 25 busiest airports (Avinor’s website, 2021). 

Norway is the country in Europe with the most airline trips per capita, and the routes from 

Oslo to Trondheim, Bergen, and Stavanger are all amongst the ten busiest in Europe 

(Visitnorway, 2020; Avinor, 2017). Furthermore, aviation in Norway is particularly important 

to connect the South of the country to the Northern areas (Lian, 2010). Very relevant for this 

study and the selected reference travel routes is the contribution by Lian (2010): “Due to the 

long stretched shape of the country and sparse population, many regions in Norway are 

dependent on air travel that involves chained trips with two or more legs. Northern Norway 

and the west coast are particularly dependent on such networks”. According to the author, 

chained trips involving two or more legs account for 28% of domestic air travel in Norway 

(Lian, 2010).  

A further reason why the Norwegian case is relevant is that four reports have been 

published so far with the title “Bærekraftig og samfunnsnyttig luftfart”, "Sustainable and 

socially beneficial aviation", in 2007 (Lian, 2007), 2011, 2017 and 2020 (Avinor, respective 

years). The work on the 2020 report was led by Avinor, in collaboration with SAS, Norwegian, 

Widerøe, LO and NHO Aviation. The 2017 report asserts: “A new and modern aircraft fleet 

is the most important contribution to reducing greenhouse gas emissions from aviation - in 

short, the aircraft become lighter and the engines more efficient. New technology combined 

with phasing in [sustainable] fuels, and in the longer term, electric aircraft, will reduce 

emissions from aviation significantly”. Fast forward to the 2020 report, much dialogue, work 

and research have been added to the main research questions of this paper: how to keep 

aviation emissions and cost levels effective, by looking into changing the type of aircraft 

technologies, fuels and policy measures. The 2020 report's goal is that the Norwegian aviation 

be fossil-free by 2050.  

 

    

Figure 4. Four major markets: Oslo, Bergen, Trondheim and Stavanger. Avinor (2017). The Full Story. 
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2.  Literature Overview 

2.1. Environmental impact of aircraft emissions 

According to the IPCC, emissions of CO2 from all transport sectors account for about 

22% of all global emissions of CO2 from fossil fuel use (IPCC, 1996a). In 1990, aviation was 

responsible for about 12% of CO2 emissions from the transport sector (Faiz et al., 1996; IPCC, 

1996b; OECD, 1997a,b). Consequently, aviation is currently responsible for about 2% of total 

global emissions of CO2 from the use of fossil fuels (Sprinkle and Macleod, 1993; WMO, 

1995; Gardner et al., 1996). More recent facts and figures still report similar percentages. 

Aviation emissions have occurred mainly since 1950 (Schumann, 1993), yet they are 

characterized by the long-term impacts from CO2 emissions and shorter-term impacts from 

non-CO2 emissions and effects, which include the emissions of water vapour, particles and 

nitrogen oxides (NOx). Figure 5 from Nelson and Reddy (2018) presents GHGs emissions 

subdivided in the three fundamental phases of flight: 

 

  

Figure 5. GHGs per phase of flight, from Nelson and Reddy (2018) 

Figure 6. Share of aviation/transport emissions    Figure 7. Share of aviation/transport emissions 

  from Penner et al. (1999)        from Penner et al. (1999) 
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The four main factors (Janić, 1999) influencing aviation emissions include: (1) the 

intensity and volume of aircraft movements, (2) the type and spatial concentration and 

distribution of the particular pollutants, (3) fuel consumption and energy efficiency and (4) the 

rate of renewing of the aircraft fleet by introducing “cleaner” aircraft (Van Pham et al., 2010). 

Mahashabde et al. (2011) classify aviation environmental impacts as a combination of noise 

impacts, air quality impacts and climate impacts. The authors list air quality impacts as being 

provoked by the GHGs: nitrogen oxides, carbon monoxide, sulfur oxides and particulate 

matter. Climate impacts are provoked by the GHGs: carbon dioxide, water vapor, contrails 

and aviation-induced cirrus, sulphate aerosols and particulate matter, carbon monoxide and 

volatile organic compounds (Mahashabde et al., 2011). Given these important considerations, 

the study does not focuses only on the carbon footprint of aviation, but on its climate impacts 

in a broad spectrum, which are expressed in CO2 equivalents, also abbreviated as CO2-eq. 

According to Gnadt et al. (2019): “An almost unique feature of aviation is that a 

significant portion of the aviation-attributable climate warming is due to non-CO2 emissions, 

especially contrails and contrail-cirrus clouds. Contrails are white, line shaped clouds that 

form behind aircraft. They have about the same order of magnitude of radiative impact as 

cumulative aviation-related CO2 emissions, with estimates ranging from 33% to 257% of the 

CO2 impacts on an absolute global warming potential basis for a 100-year time horizon” 

(Dorbian et al., 2011). “In contrast, aircraft that do not combust fuel and thus do not emit water 

vapor at high-altitude have the potential for greatly reducing the climate impacts of aviation” 

(Gnadt et al., 2019). 

2.2. Mitigation: Emission reduction options 

While aviation accounts for 2-3% of CO2 emissions globally, it accounts for around 

3.8% of total CO2 emissions in Europe (European Commission, 2021). With findings such as  

Gössling and Humpe (2020)’s of the magnitude of 1% of world population emitting 50% of 

CO2 from commercial aviation, it comes as no surprise that one of the topics of major 

discussion in relation to measures to reduce aviation emissions is the reduction of air travels.  

In fact, if everyone in the world took just one long-haul flight per year, aircraft emissions 

would largely exceed the US’s entire CO2 emissions, according to ICCT (Graver et al., 2019).  
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In the Norwegian case, which this case study focuses on, according to the Institute of 

Transport Economics, (Transportøkonomisk institutt, TØI): “Substituting air transport with 

land transport has a limited potential as only 6-8% Norwegian air travel, measured in 

passenger kilometres, take place on routes and distances where there are realistic alternatives” 

(Lian, 2007). Norway has a particular dependency on air travel. However, “it can help to tell 

others about your decisions to reduce flying”, writes Timperley for the BCC (2020). In the 

mentioned BCC interview, Cait Hewitt, Deputy Director of the Aviation Environment 

Federation (AEF), an environmental non-profitit states: “Making it known that you're someone 

who's given up flying for climate reasons can start to have a statistically significant impact on 

the amount that people around you fly. Offsetting just can't be a long-term solution” she says. 

Many people object to offsetting as it implies wealthier individuals can keep contributing to 

climate change without altering their behaviour  (Timperley, 2020). 

This chapter presents the current emission reduction options from the ICAO Global 

Coalition for Sustainable Aviation as well as from Destination 2050 – A route to net zero 

European aviation. As mentioned in the Introduction, the categorization of subsystems of 

measures technology, economy, atmosphere and environment can already be found in the 

AERO model by Vlek and Vogels (2000).  

 

The following is the excerpt on emission reduction measures from ICAO’s Resolution 

A39-2: “The ICAO 39th Assembly recognized that the aspirational goal of 2 per cent annual 

fuel efficiency improvement is unlikely to deliver the level of reduction necessary to stabilize 

and then reduce aviation’s absolute emissions contribution to climate change, and that goals 

of more ambition are needed to deliver a sustainable path for aviation. To achieve international 

aviation’s global aspirational goals, a comprehensive approach, consisting of a basket of 

measures has been identified: 

o Aircraft-related technology development – purchase of new aircraft and new equipment to 

retrofit existing aircraft with more fuel-efficient technology; 

o Alternative fuels – investments in the development and deployment of sustainable aviation 

fuels (SAFs); 

o Improved air traffic management and infrastructure use – improved use of communication, 

navigation and surveillance/air transport management (CNS/ATM) to reduce fuel burn; 

o Economic/market-based measures – researching and building awareness of low cost, 

market-based measures to reducing emissions such as emission trading, levies, and 

offsetting” (ICAO, 2016b). 
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As stated from ICAO’s website (2021), the main objective of the ICAO Global 

Coalition for Sustainable Aviation is to promote sustainable international aviation. “The ICAO 

Global Coalition for Sustainable Aviation includes stakeholders working on innovations and 

breakthroughs on aviation Technology, Operations and Infrastructure, and Sustainable 

Aviation Fuels, together with the CORSIA as the complementary measure to achieve 

the environmental objective. 

Each of the three focus area of the coalition firstly aims to raise awareness of the 

continuing progress made towards in-sector CO2 emissions reduction from international 

aviation, building on existing leaderships and champions, as well as strengthen existing 

partnerships and innovations” (ICAO, 2021b).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9. ICAO Global Coalition for Sustainable Aviation, from ICAO’s website (2021b) 

Figure 8: Basket of Measures Contribution for Reducing International Aviation Net CO2 emissions, from ICAO (2019) 
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 It is important to underline that ICAO’s 2016 basket of measures addresses CO2 

emissions, but as presented in Chapter 2.1. with the contribution by Gnadt et al. (2019) as well 

as highlighted by Schäfer et al. (2019): “It is estimated that the non-CO2 warming impacts of 

aircraft are [at least] of the same magnitude as aircraft CO2 emissions, thus effectively [at 

least] approximately doubling aviation’s contribution to climate change”. To address such 

impacts, writes ICAO (2019), “the “IPCC Aviation and the Global Atmosphere report” 

(Penner et al., 1999) was written in 1999, which provided the scientific basis for impacts of 

aviation on the global climate. Twenty years after the publication of this report, these estimates 

of aviation climate forcing could be enhanced by a new international scientific assessment. In 

the absence of such a report, in order to update and strengthen the scientific base, the 

information contained in the IPCC 1999 report is being supplemented by the work carried out 

by ICAO and the Committee for Aviation Environmental Protection (CAEP)” (ICAO, 2019). 

 

 According to CAPA – Centre for Aviation (2021), Europe is leading world aviation 

towards net zero carbon emissions and bringing together European airlines, airports, Original 

Equipment Manufacturers (OEMs) and air navigation providers. According to the European 

timeline net zero timeline, the biggest contributor to emission reductions is improvements to 

aircraft/engine technology (37% of the total reduction, split between hydrogen powered 

aircraft 20%, and kerosene/hybrid electric 17%), followed by sustainable aviation fuels (34%). 

 

 

Figure 10. European Decarbonisation Roadmap (van der Sman et al., 2020) 
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 However, also in the case of the European roadmap it needs to be emphasized that it is 

a decarbonisation roadmap. It acknowledges that aviation is responsible for non-CO2 impacts 

but limits measures to a quantitative assessment of CO2 emissions because further study is 

needed to develop a roadmap that take non-CO2 emissions into account. Due to this call for 

further scientific assessment, the 2020-2021 conferences described further on in this literature 

review, attended by the author of this study, cast further light on non-CO2 impacts estimations. 

2.2.1. Aircraft and engine technology 

According to CAPA – Centre for Aviation (2021), “technology is by far the most 

important overall factor for cutting carbon emissions, embracing both aircraft and engine 

technology and sustainable aviation fuels (SAFs)”. This section focuses on aircraft and engine 

technology. The following section focuses more in particular on SAFs. 

 The authors Alvestad et al. (2020) conduct a first study of the potential of 

sustainable aviation in Norway on selected routes to be covered by aircraft with more 

emission-effective propulsion. In their study, sustainable aviation covers zero-emission 

propulsion systems for aircraft. “However, there has been little advance in the field of zero-

Figure 11. Pie Chart European Decarbonisation Roadmap (CAPA – Centre for Aviation, 2021) 
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emission technologies in the aviation sector compared to the present use of engines powered 

predominantly by petroleum-based fuel” (Alvestad et al., 2020), therefore the authors include 

also hybrid propulsion in their study, and present a list of current electric and hybrid electric 

aircraft projects. The list, presented in Table 1, encompasses aircraft powered by electric 

motors that can receive electrical energy from a secondary source such as a battery or a 

hydrogen fuel. The classification by Alvestad et al. (2020) is relevant for the present study 

since the latter seeks to reproduce and adapt to the Norwegian context the 2020 University of 

California, Berkeley study on the potential for sustainable regional aviation (SRA) in 

California by evaluating the commercial feasibility of three aircrafts identified to have near-

term potential to reduce aviation emissions and cost: ZeroAvia’s 19-passenger renewably-

powered hydrogen-electric aircraft, Faradair’s BEHA_M1H 18-passenger hybrid-electric 

aircraft and Eviation’s Alice 9-passenger battery-electric aircraft. The thesis also builds on 

Alvestad et al. (2020)’s Western Norway University of Applied Sciences study on the potential 

of sustainable aviation in Norway since the authors focus on the second one of the three 

selected routes for this High-level Emission and Cost Reduction for Aviation (HECRA) 

Model: Bergen-Stavanger. In addition to Alvestad et al. (2020)’s technical feasibility analysis, 

the HECRA Model performs a cost analysis and a policy-related incentive analysis. 

 

Table 1. Current electric and hybrid electric aircraft projects (Alvestad et al., 2020) 
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The analysis of the three aircraft on additional routes with respect to the California area 

can serve as a contribution towards the literature on solutions to address the climate crisis in 

the aviation sector. Finally on the technology and manufacturers’ perspective, a very insightful 

presentation was held on December 7th 2005 at the International Civil Aviation Day (ICAO, 

2005). Under the Manufacturers’ Multiple Paths & Opportunities to reduce Emissions listed 

are opportunities around: (1) the propulsion system, (2) aircraft materials, (3) structure, aero 

and systems design and methods, (4) manufacturing processes and (5) aircraft systems. 

 

2.2.1.1. ZeroAvia’s HyFlyer 

 

ZeroAvia is a British/American hydrogen-electric aircraft developer. As can be seen 

from Table 1, ZeroAvia’s currently working for certification of its 6-seater and 19-seater 

HyFlyer by 2023 – early 2024. In fact, ZeroAvia secured £12.3m in funding from the UK 

government through the ATI Programme to deliver a 19-seat hydrogen-electric powered 

aircraft that is market-ready by 2023 – the HyFlyer II project (Calderwood, 2020).  
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In addition to reduced emissions, “the novel zero-emission powertrain has 75% lower 

fuel and maintenance costs, resulting in up to 50% total trip cost reduction” (ZeroAvia, 2021). 

“In less than four years, ZeroAvia has gone from testing aircraft parts in pickup trucks to 

gaining the support of the UK government, and attracting investment from Jeff Bezos and Bill 

Gates to British Airways” (Harris, 2021).  

 

2.2.1.2. Faradair’s BEHA_M1H  

 

Faradair is developing a hybrid-electric aircraft concept that solves three core problems 

hindering regional flight growth: emissions, noise and operating costs (Faradair, 2021). 

According to the Berkeley University’s study (University dialogue based on company 

dialogue, 2020), this aircraft has a design with “triple box-wing” and solar panels, and the 

company strives to have flight trials in 2022. The aircraft is designed for regional flights. 

 

2.2.1.3. Eviation’s Alice 

 

According to the company website (Eviation, 2021), “Alice is the world's first all-

electric commuter aircraft, built to make flight the sustainable, affordable, quiet solution to 

regional travel”. As can be seen from Table 1, Eviation strives for certification already in 2021.  

2.2.2. Sustainable Aviation Fuels (SAFs) 

According to Ekici et al. (2020): “Alternative fuels could be used to reduce the 

emissions of reaction engines used in aviation, but the use of alternative fuels has reduced the 

propulsion force, one of the most important performance parameters in aviation”.  

There is an important distinction to be made between biofuels and electrofuels under 

the SAFs categories, which is also addressed by the Norwegian aviation industry in the 2020 

report “Aviation in Norway – Sustainability and social benefit”: “Sustainable fuels such as 

biofuels and e-fuels (synthetic fuels) can be used directly in existing aircraft fleets and 

infrastructure, and is a turnkey solution to reducing greenhouse gas emissions from air travel. 

Norwegian aviation has been pioneering the adoption of jet biofuels. From 2020, Norway is 

the first country in the world to have a blending mandate for advanced biofuels in aviation. 

Norwegian airlines have plans for increased phasing in of sustainable fuels, and the Norwegian 

authorities have signalled a target of 30 per cent biofuel in aviation by 2030” (Avinor et al., 

October 2020). The report asserts that Avinor and NHO Luftfart, the section of the aviation 

industry of the Confederation of Norwegian Enterprise (NHO), Norway's largest organisation 
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for employers and leading business lobbyist, conducted an analysis of local biomass for the 

establishment of large-scale production of biofuels for aviation in Norway. The analysis 

concluded that waste and by-products from forestry could provide enough biomass for 30 to 

40% of the fuel demand for Norwegian aviation. This study aims to address the environmental 

impact of SAFs, considering that the second studied aircraft, Faradair’s BEHA_M1H, is to be 

powered partially by SAFs.  

With regards to e-fuels, the mentioned report asserts that it is Norwegian aviation's 

view that e-fuels delivered to aviation must be produced in a sustainable way. In this context, 

a very interesting application is the one of the AIR TO FUELS™ Technology by the company 

Carbon Engineering. Using this approach, Carbon Engineering can produce renewable fuels 

that are drop-in compatible with today's infrastructure and engines and are almost completely 

carbon neutral. “The process integrates four growing fields – renewable electricity generation, 

Direct Air Capture, clean hydrogen production, and sustainable fuel synthesis – to deliver a 

highly scalable, clean fuel solution” (Carbon Engineering, 2021). “The hard part is getting to 

carbon neutral Fischer–Tropsch. Once there, is easy to do refining to get to fully compatible 

commercial products including aviation kerosene or diesels” (Carbon Engineering company 

dialogue, 2019).  

Similarly, according to Avinor et al. (2020)’s report, projects for the production of e-

fuels are also being developed in Norway. “In June 2020, Norsk E-fuel presented plans for the 

construction of a production plant at Herøya. In the first facility, most of the CO2 will come 

from an industrial emission source, but it is also planned that a proportion of the CO2 will be 

captured from the air (DAC). The plan is to gradually increase the proportion of CO2 captured 

from the air in later projects. At the moment, e-fuels do not fall under the blending mandate 

for advanced biofuels” (Avinor et al., 2020). This element will be addressed under the policy 

recommendations of the present study. 

2.2.3. Operations   

“Improvements in air traffic management and aircraft operations are expected to be an 

important short to medium term source of cuts in carbon emissions, pending bigger step 

changes from technology. The biggest impact would come from the completion of the Single 

European Sky. Improved efficiency of Air Traffic Management (ATM) and the 

decarbonization of ground operations, including electric towing and taxiing of aircraft, are 

also important elements” (CAPA – Centre for Aviation, 2021). 
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ICAO’s presentation with focus on the Manufacturers’ Perspective at the International 

Civil Aviation Day (ICAO, 2005) also included insights on the opportunities to reduce 

emissions within operating procedures. The main ones are related to: (1) weight reductions 

because some procedures are linked within minimizing maximum takeoff weight (MTOW), 

(2) aerodynamic and engine performance improvements because based on aircraft and engine 

performance, several procedures can optimize operations, (3) optimized ground and flight, and 

maintenance procedures. 

2.2.4. State Action Plans and Economic Measures 

In 2020, ICAO launched the State Action Plan initiative as a means to provide States 

with the capacity and tools to take action in terms of policy development and standards setting 

to limit and reduce the impact of aviation on the global climate, especially geared towards 

ICAO Member States not having the human, technical and financial resources to do so. This 

initiative enables all ICAO Member States to establish a long-term strategy on climate change 

for the international aviation sector, involving all interested parties at national level. 

The European Union has specific economic measures in place under this emission 

reduction measure type, with the European Emission Trading Scheme (EU ETS) being the 

mechanism that is implemented and complemented by the ICAO CORSIA scheme for 

international flights (van der Sman et al., 2020). 

2.2.5. CORSIA 

The ICAO’s global Carbon Offsetting and Reduction Scheme for International 

Aviation (CORSIA) work was started in 2016. In Europe, aviation has been part of the EU 

ETS since 2012 for emissions until 2016. The EU ETS has therefore maintained its 

geographical scope limited to intra EEA flights from 2017, while the ICAO was developing 

CORSIA to start in 2021, and the reference emissions for CORSIA were intended to be the 

ones of 2019 and 2020. 

The scheme will not include private jets or military planes. All in all, CORSIA will not 

require airlines to offset flight emissions for the six years of its first phase and will cost them 

less than 1% of operating costs by 2035, a DW analysis found (Deutsche Welle, 2021). 
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As this chapter presented, because technical and operational measures had proved 

inadequate to counter traffic growth, finally in October 2016 ICAO adopted a framework for 

a market-based measure. Today, “the Carbon Offset and Reduction Scheme for International 

Aviation (CORSIA) is the primary emission-mitigation tool for international aviation. It aims 

at ‘carbon-neutral growth’ from 2020 onward. Yet, even with an increased use of alternative 

fuels and comprehensive implementation of CORSIA, ICAO’s basket of measures will not 

produce a reduction in global aviation emissions” (Lyle, 2018). The author’s input to CORSIA 

is the proposal of a derivative but more ambitious strategy. “This would include incorporation 

of international aviation emissions in the Nationally Determined Contributions (NDCs) of 

Parties to the Paris Agreement and a more direct role for the United Nations Framework 

Convention on Climate Change (UNFCCC) in determining eligibility of emission units and 

alternative fuels, with the ICAO remaining accountable for monitoring, reporting and 

verification” (Lyle, 2018). 

2.3.  State of the methodologies for aviation options evaluation 

At least two models for evaluation of aviation options in this context are fundamental 

to mention: the Aviation Emissions and Evaluation of Reduction Options (AERO) Model 

(Vlek and Vogels 2000; Michot et al 1993) and the Global Aviation Industry Dynamics 

(GAID) Model (Sgouridis et al, 2011).      

 

The GAID model captures the behaviors of the three primary stakeholders in the 

global aviation industry; passengers, airlines, and aircraft manufacturers (Sgouridis et al, 

2011). 

Figure 12. AERO Model Representation 
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In addition, as mentioned in the Introduction, the present study builds on the 2020 

University of California, Berkeley study on the potential for sustainable regional aviation 

(SRA) in California and on Alvestad et al. (2020)’s Western Norway University of Applied 

Sciences study on the potential of sustainable aviation in Norway focusing on the route 

Bergen-Stavanger. 

 

The 2020 University of California, Berkeley SRA study was conducted by seven 

contributors, and built on a previous life-cycle assessment study by one of the main authors, 

in collaboration with further contributors. According to the Berkeley contributors, of particular 

importance for short-haul regional aviation is the fact that it is inherently inefficient and 

sensitive to fuel prices because there are fewer miles to average out the takeoff and landing 

phases of flight. Their study on sustainable regional aviation is very relevant for Norway, since 

about one third of emissions in the airline industry are generated by short-haul flights of less 

than 1,500 kilometers (Graver et al., 2019) and “the shortest routes - sub-600 nautical flight 

miles - represent about half of global departures, with an outsize environmental impact” (Irfan, 

2019).  

 

Figure 13. GAID Model Representation 
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To the relevance of the present study is the route choice chapter of the Berkeley study. 

The Berkeley study’s approach to select which routes to model was to select a specific route 

as a case study for each of three different types of city pairs in California: 

 

● Large metropolitan area to large metropolitan area: This category is served 

by major carriers. The contributors chose Oakland to Burbank as the specific 

case for this route type, specifically avoiding other airports such as San 

Francisco (SFO) and Los Angeles (LAX) to lower estimated airport fees. 

● Metropolitan area to small town: The contributors chose Sacramento to San 

Luis Obispo as the case study for this route type because of Sacramento’s status 

as the state capitol. They saw a need to connect it to smaller towns across the 

state and chose San Luis Obispo in particular to connect the research 

community at Cal Poly to the State’s Government. 

● Large metropolitan area to leisure location: The contributors chose San Jose 

to South Lake Tahoe as the case study for this type of route given the large 

number of tech workers who live in the South Bay and who travel for leisure 

to the Tahoe area. 

 

For each of these route types, current modes and passenger volumes were estimated and CO2-

eq emissions were calculated. 

 

 As mentioned in Chapter 2.2.1, Alvestad et al. (2020) focus especially on the 

Technology subsystem by conducting a case study on an hypothetical sustainable route 

between Bergen and Stavanger, in addition to an exceptional literature review on current 

projects and the technological status, with focus on batteries, hydrogen and biofuel. In their 

literature study conclusion, the authors highlight that biofuels can be a short-term compromise, 

however, not a permanent solution. They also emphasize that battery technologies are 

“potentially decades away before being commercially available” (Alvestad et al., 2020). In 

terms of infrastructure, the authors also mention the relevant project Elnett21, which has been 

planned to start in 2019 and end in 2024. The estimated budget of the project is 110 million 

NOK, of which Enova contributes 40 million NOK to Elnett21. Key partners are Avinor, Forus 

Næringspark, Lyse Elnett, Smartly and Stavangerregionen Havn. With the project at Stavanger 

Airport Sola, Avinor is planning to build a solar park and they hope the rest of the country will 

look at their solution for local electricity production in the airport area (Elnett21, 2021). 
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2.4.  Norwegian Sustainable Aviation 2007-2021 

“By 2040, Norway has promised all of its short-haul flights will be on electric aircraft. 

This could revolutionise the airline industry”, writes Dowling for the BCC (2018).  

The first report by the Norwegian aviation, released in 2007, already described a 

number of offensive measures to reduce the negative environmental impact of Norwegian 

aviation. The report highlighted that Norway is particularly dependent on air transport due to 

long distances both domestically and to the European continent, and that the country’s 

topography makes it expensive to build roads and railways. In addition, it analyzed two 

fundamental aspects of air transport: its economic and social benefits on the one hand, and the 

environmental impact on the other. As mentioned earlier in this chapter, key insights from this 

report were that substituting air transport with land transport has a limited potential in Norway 

as only 6-8% of Norwegian air travel, measured in passenger kilometres, takes place on routes 

and distances where there are realistic alternatives.  

The second industry-wide report published by the Norwegian aviation, released in 

2011, saw some of the assumptions in the earlier report being changed due to more experience 

gained by the industry in the course of the three years. The report provided an updated 

description of the facts about greenhouse gas emissions from aviation and presented new 

measures. In particular, in 2011 Norway entered into an agreement with Finland, Estonia, and 

Latvia concerning the establishment of a common airspace block – the North European 

Airspace Block (NEFAB) – with the purposing of providing more efficient use of the airspace 

for the airlines. One of the important 2011 additions was the introduction of biofuel in aviation. 

According to the report, the ability to add sustainable, synthetic biofuel could significantly 

increase the potential for emissions reductions and Avinor and the industry were going to 

conduct a feasibility study to look at different alternatives, with authorities, research 

institutions and business invited to participate in the project. Based on the expected growth in 

traffic and flight distances, and assuming that the measures in the report were implemented, 

the following conclusions could be drawn: lower domestic emissions in 2025 than in 2007, 

however increasing international emissions in the period up to 2025, emissions could stabilise 

at around the 2007 level in 2025, but air traffic, measured in passenger kilometres, to increase 

by more than 97% between 2007 and 2025, and finally large proportion of emissions caused 

by the growth to be compensated for by the measures discussed in the report, with access to 

biofuels and the availability on the market of a new generation of aircraft with the expected 

energy efficiency. 
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In the third report, released in 2017, Avinor and the Norwegian aviation set a target for 

30% of all aviation fuel sold at its airports to be sustainable biofuel by 2030. This is equivalent 

to a volume of approximately 400 million litres of jet fuel per year. In the spring of 2017, 

Rambøll, Vista Analyse and SINTEF looked into options to import jet biofuel and the potential 

of producing it in Norway. Their conclusion was that eventually there will be sufficient jet 

biofuel in the international market to achieve this target. There may also be sufficient biomass 

available from Norwegian forests to produce up to 500 million litres of sustainable jet biofuel, 

and it will be possible to produce this fuel in Norway. 

Finally, the last report, released in October 2020, following to a report with the 

recommendations for electrified aircraft introduction, forecasts that traffic is expected to return 

to 2019 levels by 2024 due to the coronavirus pandemic. From then to 2050, the forecast is 

0.7% growth for domestic traffic and 2.5% for international traffic. According to the report, 

in the longer term, low-emission solutions can reduce both costs to the environment and the 

airlines’ operational and maintenance costs. Norwegian aviation believes that it can bring 

significant advantages to society if targeted measures to phase out fossil fuels are initiated 

now: 

• Norway has a major competitive advantage for value creation and industry 

establishment within sustainable fuels, hydrogen and electrification; 

• A transition to fossil-free aviation will secure jobs in the aviation, export 

and tourism industries, and for business in general; 

• Technological development in aviation takes time; a challenging and 

ambitious decarbonization effort requires predictability and a long planning 

horizon; 

• Norway is the first country in the world to implement a blending mandate 

for sustainable jet biofuels for civil aviation, with effect from 2020 and the 

Norwegian parliament has established a target to reach 30 per cent by 2030; 

 • Electrification will further reduce the use of fossil fuels, and Avinor and the 

Norwegian Civil Aviation Authority have prepared a program proposal for 

the introduction of electrified aircraft to Norway. A target of fossil-free 

aviation by 2050 is a confirmation that the industry wants to phase in 

sustainable fuels and electrified aircraft at an ambitious but realistic pace. 
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2.5. Key 2020-2021 Conferences and Company Dialogues 

To obtain industry insights, during the study period the author attended five 

conferences and talks and engaged in company dialogues with Avinor, the key contributors to 

the University of California, Berkeley Sustainable Regional Aviation study, as well as aircraft 

manufacturers, including Boeing and Airbus.  The four conferences that were attended are: (1) 

the Norwegian Hydrogen Conference in June 2020, (2) the 2020 ZeroAvia Annual Sustainable 

Aviation Summit in June 2020, (3) the First International Hydrogen Aviation Conference 

(IHAC) in September 2020, (4) the Digital Half-day Webinar on Sustainable Aviation by the 

Department of Mechanical and Marine Engineering at the Western Norway University of 

Applied Sciences and the Bergen Energy Lab at the University of Bergen in October 2020.  

 

The Norwegian Hydrogen Conference saw the launch of the Norwegian Hydrogen 

National Strategy. Norway has set the goal to become a low emission society by 2050. The 

government has a target for greenhouse gas emissions in 2050 to be reduced by between 90 

and 95 per cent compared to 1990 levels. The hydrogen strategy has been developed as a 

contribution to the process of developing new low emission technologies and solutions. The 

strategy lays the foundation for the government’s future work with hydrogen. The main 

elements of the hydrogen strategy include a desire by the Government to prioritise efforts in 

the areas in which Norway has a particular advantage and can influence development, and 

where there are opportunities for increased value creation and green growth. The steps to make 

hydrogen a viable zero emission solution include making it safe and accessible both 

technologically and financially. Due to the current cost of storing hydrogen as well as its 

energy losses, clean hydrogen is currently not as profitable as other (more polluting) sources 

of energy. To make hydrogen more competitive and to attain the low emission goals for 2050, 

the Government will increase the CO2  tax by five percent every year until 2025. 

In addition, to stimulate the necessary technological developments, the Government 

will, through current policy instruments, continue to support the necessary technological 

developments. The authorities will monitor developments and adjust the policy instruments if 

needed. The Government will in conjunction with the Climate Plan for 2030 evaluate policy 

instruments to promote the development and use of hydrogen in Norway. Furthermore, the 

Government will continue to support research into, and the development and demonstration 

of hydrogen technologies through relevant schemes, with a focus on projects of a high 

scientific quality and potential for commercial development. To make clean hydrogen more 
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competitive on the market, hydrogen needs to be cheaper to produce. To tackle this, the 

Government will contribute to developing technology for the capture, transport and storage of 

CO2, and has ambitions to build cost-effective solutions for full-scale carbon capture and 

storage (CCS) plants in Norway, given that this will generate technology development in an 

international perspective. CCS is essential for the production of clean hydrogen from natural 

gas. Finally, in Norway, electricity used to produce hydrogen through electrolysis is currently 

exempt from the consumer tax on electricity. This helps to reduce the cost level at which 

hydrogen becomes competitive compared with other energy carriers. In 2020, the consumer 

tax on electricity was NOK 0.1613/kWh. In connection to the above exemptions, hydrogen 

vehicles get the same tax breaks and user benefits as those of battery electric vehicles.  

 

The 2020 ZeroAvia Annual Sustainable Aviation Summit was hosted by ZeroAvia and 

held on June 25th 2020. The seminar was composed of two panels with four speakers each.  

The first panel of the conference titled ‘Challenges and New Policies Post-COVID 

towards Sustainability at Scale in Aviation’ was moderated by The Times, and addressed how 

we can reach sustainability at scale in the aviation industry, coming out of the current 

economic context, and explored what mechanisms are available today, and which policies, 

technologies and practices should be implemented moving forward.  

The second panel titled ‘Which new technologies can be deployed in the next five years 

and can inform post-COVID roadmaps?’ was moderated by Aviation Week, and saw the 

speakers addressing how technology development within the aviation space is moving us 

towards a more sustainable aviation future already today, with impacts before mid-decade. 

 

 The First International Hydrogen Aviation Conference (IHAC 2020) was organised by 

Hy-Hybrid Energy and held on September 3rd 2020. Hy-Hybrid Energy is a clean energy 

company focusing on integration of different energy systems to get the optimum performance, 

efficiency and cost benefits and specialist in all major fuel cell types, renewable energy 

systems, hydrogen storage and production. Main partners of the conference were Goldi 

Mobility, Hy-Hybrid Energy, Skycorp, ZeroAvia, AeroDelft, HyPoint, Doosan, Emec 

Hydrogen, Electrofluid. The seminar was characterized by four main sessions with five 

presentations each.  

The first session was chaired by SKYCORP, and saw the following five presentations: 

(1) Hydrogen Energy - At the Heart of the Energy Transition, both on Ground and in the Sky 

by Air Liquide advanced Hydrogen Energy World Business Line, (2) Preparing for a hydrogen 
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propelled aviation industry by Fuel Cells and Hydrogen Joint Undertaking (FCH JU), (3) 

Getting ready for new things in the air - A Scandinavian perspective Swedish Aviation 

Industry Group, (4) Preparing for a hydrogen future: a clean, green and more sustainable vision 

by ZeroAvia, and (5) What is needed to safely fly on hydrogen in the future, by the NLR-

Royal Netherlands Aerospace Centre. 

The second session was chaired by NLR-Royal Netherlands Aerospace Centre, and 

saw the following five presentations: (1) ‘Emission free electric flight with hydrogen- update 

on first hydrogen passenger aircraft Hy4’ by DLR, (2) ‘Why drones are the next best thing 

since the invention of aviation?’ by SKYCORP, (3) ‘Hydrogen (H2) Fuel Cell Powered Flying 

Wing Package: Drones and Air Taxis with PLASMA Flow Control and Bionic StingRAY 

Geometry – H2PLASMARAY’ by Electrofluidsystems, (4) ‘Hydrogen aircraft and the future 

of aviation’ by AeroDelft, and (5) ‘What does hydrogen offer the aviation industry?’ by 

Roland Berger. 

The third session was chaired by CALAMALO Aviation SAS, and saw the following 

five presentations: (1) ‘Let’s hydrogenify transportation – so many opportunities, but where 

to start?’ by Rolls Royce Electric and Independent Consultant for Electric Mobility and 

Hydrogen Transition, (2) ‘Liquid Hydrogen: the Ultimate Sustainable Jet Fuel for a Zero 

Emission Aviation. Ongoing Work at Air Liquide for Flying a Representative Demonstrator 

Aboard a Manned Aircraft’ by Air Liquide advanced Technologies, (3) ‘Dual use of hydrogen 

for airships of the next generation’ by Atlas LTA Advanced Technology, Ltd, (4) ‘Hydrogen 

for lift and propulsion of cargo airships’ by Buoyant Aircraft Systems International, and (5) 

‘Nearest term application of Hydrogen in Aviation – Sustainable Aviation Fuel Production’ 

by Commercial Aviation Alternative Fuels Initiative (CAAFI). 

The fourth and final session was chaired by Rolls Royce Electric & Independent 

Consultant for Electric Mobility and Hydrogen Transition, and saw the following five 

presentations: (1) ‘How to make the Morgann greener with H2 propulsion?’ by  CALAMALO 

Aviation SAS, (2) ‘Electrical propulsion architecture based on Hydrogen Fuel Cells for future 

large capacity airship solutions’ by Flying Whales, (3) ‘Powertrains for the air transportation 

market: Hydrogen vs. Lithium – what’s better?’ by Hypoint, (4) ‘H2 Clipper: The Practical 

Solution for the Hydrogen Economy’ by H2 Clipper, Inc, and (5) ‘Solid-State Electric Source 

for Powering Aircraft, With Major Flight Range Extension (Recorded Presentation)’ by Space 

Charge LLC. 
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The 2020 Digital Half-day Webinar on Sustainable Aviation was organised by the 

Department of Mechanical and Marine Engineering at the Western Norway University of 

Applied Sciences and the Bergen Energy Lab at the University of Bergen and held on October 

7th 2020. The seminar saw five main presentations: (1) Emission free hydrogen electric 

propulsion for aircraft applications by the German Aerospace Center, (2) Environmental and 

Economic Aspects of Aviation Biofuels by the Technical University Hamburg-

Harburg/Germany, (3) Electrification of aviation: accelerating the transition, by Avinor, (4) 

Electrifying aviation, demonstrator programmes and ambitions for the future by Rolls Royce 

Electric Norway AS and finally (5) Battery technology for electric aviation by Corvus Energy. 

The 2020 Western Norway University of Applied Sciences study on the potential of 

sustainable aviation in Norway on selected routes to be covered by aircraft with more 

emission-effective propulsion was also presented at the seminar.  

During the Avinor segment, the representative underlined the following aviation 

emission reductions options, presented earlier in this literature review: more energy efficient 

aircraft, Sustainable Aviation Fuels (SAF), under which both jet biofuels and e-fuels, and of 

course electrification and hydrogen under new technologies. On the regional space, Avinor 

highlighted that hybrid-electric and/or fuel cells also have potential and that short routes can 

be flown 100% electric. Electrofuels are highlighted as having potential for long-haul flights 

by the Avinor presentation. According to Bergthorson (2018): “Today, hydrogen and synthetic 

hydrocarbon fuels are the most widely discussed electrofuel options”. 

Finally, Avinor linked the electrification page of the website during the presentation, 

where relevant insights for this study can be found, for example in relation to Widerøe’s 

statements. Indeed, Avinor’s page presents the following statement Widerøe’s CEO: “Widerøe 

has to find a new aircraft type for short runway airports before 2030. By 2040 we have to 

replace around 30 aircraft. We’re looking for concepts that have zero emissions and lower 

operating costs. If we succeed, we can further develop the valuable public transport system we 

have developed in Norway over several decades.  So far, we have not seen any challenges that 

cannot be solved” (Avinor, 2021). 
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3. Methodology  

3.1. Research Design Choices, Data Type and Time Horizon 

3.1.1. Research Design Choices 

 

The study has a combination of exploratory and evaluative purposes. It is exploratory 

as the intent is to gain insights about what types of technical solutions and policy initiatives 

for Norway can reduce costs and impact of air travel on the environment. In addition, the study 

is evaluative because the effectiveness of current aircraft technologies is evaluated and 

comparisons are made among aircraft technologies based on their cost and emission 

effectiveness. The study makes its theoretical contribution by placing emphasis on 

understanding ‘how effective’ the solutions are, based on the technical, environmental and 

financial analysis. The study uses a mixed-methods research design as it makes use of both 

qualitative and quantitative methods to collect data. The qualitative data collected at 

conferences allowed the author to get a deeper understanding of the Norwegian context and 

aviation industry as well as its supply chain. In particular, the mixed methods research method 

is a sequential exploratory design, which involves more than one phase of data collection and 

analysis. The research design uses a qualitative method followed by a quantitative method, in 

order to expand and elaborate on the initial set of findings. Data was gathered through reports 

and conferences as well as company dialogues with several key appointment holders in the 

airport and aircraft companies to understand the Norwegian context (qualitative method). 

From there, quantitative data was collected on the fleet of the airlines offering service for the 

studied routes, building on the information obtained through the conferences and company 

dialogues. The thesis makes use of a case study strategy. This allows to generate insights from 

research using a context that is closer to reality (Saunders et al., 2016). As previously stated, 

the model focuses on the different modes on the routes (1) Trondheim-Bergen, (2) Bergen-

Stavanger, (3) Bodø-Leknes. These routes were chosen since the Berkeley model, whose route 

selection was a case study of three different types of city pairs, is being reproduced and adapted 

here to the Norwegian context. The three different types of city pairs selected in the Berkeley 

model were (1) two large metropolitan areas, (2) metropolitan area to small town and (3) 

metropolitan area to leisure location. City pairs with similar characteristics (to the extent 

possible, since there are no large metropolitan areas in Norway) were chosen in Norway to 
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allow for a margin of comparison with the original model. Following a consultation and 

company dialogue within Avinor’s Carbon Reduction Programme, Bergen-Stavanger and 

Trondheim-Bergen were identified to be the most similar city pair to route (1) in the Berkeley 

model, due to the fact that especially Bergen and Stavanger have big company offices fairly 

close to the airports (Avinor company dialogue, June 30, 2020). Furthermore, airlines would 

need technical bases for the aircraft. Widerøe, the largest regional airline operating in the 

Nordic countries, has a base in Bergen and in Stavanger there is a big community of skilled 

people who have been working at aircraft maintenance (Avinor, personal communication, 

June 30, 2020). A similar city pair to the route (2) in the Berkeley model could be Trondheim-

Bodø, but the author decided to select Trondheim-Bergen because of the relevance of aviation 

in that specific route, with no trains in between (mainly buses), a point that forces train 

travellers to travel all the way down to Oslo and then travel to Bergen (or vice versa), or via 

car. A similar city pair to route (3) is Bodø-Leknes, due to its location in the Lofoten islands, 

which are well known for their scenery, and due to Leknes being the biggest city in the islands 

as well as the Leknes airport having the largest passenger volume among the islands’ airport 

(Avinor, 2020). As noted earlier, three types of planes were analysed in the Berkeley model 

and following company dialogue with Avinor in June 2020, were the aircraft providers 

Pipistrel and Heart Aerospace were mentioned, also mentioned in the study conducted by 

Alvestad et al. (2020), the author considers including these two aircraft to this study as a further 

avenue of research.  

This study’s aim is to move from the research problem to empirical observation (Olsen, 

2020). One could argue that usually a case study that tries to develop a theory or a conclusion 

through observations is usually associated with an inductive approach (Olsen, 2020; Saunders 

et al., 2016). Indeed, the inductive method takes data from empiricism (i.e. current available 

technologies) to draw a general conclusion to a problem (Tranøy, 2017). However, for this 

study one could also argue for a deductive approach, because data is used to test a theory that 

already exists (Saunders et al., 2006). Indeed, the Berkeley model has already been set up and 

this study attempts to apply it to the Norwegian context to see if similar conclusions to the 

California case study can be derived in the Norwegian case. In addition, Alvestad et al. (2020) 

have been studying the Bergen-Stavanger route from a technical point of view. The research 

is designed building on the Berkeley model, the AERO model and the research by Alvestad et 

al. (2020), which supports the deductive approach. A policy-sensitive reproduction of the 

Berkeley model for the Norwegian context, with various routes and technologies and including 

a cost model, has not yet been conducted to the author‘s knowledge, hence the deductive model 
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can again be argued for, because of the need for a literature review of reports as well as for 

attending conferences to understand the Norwegian context, on the policy and cost fronts (e.g. 

Norwegian airlines’ fleet breakdown of operating costs per hour of flight). According to 

Alvestad et al. (2020), one could also argue for the  deductive approach since the reality of 

this case originates from a rather unexplored field and little has yet been done to apply the 

technologies to the commercial industry. For example, the first ZeroAvia flight in a 

commercial setting was as recent as the 24th of September 2020. Therefore, the study 

concludes its approach section by arguing for an abductive approach, because data collection 

is used to explore observations, identify concepts and patterns, and to conceptualise these in a 

framework as well as to test through further data collection (Saunders et al., 2016). In an 

abductive approach, one usually moves back and forth from theory to data and vice versa. The 

fact that this thesis is strongly interdisciplinary also adds weight to finally chosen option of 

the abductive approach. When it comes to how theory is handled, the abductive approach 

attempts to modify existing theory or build new conclusions from what is existing (Saunders 

et al., 2016). Since the study reproduces the Berkeley model, taking an existing theory, but 

modifying it to apply to the Norwegian context, analysing and coming up with similar but new 

questions that the author wants to explore, hence moving from theory to data and data to 

theory, the author believes an abductive approach best suits the study’s research design. 

3.1.2. Data Type and Time Horizon 

The study aims to use cross-sectional data as its purpose is to investigate the emission amount 

of the different types of aircrafts as compared to using the transport mode traditional aviation, 

via selected routes at a single point in time, and not how the emission levels can change over 

time. Longitudinal studies could be considered as an avenue of further research, where further 

contributors can choose to observe the hydrogen, battery or hybrid plane over a few years and 

observe emission and cost levels’ changes. Due to improvements in technology, it is foreseen 

that cost levels will decrease, hence this is definitely an interesting avenue for further research. 

Finally, in mixed methods research, quantitative and qualitative techniques are combined in a 

variety of ways that range from simple, concurrent forms to more complex and sequential 

forms (Saunders et al., 2016).  
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3.1.3. Data collection 

The study uses a combination of both primary and secondary data. Primary data was 

collected from company dialogues with Avinor as well as aircraft and technical solutions 

providers. Because the study is both an exploratory and an evaluative one, the author made 

use of semi-structured and unstructured interviews. The author expected the majority of the 

interviews to be semi-structured and unstructured based on the exploratory aspect and this 

means that coming up with all questions to ask beforehand is not preferred, rather, it is more 

suitable to keep in mind the theme or particular research area and form starter questions with 

the view to build on the answer by the interviewee. A few examples of questions asked to 

Avinor were: What routes do you see the most potential in focusing on? What do you think is 

relevant for the research considering the technologies and aircraft solutions that you have been 

analysing so far? With regards to policies, the author wished to know from both Avinor as 

well as aircraft manufacturers what kind of policies can incentivise airlines to adopt more cost-

effective solutions, so a further question was: How are current policies helping you now and 

what can be improved? Secondary data was collected as mentioned through conferences as 

well from the cost model and economic model files provided by the Berkeley students. Further, 

this paper was written with availability of ZeroAvia’s supervision, and thus, the author was 

given access to the necessary data through them. The technical data on the other studied 

aircraft was secondary data because it was obtained through company dialogues with Faradair 

and Eviation’s Alice with the contributors to the Berkeley model. This kind of data is called 

secondary data, as it was initially collected for another purpose (Saunders et al., 2016). Finally, 

the author also made use of valuable secondary data on technologies, policies and passenger 

volumes for the models from reports, especially from the most recent of the reports on 

“Bærekraftig og samfunnsnyttig luftfart” (Avinor et al., October 2020).  

3.2. Hypotheses and Model 

The High-level Emission and Cost Reduction for Aviation (HECRA) Model includes 

the following subsystems and model: Technology, Environment, Economy and Policy. The 

Technology subsystem comprises the Characteristics Model. Environment subsystem 

includes: (1) a GHGs Emission Intensity Model and (2) a Route-Specific Emission Model. 

The Economy subsystem encompasses the Cost Model and finally the Policy subsystem 

encompasses the Incentive Model.  
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Following company dialogue with Avinor (2020), the routes chosen for the Route 

Selection section (1) Trondheim-Bergen, (2) Bergen-Stavanger and (3) Bodø-Leknes. The 

emission model gathers so-called emission factors per mode of transportation: traditional 

aviation versus hydrogen-electric, hybrid-electric and battery-electric aircraft. The latter are 

named “more cost and emission effective aviation solutions”. Based on the model and 

literature review, the following are the study’s hypotheses:  

H1a: Based on modelled number of passengers and the technical data from company 

dialogues with Berkeley contributors, the ZeroAvia renewably–powered hydrogen–electric 

19-seater HyFlyer is more emission-effective than the battery-electric based on modelled 

number of passengers and assumptions of hydrogen production from electrolysis in 2025 and 

more emission-effective than the hybrid-electric aircraft with on-site or nearby electrolysis 

plant. 

H1b: Based on modelled number of passengers and the technical data from company 

dialogues with Berkeley contributors, the ZeroAvia renewably–powered hydrogen–electric 

19-seater HyFlyer is more cost-competitive than the hybrid, the battery-electric aircraft and 

many of the traditional aircraft currently in use on the selected three reference routes. The 

renewably–powered hydrogen–electric aircraft is more emission-effective than the battery-

electric based on modelled number of passengers and assumptions of hydrogen production 

from electrolysis in 2025 and more emission-effective than the hybrid-electric aircraft with 

on-site or nearby electrolysis plant. 

H2: Some of the analysed aircraft compete well on some of the selected routes, 

particularly small routes, offering an economical alternative to current modes both in terms of 

time, money and availability of alternatives in the route.  

H3: Policy initiatives can make the studied aircraft solutions more cost competitive. 

Figure 14. High-level Emission and Cost Reduction for Aviation (HECRA) Model Representation 
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Figure 16. Availability of alternatives to aviation on the selected routes from Avinor (October 2020) 

Figure 15. Availability of alternatives to aviation on the selected routes from Avinor (2017) 
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4. High-level Emission and Cost Reduction for 
Aviation (HECRA) Model, Data and Assumptions 

4.1. Technology: Characteristics Model 

 As the literature review highlighted, “technology is by far the most important overall 

factor for cutting GHGs emissions, embracing both aircraft and engine technology and 

sustainable aviation fuels (SAFs)” (CAPA – Centre for Aviation, 2021). Indeed, as can be seen 

in the model representation in chapter 3, all the following models are based on engine and 

aircraft technology innovation, hence on the assumptions and calculations made in the 

Technology subsystem. The main aircraft characteristics in the Characteristics Model 

represent secondary data obtained through the Berkeley Model’s bibliography as well as 

company dialogues between ZeroAvia, Faradair and Eviation’s Alice and the contributors to 

the Berkeley model. In addition to having more than one researcher replicating the data 

analysis (Berkeley model, 2020, with a similar model structure and similar route 

characteristics; Alvestad et al., 2020, with one of the same routes – Bergen-Stavanger), the 

author was able to obtain cross-check of the Characteristics Model by more than one 

employee, at least in relation to ZeroAvia’s characteristics as well as ZeroAvia’s assumptions. 

This is known as inter-rater reliability. All in all, these characteristics have been proofread by 

at least 5 contributors, from the Berkeley model contributors, to the Master thesis author and 

the ZeroAvia trainee internally. 

 Fundamental to read the Characteristics Model is the color code. Displayed in red are 

the assumptions that were originally made by the Berkeley model contributors when building 

the Berkeley model’s Characteristics Model. Displayed in green are the cross-checking inputs 

from the internal dialogue within ZeroAvia. 

Table 2 shows the main aircraft characteristics. From the Berkeley model the author 

knows that the cruise fuel economy for the hydrogen-electric plane was calculated from 

ZeroAvia’s provided data as follows: a 300 nautical miles flight consumed 60 kg hydrogen 

(H2). In addition, one third of fuel (20kg) was used for take off, hence the 6-seater has a cruise 

fuel economy of 7.5 mi/kg. From ZeroAvia’s internal review the author knows that ZeroAvia 

is currently modeling 19-seater on Dornier 22, with cruise speeds closer to 413 km/hr. 
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Table 2. Characteristics Model  

 

Hydrogen-electric, hybrid-electric and battery-electric 

      
 Type of airplane ZeroAvia BEHA M1_H Alice 

 Development phase Test Development Development Test 

 Type of fuel Compressed hydrogen Electricity & SAF Electricity 

 Number of passengers 6 19 18 9 

Taxi in + 
out + idle 

Power (kW) 18.2 60 35 63 

LTO 

Runway length (m) 200 ? 300 914 

LTO power (kW) 260 600 500 900 

LTO fuel requirement 
 (kg or kWh) 

20 33 0 21 

Cruise 

Range (nm) 260.64 434.40 1000+ 540 

Range (miles) 300 500 1151 621.54 

Reserve (min/miles)    - -  45 / 25 

Cruise speed (km/h) 280 413 (a) 370 444.48 

Cruise power (kW) 85 255 N/A 260 

Cruise fuel economy 
(mi/kg) (b) 

7.5 7.46 0.789310131   

Cruise fuel economy 
(kg/h)  

  41.6 KG/hr 0  N/A 

Mass 

Payload (t) - - 5 - 

Useful load - - - 1,134 

MTOW 2,000 - - 6,350 

Empty weight - - -   

Battery weight (kg) 2*50 - - 3,600 

Battery 

Energy density (Wh/kg) - - - - 

Specific power (W/kg) - - - - 

Max power (kW) 260 600 500 900 

Energy (kWh) - - - 920 

Motor 

Number of electric motor 2 More than 2 1 3 

Peak power (kW) 260 600 500 900 

Solar panels No No Yes No 

Size of fuel tank (kg) 60 100 - - 

Turboprop (hp) - - 1,600 - 

Noise Noise (dBa) 60 60 60 N/A 
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4.2. Environment: Greenhouse Gas Emission Intensity Model 

4.2.1. GHGs Emission Intensity Model – California 

 

The building of the Emission Model for the California’s model followed a life-cycle 

assessment study of various energy carriers, as shown in Table 3. This table and its 

assumptions were studied in order to build the GHG Emission Intensity Model for Norway. 

The life-cycle assessment study of various energy carriers is linked at source 1 of Table 3 and 

was provided by the Berkeley model contributors through University and company dialogues. 

 

Table 3: GHG Emission Intensity Model - Berkeley Model, California 

 

Fuel type Type Kg CO2-eq per kWh Kg CO2-eq per kg fuel Kg CO2-eq per L Source 

Hydrogen 2019 Compressed 10.938 10.500  [1] 

Hydrogen in 2025 Compressed 2.200 4.400  [1] 

Jet A Tailpipe   3.181 2.558 [2] 

Jet A Well to tank   1.351 1.086 [1] 

Jet A Sum   4.533 3.644 [1,2] 

SAF   0.907 0.729 [3] 

Electricity mix CA average 0.197   [4] 

 
[1] Datta, R., Osseiran, L., Bernard, M. R., and Romo, J. (2019). “Environmental Impact and Cost 

Comparison of Hydrogen- and Battery-Electric Light Aircraft for Regional Flights.” CE / ER 290: 

Alternative Transportation Fuels and Technology. University and company dialogues with Berkeley 

model contributors. 

 

[2] Rahman, M. M., Canter, C., & Kumar, A. (2015). Well-to-wheel life cycle assessment of transportation 

fuels derived from different North American conventional crudes. Applied Energy, 156, 159-173. 
Retrieved May 2020 from https://doi.org/10.1016/j.apenergy.2015.07.004. 

 

[3] SAF assumptions at the SFO airport, California: 

https://www.flysfo.com/environment/sustainable-aviation-fuel. 

 

[4] California’s electricity mix: 

https://www.eia.gov/electricity/state/california/  

 

 

 

Hydrogen California 2019 

 

Based on the full jet fuel and hydrogen life cycle assessment conducted for California, 

Datta et al. (2019) assert that the carbon footprint of compressed hydrogen was 10.5 kg of 

CO2-eq per kg of H2 fuel, as of 2019.  

 

https://doi.org/10.1016/j.apenergy.2015.07.004
https://www.flysfo.com/environment/sustainable-aviation-fuel
https://www.eia.gov/electricity/state/california/
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Following are the main formulas used for the calculation of hydrogen’s environmental 

footprint. The Californian hydrogen’s environmental footprint is subdivided into these three 

main sources: (1) hydrogen production, (2) hydrogen transport and (3) hydrogen physical 

transformation.  

The first formula is used for the estimation of hydrogen’s environmental footprint 

during production: 

 

1. GHG Production H2 =  

 

SUM of % from source * source LCA emissions (in g CO2-eq/kg H2). 

 

The second formula is used for the estimation of hydrogen’s environmental footprint during 

transportation from the production source to the airport: 

 

2. GHG Transport H2 =  

 

Distance * LCA figure (truck type) * usual truck payloadload of H2 transported. 

 

Since hydrogen requires physical transformation before being transported – it is either 

compressed or liquified – and these processes require energy, this third formula is used for the 

estimation of hydrogen’s environmental footprint during hydrogen’s transformation before 

transportation:  

 

GHG Transformation H2 =  

 

Energy consumed in kW * GHG of the grid * g CO2-eqkW. 

 

The breakdown of the well-to-tank (WTT) GHG emissions for hydrogen in California is as 

follows, according to Datta et al. (2019): 
 

  
Figure 17. Well-To-Tank (WTT) GHG Emissions for Hydrogen in California 
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Hydrogen California 2025 

 

According to Datta et al. (2019) and Schefter et al. (2019), the benchmark hydrogen 

GHG intensity for comparison with traditional aviation, hybrid-electric and fully electric is 

based on 2025 numbers, since realistically flights of the planes that are undergoing design, 

modelling and certification in this first half of the decade could take place from around 2025.  

 

The authors Datta et al. (2019) forecast, under the assumption that the technology 

remains the same (with no increase of the fuel economy, which might not be likely to happen), 

that the environmental impact of hydrogen would decrease by half by 2025, based on two 

renewable hydrogen plant projects planned in 2018 (Cazel, 2018) and that according to 

Schefter et al. (2019) are likely to operate in 2025. The two renewable hydrogen plants are 

going to be located in Bay Point, CA – less than 200 miles distant from San Francisco’s (SFO) 

airport and Sacramento’s airport (two of the key airports in the Californian model’s studied 

routes) – and in Moreno Valley, CA – also less than 200 miles distant from Los Angeles. 

According to Datta et al. (2019): “The plants being more accessible from the airports means 

that hydrogen could always be transported as compressed”. Concerning the physical 

transformation, the authors forecast reduced GHG emissions based on the strong Californian 

government’s policies undertaken to make California’s grid heavily reliant on renewables 

(California State Portal, 2018). Especially relevant under the latest Californian environmental 

policies is 2018 Senate Bill (SB) 100, signed by Governor Brown, and establishing that the 

Californian electricity system should: be powered from renewable energy resources by at least 

50 percent by 2025 and 60 percent by 2030, and lead to the implementation of a zero-carbon 

electricity grid by 2045. In addition, “the Governor issued an executive order directing the 

state to achieve carbon neutrality by 2045” (California State Portal, 2018). With the sum of 

the policies, according to Governor Brown, “California establishes the most ambitious carbon 

neutrality commitment of any major economic jurisdiction in the world – of more than 20 

countries and at least 40 cities, states and provinces planning to go carbon neutral by mid-

century or sooner” (California State Portal, 2018). Given especially SB100 and the following 

mentioned Californian executive order, Datta et al. (2019) forecast a rise in solar and wind, 

while predicting a decrease in coal and oil first, and a reduced GHG intensity of 4.4 kg CO2-

eq per kg of hydrogen in 2025. 
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Jet A Fuel Tailpipe and Jet A Fuel Well-To-Tank (WTT) 

 

For jet fuel, dwelling on Marie Rajon Bernard and Line Osseiran 2019 work, the well-

to-tank emissions are 8.22 kg of CO2-eq per gallon of jet-fuel and the tailpipe/combustion 

emissions are 9.68 kg of CO2-eq per gallon of fuel (Rahman et al., 2015). The Berkeley model 

contributors thus obtained a total of 17.90 kg of CO2-eq per gallon of jet-fuel. According to 

information from the SFO airport website (SFO), SAFs cuts the life cycle emissions by 80%. 

Therefore, the Berkeley model contributors multiplied the value found for jet-fuel by 0.2 and 

obtained a carbon footprint of 3.58 kg of CO2 per gallon of SAF. Tailpipe emissions were also 

taken from the graph within Rahman et al. (2015) at around 73 grams/CO2-eq/MJ-jet fuel. 

 

 

Figure 18. Life cycle WTW GHG emissions for diesel 

 

 

Electricity 

   

Concerning electricity, California is decreasing the carbon intensity of its electricity grid. The 

Berkeley model contributors took an average of the carbon intensity of the Californian grid in 

2018: 0.223 kg of CO2eq per kWh according to the U.S. EIA (Energy Information 

Administration) (EIA 2019) and then took the goal of 0.178 kg of CO2eq per kWh by 2030 

(Robbie Orvis, 2015) and assumed a linear decrease in the carbon intensity to obtain the carbon 

intensity of 2025, which is 0.20 kg of CO2eq per kWh.  
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4.2.2. GHGs Emission Intensity Model – Norway  

Table 4: GHG Emission Intensity Model - NHH Model, Norway 

 

Fuel type 
Kg CO2-eq 
per kWh 

Kg CO2-eq 
per kg fuel 

Kg CO2-
eq per L 

Source 

Hydrogen from Norwegian hydro directly, 2021 0.208 0.200   [5, 6, 7, 15, 16] 

Hydrogen 2025 2.100 4.200   [5, 6, 7, 15, 16] 

H2 from water electrolysis 2025, solar energy 1.200 2.400   [5, 6, 7, 15, 16] 

H2 from water electrolysis 2025, wind energy 0.485 0.970   [5, 6, 7, 15, 16] 

Jet A Avinor   3.874 3.115 [8, 9, 10] 

SAF   0.775 0.623 [10,11] 

Electricity mix 0.240     [12,13,14] 

 

 

[5] 
Sternberg, A., Hank, C., & Hebling, C. (2019). Greenhouse Gas Emissions for Battery Electric and Fuel Cell Electric 
Vehicles with Ranges over 300 kilometers: Study Commissioned by H 2 Mobility. Fraunhofer. 

[6] SINTEF (2020). Largescale hydrogen production in Norway - possible transition pathways towards 2050. Link. 

[7] DNV GL (2019). Produksjon og bruk av hydrogen i Norge. Link. 

[8] ICAO. Aviation Climate Policy & Lower Carbon Aviation Fuel. Jean-Christophe Monfort. Saudi Arabia. Link.  

[9] European Environment Agency CORINAIR manual (2001). Link. 

[10] 
Wormslev, E. C. (2016). Sustainable jet fuel for aviation: Nordic perpectives on the use of advanced sustainable jet 
fuel for aviation. Nordic Council of Ministers. Page 201. Link.  

[11] SAF assumptions at the SFO airport, California: Link. 

[12] Energifakta Norge. Link.  

[13] NVE (2017). Electricity Disclosure. Link.  

[14] 
Valente, A., Iribarren, D., & Dufour, J. (2017). Harmonised life-cycle global warming impact of renewable hydrogen. 
Journal of Cleaner Production, 149, 762-772. 

[15] 
Datta, R., Osseiran, L., Bernard, M. R., and Romo, J. (2019). “Environmental Impact and Cost Comparison of Hydrogen- 
and Battery-Electric Light Aircraft for Regional Flights.” CE / ER 290: Alternative Transportation Fuels and Technology. 
University and company dialogues with Berkeley model contributors. 

[16] Fuel cells works (2021). Nel and Statkraft to develop a green hydrogen project. Link.  

[17] Norwegian Hydrogen National Strategy. Link.  

 

 

Hydrogen Norway  

 

On hydrogen lyfe-cycle assessment for Norway, numbers on water electrolysis from 

solar energy and wind energy were taken from Datta et al. (2019), since they were found to be 

in line with various other studies, such as the study by Ozbilen et al. (2013), presented in 

Figure 20. 

 Figures 19 and 20 present global warming potential (GWP) values for various methods 

of hydrogen production, with GWP used in this study interchangeably with the term GHG 

intensity, from Datta et al. (2019). 

https://ntnuopen.ntnu.no/ntnu-xmlui/bitstream/handle/11250/2649737/Final%2Breport%2B2020-00179.pdf?sequence=2&isAllowed=y
https://www.regjeringen.no/contentassets/0762c0682ad04e6abd66a9555e7468df/hydrogen-i-norge---synteserapport.pdf
https://www.icao.int/Meetings/ENVSymposium/Presentations/Jean%20Christophe%20Monfort%20Session%208.pdf
https://www.carbonindependent.org/files/B851vs2.4.pdf
https://books.google.no/books?hl=de&lr=&id=vLsXDQAAQBAJ&oi=fnd&pg=PA4&dq=Kg+CO2+equivalents+per+kg+jet+fuel+norway&ots=UJE4YPi6sa&sig=sXt_3awM_8y5mRp92u96VPn33C4&redir_esc=y#v=onepage&q&f=false
https://www.flysfo.com/environment/sustainable-aviation-fuel
https://energifaktanorge.no/en/norsk-energibruk/energibruk-og-klimagassutslipp/
https://www.nve.no/norwegian-energy-regulatory-authority/retail-market/electricity-disclosure-2017/?ref=mainmenu
https://fuelcellsworks.com/news/nel-and-statkraft-to-develop-a-green-hydrogen-project-with-up-to-50mw-of-electrolyser-capacity-in-norway/
https://www.regjeringen.no/contentassets/40026db2148e41eda8e3792d259efb6b/y-0127e.pdf
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Figure 19. GWP values per method of hydrogen production, from Datta et al. (2019) 

 

 
Figure 20. GWP values per method of hydrogen production, from Ozbilen et al. (2013) 
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For hydrogen in 2025-2030, according to Damman et al. (2020), source [6], a demand 

of 1/3 of used hydrogen for transportation to be produced from electrolysis was exogenously 

added to the model analyses, since it was not considered realistic that all parts of Norway could 

have access to hydrogen from SMR at the price assumed.  

 

In addition, Motazedi et al. (2021) assert that water electrolysis powered by a low 

carbon electricity source may be a promising alternative option for hydrogen production with 

relatively low life cycle GHG emissions (a range of 1-5 kg CO2e per kg H2 has been reported 

in the literature), therefore 4.2 Kg CO2-eq per kg H2 fuel are considered as the assumption 

for this study for Norway. This is considering the total production share with electrolysis that 

could happen by 2025-2030. However, the model also includes the assumption that hydrogen 

could be produced by an on-site or nearby plant, whereby the hydrogen’s environmental 

impact could be up to 0.8 if coupled with electrolysis with wind energy, according to company 

dialogue with ZeroAvia. 

 

In fact, according to Ghandehariun and Kumar (2016): “The total GHG emissions of a 

wind-based hydrogen production plant are estimated to be 0.68 ± 0.05 kg CO2 eq./kg H2, 65% 

of which are from the construction of the wind power system. The results are compared with 

those of conventional fossil fuel-based systems. The overall GHG emissions from wind-based 

hydrogen production are about 94% lower than those associated with hydrogen production 

through steam methane reforming (SMR). Natural gas-based hydrogen production emissions 

are mainly found in the plant operation stage. For wind-to-hydrogen systems, the 

manufacturing and installation of the systems have significant environmental impacts. 

However, the hydrogen produced from wind energy can significantly reduce the GHG 

footprint of the energy industry”. 

 

 

Jet A Avinor, SAF and electricity for Norway 

 

 Life-cycle assessment data for jet fuel was obtained from the baseline life cycle 

emissions value for jet fuel, equal to 89 gCO2e/MJ, found in source [8]. When it comes to 

SAF, the same assumption on 80% impact reduction as for the Berkeley model was taken. The 

formula to obtain kg CO2-eq per kg fuel is the division of the kg CO2-eq per liter by the 

energy density factor 0.804. For the electricity factor, 0.24 was taken from Energifakta Norge 

as from source [12]. 
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Figure 21. Jet A life-cycle assessment 

 

4.3. Environment: Norwegian Route-specific Emission Model 

For the Norwegian Route-specific Emission Model, data was collected from two 

sources: the ICAO’s Emission Calculator and Airmilescalculator. Data needed to be collected 

as regards the total kilometers, total miles and nautical miles as well as total travel time in 

minutes, per selected route. Six minutes is estimated to be an average landing and take-off 

(LTO) time by ICAO and Eurocontrol. Data is displayed in Table 5-1. 

 

Table 5-1: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

Airplane Mission 

    

  Route 1 Route 2 Route 3 

  Trondheim - Bergen Bergen - Stavanger Bodø - Leknes 

Estimated flight time (min) 62 41 37 

Total distance (mi) 288 99 64 

Total distance (km) 463 160 104 

Total distance (nm) 250 86 56 

LTO (time in min) 6 6 6 

Load Factor  1 1 1 
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Table 5-2: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

Traditional aviation’s emissions  

     

  Route 2 Route 1 Route 3 
Sources 

  
Bergen - 

Stavanger 
Trondheim - 

Bergen 
Bodø - Leknes 

Total distance (miles) 99 288 64 Airmiles [18]  

Total distance (km) 160 463 104 Airmiles 

Tot distance (nm) 86 250 56 Airmiles 

Kg of CO2 emissions 
per passenger 

40 67 34 Airmiles 

31 64 26 ICAO [19] 

Estimated flight time 
(min) 

41 62 37 Airmiles  

 

 Table 5-3: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

ZeroAvia (2025 assumptions) 

    

  Route 1 Route 2 Route 3 

Taxi-in + out + gate (time in min) 20.00 20.00 20.00 

Taxi-in + out + gate (kW) 60.00 60.00 60.00 

Taxi-in + out + gate (kWh) 20.00 20.00 20.00 

Taxi-in + out + gate (emissions 
kg of CO2) 

42.00 42.00 42.00 

LTO (kWh)       

LTO (kg of fuel) 30.00 30.00 30.00 

LTO (emissions in kg of CO2) 126.00 126.00 126.00 

Cruise (kWh) 421.66 145.71 94.71 

Cruise time (hr) 1.65 0.57 0.37 

Cruise (kg of fuel) 38.59 13.27 8.58 

Cruise (emissions kg of CO2) 162.09 55.72 36.02 

        

Total emissions (kg of CO2) 330.09 223.72 204.02 

Total emissions per pax (kg of 
CO2/pax) 

17.37 11.77 10.74 

 

 The second step was then to collect the traditional aviation emissions from the two 

sources mentioned (ICAO and Airmilescalculator), to compare with the three new aircraft 

technologies studied.  

https://www.airmilescalculator.com/
https://www.icao.int/environmental-protection/CarbonOffset/Pages/default.aspx
https://www.airmilescalculator.com/
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The third step was to calculate ZeroAvia’s emissions on the three routes, the fourth step to 

calculate Faraidair’s emissions and the fifth step to calculate Alice’s emissions. The formulas, 

which can be found in the Excel Appendix, were given from the Berkeley’s model. Finally, 

step six was to compare aircraft emissions. 

 

 Table 5-4: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

BEHA M1_H 

    

  Route 1 Route 2 Route 3 

        
Taxi-in + out + gate (time 
in min) 

20.00 20.00 20.00 

Taxi-in + out + gate (kW) 35.00 35.00 35.00 

Taxi-in + out + gate (kWh) 11.67 11.67 11.67 

Taxi-in + out + gate 
(emissions kg of CO2) 

2.80 2.80 2.80 

LTO (MJ) 0.00 0.00 0.00 

LTO (kg of fuel) 
0.00 0.00 0.00 

LTO (emissions in kg of 
CO2) 

0.00 0.00 0.00 

Cruise       

Cruise time (hr) 1.25 0.43 0.28 

Cruise (kg) 364.88 125.43 81.08 

Cruise (emissions kg of 
CO2) 

282.73 97.19 62.83 

        

Total emissions (kg of 
CO2) 

285.53 99.99 65.63 

Total emissions per 
passengers (kg of 
CO2/pax) 

15.86 5.55 3.65 
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 Table 5-5: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

 

Alice 

    

  Route 1 Route 2 Route 3 

        

Taxi-in + out + gate (time in min) 20.00 20.00 20.00 

Taxi-in + out + gate (kW) 63.00 63.00 63.00 

Taxi-in + out + gate (kWh) 21.00 21.00 21.00 

Taxi-in + out + gate (emissions kg of 
CO2) 

5.04 5.04 5.04 

LTO (kWh) 90.00 90.00 90.00 

  
      

LTO (emissions in kg of CO2) 21.60 21.60 21.60 

Cruise (kWh) 270.83 93.59 60.84 

Cruise time (hr) 1.04 0.36 0.23 

Cruise (kg of fuel)       

Cruise (emissions in kg of CO2) 65.00 22.46 14.60 

        

Total emissions (kg of CO2) 91.64 49.10 41.24 

Total emissions per passengers (kg of 
CO2/pax) 

10.18 5.46 4.58 

 

 

 Table 5-6: Norwegian Route-specific Emission Model – NHH Model, Norway 

 

Route Emission Results Summary Route 1 Route 2 Route 3 

ZeroAvia 17.37 11.77 10.74 

BEHA M1_H 15.86 5.55 3.65 

Alice 10.18 5.46 4.58 
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4.4. Economy: Cost Model 

Step one for setup of the Cost Model was to collect data on the airlines that currently 

offer service on the studied routes. This is 2021 data, so it definitely is a further avenue of 

research to look more into detail into the volumes of flights prior to 2020. This data collection 

on airlines was performed through Google Flights. Step two was to collect data on the total 

hourly cost (fixed and direct costs) per aircraft type. Sources per aircraft are displayed in the 

tables below. Step three was to also collect data on whether the aircraft are flying with or 

without stops, which increases flight time, hence fares. 

 

Table 6: Cost Model, Route 1 

 

 

Airlines 
Route 1 Total Hourly Cost 

(Fixed+Direct) 
Connecting 

flights/stops Trondheim - Bergen 

Widerøe  

De Havilland DHC-8 400 $5,017.95 
Currently up 
to 38% have 
stop in Oslo, 

Sandefjord or 
Tromsø 
(2021). 

De Havilland DHC-8 100 $4,035.15 

Embraer 190 E2 $4,326.75 

SAS 

Boeing 737-700 $8,241.36 

Oslo 

Airbus A320neo $7,007.22 

Norwegian 
Boeing 737-800 (average 

costs taken) 
$6,075.00 Oslo 

KLM 
(Amsterdam 
transfer = at 

least 195 min) 

Embraer 175 $3,712.30 

Currently all 
flights have 
transfer in 

Amsterdam. 
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Table 7: Cost Model, Route 2 

 

 

Airlines 
Route 2 Total Hourly Cost 

(Fixed and 
Direct) 

Connecting 
flights/stops Bergen - Stavanger 

Widerøe  

De Havilland DHC-8 400 $5,017.95 Currently 25% have stop 
in Oslo (2021), where 
the 8 100 is used (for 
the stop in Oslo both 

routes 1 and 2). 

De Havilland DHC-8 100 $4,035.15 

Embraer 190 E2 $4,326.75 

SAS 

Boeing 737-700 $8,241.36 At least 70% of the 
flights per day have 

stops in Oslo or 
Trondheim (2021). 

Airbus A320neo $7,007.22 

Norwegian Boeing 737-800 $6,075.00 
Currently >90% flights to 
100% per day have stop 

in Oslo (2021). 

KLM (Amsterdam transfer 

= at least 195 min) 
Embraer 175 $3,712.30 

Currently all flights have 
transfer in Amsterdam. 

 

 

Table 8: Cost Model, Route 3 

 

 

Airlines 
Route 3 Total Hourly 

Cost 
(Fixed+Direct) 

Connecting 
flights/stops 

Sources Bodø - 
Leknes 

Widerøe  

De Havilland- 
Bombardier 

Dash-8 
100/200 

$4,035.15 

Leknes-Bodø always 
direct but transiting 

within Lofoten airports 
always with >= one 
stop (Bodø) and in 

some cases another 
airport. 

[26, 30] 

[26, 31] 

[26, 32] 

SAS 

Flies with 
Widerøe Oslo-

Leknes as above 
but more hours 

because not 
direct. 

$4,035.15 Oslo 

[27, 33] 

[27, 34] 

Norwegian - - - [28, 35] 

KLM (Amsterdam transfer 

= at least 195 min) 
- - - [29, 32] 

 

 

Sources  
   

[26] Wideroe.no 
[31] Operating Costs Dash 8-100 

[27] SAS.se 
[32] Operating Costs Embraer 190 and 175  

[28] Norwegian.no 
[33] Operating Costs 737-700 

[29] KLM.nl 
[34] Operating Costs Airbus A320neo  

[30] Operating Costs 8-Q400 
[35] Operating Costs 737-800 

http://wideroe.no/
https://prijet.com/operating_costs/Bombardier%20DeHavilland%20Dash%208-100
http://sas.se/
https://www.planestats.com/bhsr_2015dec
http://norwegian.no/
https://www.aircraftcostcalculator.com/AircraftOperatingCosts/377/Boeing+737-700
http://klm.nl/
https://www.aircraftcostcalculator.com/AircraftOperatingCosts/699/Airbus+ACJ320neo
https://prijet.com/operating_costs/Bombardier%20Dash%208-Q400
https://www.planestats.com/bhsn_2014dec
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Figure 22: Widerøe’s fleet (Widerøe, 2021) 
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Operating costs are expressed with an average of 400 annual flight hours, based on the 

sources found.  

 

All the sources found for total hourly costs of aircraft were based on American 

estimates and American airlines. Hence, the American estimates were multiplied by a factor 

of 1.35 due to around 35% difference in nominal wages between USA and Norway (2019) 

according to Global Wage Report, International Labor Organisation.  

 

Step four was to add a 6.2% margin to the operating costs, based on CAPA – Centre 

for Aviation (2019). Step five was to divide the total operating costs including 6.2% margin 

by the number of passengers per aircraft. 

 

Table 9: Cost Model, Fares 

 

 

 
 

The 1.35 factor assumption could be further strengthened by an extra analysis with an 

attempt to breakdown Widerøe’s 2019 operating costs, which however might need further 

discerning of buildings costs. 
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Table 10: Cost Model, Further breakdown 

  

   2019  
Widerøe operating costs  aircraft 

and buildings  

 

  

911,062,000 

 

 

  

NOK 

 

 

  

 Widerøe flyflåte 2019  42 Airplanes  

 Average operating costs 21,691,952 NOK 

 /400 annual flight hours 54229.88 Avg operating cost/h in NOK 

 Conversion in $ 6480.58 Avg operating cost/h in $ 
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4.5. Policy: Incentive Model and Policy Recommendations  

 

The following policies were identified especially from the last Avinor et al. (2020)’s report on 

Sustainable Aviation.  

 

(1) Blending mandate for advanced jet biofuel: In 2020, the blending mandate is 0.5%, with 

a target in the National Transport Plan 2018-2029 of 30 per cent by 2030. The blending 

mandate’s path to 30 per cent mixed biofuels by 2030 has not been defined. "The 

government’s goal is that by 2030, 30% of airline fuel will be sustainable and with climate 

benefits. By establishing a blending requirement, we can ensure that there is a market for 

alternative aviation fuels. This will facilitate technology and industry development in 

Norway". Ola Elvestuen, Minister of Climate and the Environment 2018-2020. 

 

(2) Air passenger duty: NOK 76.50 per passenger within Europe, NOK 204 per passenger 

outside Europe. The Ministry of Finance is clear that the air passenger duty is primarily a 

fiscal tax, but one that can have an effect of reducing emissions, as higher airfares can 

lead to lower demand. 

 

(3)  NOx tax: NOK 10.50 per kg of fuel. In 2008, a NOx fund was established where taxable 

enterprises can choose to be members. The fund’s income finances emission reduction 

measures for members. 

 

(4) Electricity for electrolysis exemption from consumer electricity tax: NOK 0.1613/kWh, 

2020. Electricity supplied for use in electrolysis is currently exempt from the consumer 

tax on electricity. 

 

(5) Tripling CO2 tax, from Climate Plan, January 2021: NOK 590/tonne, 2021 to 2000/tonne 

CO2 equivalents, 2030. The progressive increase of the cost of emitting CO2 gives 

stronger incentives to reduce emissions. The government will increase the flat CO2 tax 

by 5% every year for all sectors until 2025. 

 

(6) EU ETS: EUR 50/tonne CO2 as of May 2021. Increasing prices for allowances provide 

stronger incentives for developing new technologies. From almost EUR 30/tonne in 

September 2020 to 50 EUR May 2021. 
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Policy Recommendations  

 

The idea of environmental charging is a century old and there have been attempts to 

introduce such policy into aviation (Alamdari and Brewer, 1994). Fuel taxation, as a proxy for 

taxing carbon and other emissions, is perhaps the most widely discussed attempt to introduce 

policy into aviation. For example, the Swedish government imposed taxes in 1989 on domestic 

flights at a rate of 12 Swedish krona per km of nitrogen oxides and hydrocarbons, and 0.25 

Swedish krona per km of carbon dioxide. In 1993, the CO2 tax was raised to 0.32 krona per 

km of carbon dioxide. The emission taxes were based on the average Linjeflyg (the main 

carrier at the time) emissions of a flight of 380 kms (Elofsson et al., 2018). “The optimum tax 

level that would encourage airlines to pursue such a policy would be very similar to that of the 

Swedish emissions tax imposed on domestic flights in 1989” (Alamdari and Brewer, 1994). 

“It is incredible that since the paper [Alamdari and Brewer, 1994] not much has changed” 

(Boeing company dialogue, 2021). 

 

According to The Norwegian Government’s hydrogen strategy, conditions for hydrogen 

are ideal in Norway. Hence, the following are the policy recommendations based on the 

present study and building the Berkeley study: 

 

(1) Within 2025, set ambitious timelines for zero-emission aircraft in aviation similar 

to Norwegian road vehicles policies, commensurate to zero-emission aircraft 

certifications happened by 2025. We know that by 2025, all new passenger cars, 

new light vans and new city buses will be zero-emission vehicles in Norway and 

that by 2030, all new heavier vans, 75 percent of new long-distance buses, and 50 

percent of new trucks will be zero-emission. In addition, there are 14 different fiscal 

incentives in place bearing on vehicles, fuel or road use. 

(2) Use PSO routes as a tool to reward the introduction of zero- or low-emission aircraft 

during the contract period. As Avinor mentions, prices for zero- or low-emission 

aircraft can indeed be cheaper due to lower environmental taxes. 

(3) Fundamentally, add e-fuels, including hydrogen fuel cells, under the blending 

mandate for sustainable aviation fuels, and define path to 30% sustainable aviation 

fuels by 2030.  
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Figure 23: LCFS rebate 

 

 

According to the Berkeley study, the difference between hydrogen fuel cost inside of 

California (red curve) and outside of California (blue curve) is about $3.8/kg, which 

comes from California’s low-carbon fuel standards (LCFS) rebates. This diagram 

originates from calculations provided to ZeroAvia by their infrastructure partners.  

 

This means that including hydrogen fuel cells under the blending mandate for 

sustainable aviation fuels could potentially make hydrogen-electric aircraft more cost-

competitive than the entire fleet of aircraft flying on the studied routes. 

 

(4) Consider proportionate landing fees to greenhouse gas emissions emitted during the 

landing and takeoff (LTO) cycle, based on recommendation also suggested by the 

Berkeley model contributors to California.  
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5. Analysis and Discussion  

The author studied the formulas in the Berkeley model’s emission model and cost model 

and applied them within the Norwegian case study. In the case in which it was hard to link 

formulas and references with each other, the author reached out to the Berkeley model’s 

contributors. 

Both a technical and environmental analysis were performed (Characteristics Model, 

GHGs Emission Intensity Model and Route-specific Emission Model) as well as a financial 

analysis (Cost Model). First, a route selection analysis is conducted, which is a qualitative 

analysis of the company dialogues and literature to explore motives for route selection. 

Following that, the step of the choice of aircraft and technologies for the model also stems 

from literature over the lists of projects and planned aircraft certification years (EASA, 2017; 

Posada, 2017). To set up the technical and environmental model and the financial model for 

Norway, first a quantitative data analysis of the data in the Berkeley Emission and Cost models 

was conducted. For the Emission model both this quantitative data analysis and the qualitative 

analysis of the fuel GHGs emission intensity information present in literature, i.e. Datta et al 

(2019) were performed. Then the author performed a quantitative data analysis of the collected 

data on the fleet of the airlines offering service for the studied routes, together with an analysis 

of the hourly cost per type of aircraft. Furthermore, an estimation was made on the number of 

flight hours per year in the Norwegian routes. Based on the Chapter 4 assumptions, fare costs 

per aircraft were calculated and a cost comparison across technology solutions conducted. On 

the policy front, the author analyzed existing policies through the four “Bærekraftig og 

samfunnsnyttig luftfart” reports and found correlations between certain policy initiatives and 

the potential to use incentives to increase the cost-competitiveness of adopting more cost- and 

emission-effective technology solutions. 

 

 As regards the technical and environmental analysis, it can be noted that the renewably-

powered hydrogen-electric aircraft could be more emission-effective than the new aircraft 

technologies’ colleagues when coupled with nearby electrolysis plant. In addition, the 

renewably-powered hydrogen-electric aircraft is already more emission-effective than the 

battery-electric due to 19-seater versus 9-seater modelled passengers. As regards the financial 

analysis, it can be observed that – based on verification of the assumptions – ZeroAvia’s 

aircraft could already be more cost-competitive than 40 out of 43 aircraft in Widerøe’s fleet. 
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6. Reliability and Validity 

To ensure the quality of any research, an inquiry into the validity and reliability of tests 

and their subsequent results is required (Pedhazur and Schmelkin, 2013; Saunders et al., 2016). 

The author is concerned with internal and external reliability. Internal reliability is ensured by 

maintaining consistency throughout the research process and by establishing internal rules in 

the data collection and analysis process and ensuring adherence to the rules. Repeated 

exercises can be conducted when performing data analysis to ensure consistency. Using 

secondary data means little control over how the data was collected, which could lead to some 

problems. As such, the author carefully evaluated the data quality as well as suitability to the 

research before using the data. In terms of data analysis, more than one researcher has tried to 

replicate the results from data analysis (i.e. Berkeley model, 2020 & Alvestad et al., 2020), 

also known as inter-rater reliability. Several biases may be present that affect reliability when 

conducting semi-structured and structured interviews such as interviewer, response and 

participation bias. By creating a set of questions beforehand and having another fellow 

researcher review the questions, the author could strive to reduce interviewer bias. Response 

bias occurs when the respondent only gives a partial picture of the actual scenario, for example, 

the CEO of one aircraft manufacturing company might try to paint the company in a favorable 

light. Hence this bias can be mitigated by seeking to interview various employees within the 

organization (e.g. company dialogues with two ZeroAvia employees and a ZeroAvia intern). 

Participation bias can also be mitigated by taking care of the anonymity of interviewees and 

making sure they are comfortable with the setting of the interview. Further threats to reliability 

that can apply to this study can be errors that have been highlighted by the recent similar case 

study focused on the route Bergen-Stavanger (Alvestad et al., 2020), such as, among others, 

errors in calculation of drag and friction that could have happened, or in the calculation of the 

balance of the plane and fuel requirements affected by varying weather conditions.  

Internal validity concerns whether we are measuring what we set out to measure 

(Saunders et al., 2016). Finding the environmental impact of the various aircraft options allows 

for comparison between the modes of transport and for understanding of which option can 

lead to less emissions. Since this research is conducted for a combination of exploratory and 

evaluative purposes, rather than establishing causal relationships, the author is not too 

concerned with causality, however internal validity is important in all studies. External validity 

refers to the possibility that this study will be able to be generalized across other settings. 

Further researchers can use the results from this study to draw conclusions on policy measures 

or to apply the findings to their own country contexts as the author did for the Norway case.  
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7. Conclusion 

H1a and H1b are verified based on assumptions: Based on modelled number of 

passengers and the technical data from company dialogues with Berkeley contributors, the 

ZeroAvia renewably–powered hydrogen–electric 19-seater HyFlyer is more emission-

effective than the battery-electric based on modelled number of passengers and assumptions 

of hydrogen production from electrolysis in 2025 and more emission-effective than the hybrid-

electric aircraft with on-site or nearby electrolysis plant. Based on modelled number of 

passengers and the technical data from company dialogues with Berkeley contributors, the 

ZeroAvia renewably–powered hydrogen–electric 19-seater HyFlyer is more cost-competitive 

than the hybrid, the battery-electric aircraft and many of the traditional aircraft currently in 

use on the selected three reference routes. The renewably–powered hydrogen–electric aircraft 

is more emission-effective than the battery-electric based on modelled number of passengers 

and assumptions of hydrogen production from electrolysis in 2025 and more emission-

effective than the hybrid-electric aircraft with on-site or nearby electrolysis plant. 

H2 is verified based on assumptions: Through analysis of the financial model, we 

compare the cost per mile for each type of airplane when travelling over the study routes, by 

using the formulas obtained from previous studies (Berkeley model, 2020). As expected, the 

use of new technology and alternative fuel on airplanes can reduce air travel’s costs and 

emissions. Furthermore, as expected, the renewably-powered hydrogen-electric aircraft 

competes well on certain routes highlighted in this research, particularly small routes, offering 

an economical alternative to current modes both in terms of time, money and availability of 

alternatives in the route. Finally, for H3 it is expected that the adoption of certain policy 

measures to correlate with increased cost-effectiveness of aircraft solutions, which supports 

H3. The model shows that based on modelled number of passengers and the technical data 

from company dialogues with Berkeley contributors, the ZeroAvia renewably–powered 

hydrogen–electric 19-seater HyFlyer can be more cost-competitive than the hybrid, the 

battery-electric aircraft and the traditional aircraft currently in use on the selected three 

reference routes, with cost-competitiveness over 90 to 100% of the studied aircraft. The 

renewably–powered hydrogen–electric aircraft is more emission-effective than the battery-

electric based on modelled number of passengers and assumptions of hydrogen production 

from electrolysis. Including hydrogen fuel cells in the Norwegian mandate for sustainable 

aviation fuels can (a) strongly facilitate technology and industry development in Norway and 

(b) make more emission-effective aircraft even more cost-competitive. 
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8. Research Ethics, Limitations and Avenues for 
Future Research 

“Where documents and presentations are used as secondary sources in an archival or 

documentary research strategy, their original purpose wasn’t connected to this research and so 

as the researcher using this strategy, one needs to be sensitive to the nature and original 

purpose of the documents one selects, the way in which one analyzes them and the 

generalizations that can be draw” (Hakim, 2000). Hence, particular care has been taken when 

processing and evaluating the Berkeley model subsystems and files. The author would like to 

deeply thank the Berkeley contributors for their availability throughout this yearly project. 

Some of the technical limitations were already presented under the analysis of reliability 

in this research. Further limitations include the use of only a limited number of aircraft 

technologies as well as a selected number of routes. Future studies could look into more routes, 

performing the same calculations taking into consideration country-specific context. As more 

and more country-specific studies are developed, the topic will take further global relevance. 

There are many avenues for future research. Cost breakdown into cost categories can 

be refined. It is possible to build on the incentive model by continuing the study on low-carbon 

fuel standards (LCFS) implementation and the introduction of fuel cells into LCFS. Due to the 

limited timeframe of the project, the author hasn’t taken direct contact with all aircraft 

manufacturers. Further cross-check of aircraft characteristics could further improve inter-rater 

reliability.  
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