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Abstract 8 

Sustainability of the aviation industry, as any other industry, depends on the elasticity of demand for the product 9 
and profitability through minimising operating costs.  Of paramount importance is assessing and understanding 10 
the interdependency and effects of environmentally optimised solutions and emission mitigation policies.  11 

This paper describes the development and application of assessment methodologies to better understand the 12 
effects of environmental taxation/ energy policies aimed at environmental pollution reduction and the future 13 
potential economic impact they may have on the adaptation of “greener” novel technologies. These studies are 14 
undertaken using a Techno-economic Environmental Risk Assessment approach. The methodology 15 
demonstrated allows the assessment of the economic viability of new technologies compared to conventional 16 
technologies, for various emission taxation and fuel price scenarios. It considers relative increases in acquisition 17 
price and maintenance costs.  18 

A study undertaken as a ‘proof of concept’ compares a Counter Rotating Open Rotor aircraft with a conventional 19 
aircraft for short range. It indicates that at current fuel price and with no carbon taxation, a highly fuel efficient 20 
technology, such as the one considered, could be rendered economically unviable.  21 

The work goes on to demonstrate that  in comparison to the conventional aircraft, any economic benefits that 22 
may be accrued from improvement in fuel consumption through such a technology, may well be negated through 23 
increases in acquisition price and maintenance costs. The work further demonstrates that if policy makers want to 24 
direct the industry towards greener propulsion solution, then an increase in CO2 emission taxation may be 25 
appropriate. 26 

Keywords 27 
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Nomenclature 29 

BAU  Business As Usual (scenario) 30 

BET  Baseline Emission Tax (scenario) 31 

CROR  Counter Rotating Open Rotor 32 

DOC  Direct Operating Cost 33 

ETRW  Energy To Revenue Work Ratio 34 

g  acceleration due to gravity (9.81m/s2) 35 

HEA  High Environmental Awareness (scenario) 36 

HEA_HFP High Environmental Awareness and High Fuel Price (scenario) 37 

IRR  Internal Rate of Return 38 

JT  Engine designation 39 
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LCV  Lower Calorific Value  40 

LTO  Landing and Take-Off 41 

MD  Airplane designation 42 

Mf  Mass of mission fuel (kg) 43 

MLW  Maximum Landing Weight (kg) 44 

Mpl  Maximum payload mass of the aircraft (kg) 45 

MTOW  Maximum take-off weight (kg) 46 

MZFW  Maximum Zero Fuel Weight (kg) 47 

NASA  National Aeronautics and Space Administration 48 

NPV  Net Present Value 49 

OEW  Operating Empty Weight (kg) 50 

PEA  Progressive Environmental Awareness (scenario) 51 

PFEE  Payload Fuel Energy Efficiency  52 

R  Great circle distance (km) 53 

SFC  Specific Fuel Consumption (g/(kN•s)) 54 

TERA  Techno-economic Environmental Risk Assessments 55 

TF  Turbo Fan 56 

UDF  Un-Ducted Fan 57 

WACC  Weighted Average Cost of Capital (%) 58 

1 Introduction 59 

The aviation sector has played a significant role in shaping the world into what it is today. The rapid 60 
growth of global economies and the corresponding sharp rise in the number of people now wanting to 61 
travel on business and for pleasure, has largely been responsible for the development of this industry. 62 
However the significantly large increase in air passengers over the years has led to an increase in air 63 
traffic and a corresponding rise in fuel consumption, aviation emissions and noise. 64 

Over the years, the industry has consistently invested in improving technology and introducing it into 65 
commercial applications, with the aim to always remain profitable. With fuel expenses being a 66 
significant part of an airline’s operating cost, the core focus of technology development in the past has 67 
been to constantly improve fuel economy. This has been accomplished whilst actively striving to lower 68 
costs (production and maintenance) reduce weight,  maintain Landing and Take-Off (LTO) cycle noise 69 
and NOx within certification limits  and improve safety and reliability.  However, with aviation 70 
emissions now becoming a cause for growing global concern and various emission mitigation policies 71 
coming into focus, the industry is actively pursuing even “greener” and quieter solutions for the future. 72 

Sustainability of the aviation industry, as any other industry, depends on the elasticity of demand for 73 
the product and profitability through minimising operating costs. Apart from other factors, this 74 
profitability is directly affected by technology infusion, be it aimed towards any of the global objectives, 75 
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which include reducing fuel burn, environmental emissions or noise. Therefore assessing and 76 
understanding the interdependency and effects of future technology and emission mitigation policies 77 
is paramount.  78 

A significant insight into this area has been provided by research within the Omega project (Dray et 79 
al., 2009, Dray and Morrell, 2009). The work assessed the effect that mitigation policies and 80 
technology options may have on the potential of reducing emissions, on a regional and global scale.  81 

Another aspect of this field of study, dealt with aircraft conceptual design optimised for environmental 82 
performance (Henderson et al., 2012). The work utilised numerical optimisation techniques in aircraft 83 
design on multiple aircraft to investigate the tradeoffs between the various environmental performance 84 
metrics and direct operating costs. Padulo (2009) presented a novel and computationally efficient 85 
method for carrying out civil aircraft conceptual design optimisation under certainty  86 

Research undertaken by Kirby and Mavris (2001), dealt with forecasting and selecting future 87 
technologies and proposed a methodology to select an ideal combination amongst a set of emerging 88 
concepts. The aim of the research was to select the technologies based on maximum predicted 89 
economic profitability and hence the maximum return on research and development investments.  90 

All the research reviewed and referenced have used elaborate model integration frameworks and 91 
tools to provide interesting perspectives on the interdependencies of technology solutions and 92 
emission mitigation initiatives. However, an important literature gap can be identified: all of the 93 
established frameworks fail to specifically bridge the chasm between research/development of 94 
advanced and innovative environmental friendly technology and final implementation.  95 

The primary objective of the current work is to specifically assess economic viability and the 96 
boundaries within which a particular energy efficiency improvement technology is financially 97 
sustainable. In more detail, the work introduces an integrated methodology that may be used to 98 
assess economic viability by demonstrating the sensitivity of operating cost to uncertain acquisition 99 
prices and maintenance costs of futuristic technology.  100 

The focus of the work is to combine energy efficiency technology assessments with concepts of Net 101 
Present Value (NPV) and Internal Rate of Return (IRR) within an investment cost analysis approach. 102 
The study will first utilise and further develop a Techno-economic Environmental Risk Analysis 103 
(TERA) framework to produce a set of assessments (Kyprianidis, et al., 2008; Pascovici, D.S, 2008; 104 
Kyprianidis, 2010). These assessments will compare a novel technology with competing conventional 105 
solutions and establish its benefits in terms of performance and energy efficiency. These studies are 106 
undertaken for various emission taxation and fuel price scenarios to further establish if the observed 107 
efficiency may be translated to improvements in operating cost.  108 

The aim is to answer important questions from a policymaker's or airline operator’s perspective, 109 
primarily on the issue of whether the technology under consideration can translate fuel efficiency to 110 
operating profits. Within this process, it is imperative to establish if the perceived advantages are 111 
sufficient to supersede what’s already on the market and thus offset a higher acquisition price and 112 
complexity of aircraft.  113 

In essence, the research question to be answered is:  114 

What taxation or fuel price scenario will establish economic viability and actually justify a 115 
technology shift from a conventional solution, given a particular acquisition and maintenance 116 

cost change? 117 

In the last decade with the price of fuel rapidly rising and CO2 emissions from aviation being driven 118 
into focus, a renewed interest has been shown by the industry in rediscovering the benefits of fuel 119 
saving concepts. The proof of concept of the approach is demonstrated, by assessing the Counter 120 
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Rotating Open Rotor (CROR) concept as a competitive technology solution, against the conventional 121 
high bypass turbofan. 122 

2 Methodology 123 

2.1  Technical approach/ TERA framework 124 

Techno-economic Environmental Risk Analysis (TERA) essentially comprises a framework of 125 
mathematical models to simulate the performance of a single or a set of technologies. The framework 126 
allows an increased visibility of risks, whilst enabling the user to compare and rank competing 127 
schemes on a formal and consistent basis, so that investment resources may be allocated efficiently 128 
(Goulos, et al., 2010; Najafi Saatlou, et al., 2014; Doulgeris, G., et.al. 2012). 129 

The framework (Fig. 1) is modular in structure and consists of a set of core models, which allow 130 
simulation of detailed power-plant systems, with component physics-based mathematical models. The 131 
core models can be further coupled with a wide range of environment, economic and risk models.  132 
The assessments are conducted on a system and mission level and may be used to deliver an insight 133 
into the relative risks and benefits of promising but uncertain concepts, at lower TRLs (Technology 134 
Readiness Level) of development.  135 

Technology Readiness Levels (TRL) are a type of classification system used to assess the maturity 136 
level of a particular technology (NASA, 2014). Each technology project is evaluated against the 137 
parameters for each technology level and is then assigned a TRL rating based on the projects 138 
progress. There are nine technology readiness levels. TRL 1 is the lowest and TRL 9 is the highest. 139 

The TERA utilising this classification system offers an independent and consistent evaluation 140 
procedure to assess the maturity of evolving technologies during their development process and 141 
additionally allows comparative studies of complex systems, encompassing local and global 142 
conditions. 143 

TERA has been used extensively in the past to conduct design space exploration and trade-off 144 
studies, parameter sensitivity analysis, asset management and multi-disciplinary optimisation 145 
(Kyprianidis, et al., 2011; Kyprianidis, et al., 2014; Kyprianidis and Rolt, 2015; Xu, et al., 2013; Najafi 146 
Saatlou, et al., 2014; Camilleri et al., 2014). Frameworks that utilise a similar approach to TERA have 147 
also been used successfully by other researchers in the field for novel technology assessments 148 
(Marinai,L., et.al. 2004; Alexiou, et al., 2012; Hu, et al., 2012; Verstraete, et al., 2015). 149 

 150 

Fig. 1 Schematic of TERA framework 151 

This study utilises a TERA model framework to produce a set of performance and policy assessments 152 
in terms of payload range performance, energy efficiency, relative operating cost benefits and 153 
acquisition/maintenance cost analysis. 154 
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The analysis of a novel technology begins by using the aircraft and engine performance models to 155 
establish an aircraft’s payload-range performance. This provides the assessor with a performance 156 
summary giving an estimation of its overall performance characteristics (Eshelby, 2009). The 157 
performance and payload range capability is then compared with an aircraft with a single or a set of 158 
competing conventional technologies. 159 

For a transportation system to be profitable it has to be energy efficient. Therefore, the optimal 160 
utilisation of available energy is of prime importance. Various efficiency metrics have been used to 161 
assess energy efficiency of transportation modes. One of these metrics is the Energy To Revenue 162 
Work (ETRW) ratio  and quantifies the energy liberated during a flight with respect to the work done 163 
for which a revenue may be earned.  The metric has been utilised as a key indicator in the 164 
assessment of energy efficiency of aircraft (Poll, 2009).It was found to be particularly useful as it can 165 
be used to assess a technology purely from an energy efficiency perspective, whilst taking into 166 
account the useful work done in terms of its revenue earning potential. The minimum value of this 167 
metric is considered as the optimal value in terms of energy efficiency.  168 

. / . .      (1) 169 

The next stage of the assessment utilises the ETRW metric to map the energy efficiency of a 170 
technology. This is done in comparison with the competing technologies, across its range of payload-171 
range operations. This analysis, whilst providing a broader perspective on the operational capability of 172 
aircraft in comparison to various other solutions, also enables identifying the solution against which 173 
the economic viability of the combination of aircraft and route may be assessed. 174 

The methodology then progresses from the assessment of performance and energy efficiency of the 175 
technologies under comparison to establishing the operating cost benefits of the novel technology as 176 
opposed to the selected conventional solution. This is undertaken for a set of missions that effectively 177 
represent the aircraft in terms of payload and range.  178 

The benefit in operating cost is established in terms of the relative changes and the overall increase in 179 
operating costs between the two technologies, for a series of emission tax and fuel price scenarios. 180 

The final phase of the methodology uses the investment cost analysis module to produce the DOC 181 
(Direct Operating Cost) and IRR contour plots. These plots, for a selected set of missions, illustrate 182 
the effect of the relative changes in acquisition price and maintenance costs, on operating cost using 183 
the concepts of IRR and NPV.  184 

The assessments produced using this approach aim to provide an assessor with a clearer visibility of 185 
the operational and economic viability of utilising a novel technology, through a performance and cost 186 
benefit analysis. 187 

2.2  A description of TERA modelling modules 188 

The section provides a brief overview of the TERA modelling suite. A detailed analysis and verification 189 
of the models has been conducted and is presented by Nalianda, D.K.(2012). 190 

2.2.1 Engine performance modelling  191 

The engine models are simulated using an in-house gas turbine performance simulation and 192 
diagnostics software developed by Cranfield University called TURBOMATCH (Macmillan 1974).  193 

Engine performance modelling was primarily based on the use of generic compressor and turbine 194 
characteristics as well as empirical correlations (Walsh and Fletcher, 1998). Component 195 
characteristics were scaled based on the procedure outlined by Macmillan (1974) at the hot-day top of 196 
climb condition; nozzle throat areas were also determined at the same operating condition. This 197 
particular choice for the reference condition is consistent with recent modelling work presented by 198 
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Alexiou, et al (2012). Off-design matching was achieved using the generic matching procedure 199 
presented by Fawke and Saravanamuttoo (1971).  200 

All thermodynamic calculations were based on the assumption of an ideal gas (i.e., variable specific 201 
heat capacity); therefore, the main thermodynamic equation used was the Gibbs equation. The HPT 202 
Thermal Barrier Coating (TBC) average external surface blade metal temperature and corresponding 203 
cooling flows have been modelled using the simplified approach presented by Kurzke (2003). In order 204 
to simulate the effects of the UDF propulsion system, as will be explained in the later part of this 205 
study, a propeller module was developed within the engine performance tool. This propeller module 206 
was based on information available for a UDF propulsion system designed, fabricated and tested for 207 
Mach 0.72 configuration (Hager, 1987). A schematic of the engine performance model is illustrated in 208 
Fig. 2. 209 

 210 

Fig. 2 Performance model Schematic- UDF propulsion system (GE Aircraft Engines, 1987) 211 

2.2.2  Aircraft performance modelling 212 

The aircraft performance is modelled and simulated using an in-house tool, HERMES (Laskaridis, P., 213 
2004). The tool has been used previously within the TERA framework to simulate and assess the 214 
potential performance and benefits of adopting new technologies and concepts (Bellocq, et al., 2010; 215 
Kyprianidis, et al., 2011; Giannakakis, 2013). The model is capable of predicting aerodynamic 216 
characteristics given the required inputs for an aircraft, and is combined with Turbomatch in order to 217 
calculate the overall performance as an integrated aircraft/engine system.  218 

The aircraft dimensions modelling was based on Jenkinson (1999) while the aerodynamics were 219 
modeled according to Jenkinson (1999) and ESDU (1997). The aircraft performance modelling was 220 
based on Jenkinson (1999) and Laskaridis (2004). In more detail, the tool models the aircraft as a 221 
point-mass and equates the rate of work done by forces acting on the aircraft to the rate of increase in 222 
potential and kinetic energy (Total-Energy Model). It simulates complete trajectories and missions and 223 
produces as outputs, various engine performance parameters during the flight schedule (i.e. take-off, 224 
climb, cruise, descent and landing) such as SFC, combustor outlet temperature and compressor 225 
surge margins.  226 

A propulsion system integration module has also been integrated. It is used for optimising nacelle 227 
geometry and engine position based on power plant cycle optimisation requirements (Sibilli, T., 2012). 228 
Finally, the integrated tool has been validated against published data (Laskaridis, P.,  2004). 229 

2.2.3  Operating cost model 230 

Direct Operating Cost is frequently used as a figure of merit for aircraft economic evaluations in 231 
design trade-off studies. The DOC model and all values are based on the approach described by 232 
Jenkinson (1999); the model structure is illustrated in Fig. 3.  233 
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   234 

Fig. 3 Schematic of Direct Operating Cost Model 235 

The operating cost model enables the calculation of the relative change in operating cost for 236 
competing technologies, given a particular fuel price and a hypothetical emission taxation scenario. 237 
As this work is focussed on assessments to compare novel technology and competing conventional 238 
solutions, certain assumptions for a conventional aircraft are made within the operating cost model, 239 
based on public domain data (Jenkinson et al., 1999; Aircraft Commerce, 2010). 240 

For the novel technology, the fuel consumed, emissions generated and time taken for the mission is 241 
obtained from the aircraft and engine performance models as well as the emission prediction models, 242 
for each of the individual technologies being considered. Based on these calculations and, for a range 243 
of missions flown, a comparative assessment is made of the operating costs for the technologies 244 
under consideration. 245 

The operating cost estimate within the model can essentially be separated into time related costs, fuel 246 
related costs and emissions related costs. The fundamental assumptions made in these calculations 247 
are described in the subsections that follow. 248 

2.2.3.1 Time related costs  249 

These costs include depreciation, insurance and interest on investment, maintenance costs and crew 250 
costs. 251 

Depreciation: This constituent of the Direct Operating Cost is assumed to be dependent on the total 252 
investment. It is therefore a function of the acquisition cost of the aircraft (with its powerplants) and 253 
the price of spares. For this study it is computed per year and over the period of depreciation. The 254 
depreciation period is assumed over the aircraft life (20 years) with a 10 percent residual value. 255 

Insurance and interest on investment: This constituent is computed as a function of price of aircraft 256 
and its powerplants. An annual reference rate of 0.5% and 5.5% are assumed respectively. 257 

Total standing charges: The total standing charges are calculated for a period of one year. For the 258 
assumed average utilisation of the aircraft the total standing charges are then computed on a per 259 
flight hour basis.   260 

A maximum annual utilisation of 1700 flight cycles or 3300 flight hours has been assumed for both 261 
competing technologies. For the shorter mission range (344nm) the study assumes an annual 262 
utilisation of 1700 flight cycles. The annual utilisation in flight hours is then estimated using the 263 
calculated block time (i.e., average stage length) for the particular mission range. The same 264 
assumption is made for the longer mission ranges provided that the resulting number of flight hours 265 
per year is less than 3300. If the resulting annual utilisation in terms of number of flight hours is higher 266 
than 3300, then a value of 3300 flight hours is assumed and the annual utilisation in terms of flight 267 
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cycles is instead estimated using the calculated block time for the particular mission range. The 268 
reason for assuming an annual utilisation of no more than 3300 flight hours or 1700 flight cycles was 269 
to remain as close as possible to current short haul practice and avoid extrapolations of the 270 
maintenance cost data available. 271 

Engine and Airframe Maintenance cost: For the purposes of calculating the maintenance costs the 272 
aircraft is assumed to have a certain average utilisation in terms of number of flying hours or flight 273 
cycles for a given block time, as discussed above. Based on the public domain data available for the 274 
type of conventional single aisle aircraft considered (Aircraft Commerce, 2010) and based on the 275 
periodicity of the maintenance routines and the assumed block time and annual utilisation of the 276 
conventional aircraft, a cost of maintenance per hour for the engine, airframe and the aircraft is 277 
computed. As the length of the mission reduces an engine spends a larger proportion of total flight 278 
time using take-off and climb power settings. In order to capture the effect of shorter stage length 279 
operations and consequently more rapid performance deterioration leading to greater direct 280 
maintenance cost per flight hour, the variation of maintenance cost with the average block time is 281 
determined using an assumed relation/trend as provided by Goldsmith (1981) and as graphically 282 
depicted in Fig. 4. For simplification and given the wider context of the current study, it is further 283 
assumed that both aircraft follow similar performance deterioration characteristics and hence utilise 284 
the same relation to compute the maintenance cost with varying stage lengths. 285 

 286 

Fig. 4 Total aircraft Direct Maintenance Cost versus average stage length 287 

Crew and cabin Attendants: This essentially includes the cost of salaries for the flight and cabin 288 
crew and is function of the block time. This study assumes 2 person flight crew and 5 cabin 289 
attendants with hourly salaries of USD 140 and USD 50 each respectively. 290 

2.2.3.2  Fuel dependant costs: These costs reflect the total amount of fuel consumed during the 291 
flight and are dependent on fuel price and aircraft fuel burn characteristics.  292 

2.2.3.3  Emission dependant costs: The model currently calculates the emission costs for a flight 293 
based on the taxation scenario and the total amount of emissions (CO2) generated. 294 

2.2.3.4  Investment cost analysis module 295 

The investment cost analysis module examines the effect of increased acquisition and maintenance 296 
costs on the relative change in direct operating cost. A typical contour plot is as illustrated in Fig 5. 297 
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The contour plots are essentially two dimensional plots that show one dimensional curves, on which a 298 
plotted quantity Z is a constant. 299 

For the two technologies being compared, each point on a contour plot signifies a solution’s operating 300 
cost Z, with its position as a function of X, Y, where: 301 

%	 	 	 	 	 302 

%	 	 	 	  303 

	%	 	 		 	 	 	 304 

Where Direct Operating cost is a function of the flight block time, flight fuel burn, emissions (CO2), 305 
acquisition cost and maintenance costs, as discussed in the previous section. 306 

At the datum point (bottom left corner), the relative benefit in direct operating cost is calculated with 307 
the assumption that the novel technology has the same acquisition and maintenance costs with the 308 
baseline one, and the change in operating cost is primarily due to the difference in block fuel burn, 309 
block time and environmental emissions. However as the relative acquisition and maintenance costs 310 
increase, there is a corresponding decrease in relative improvement in operating cost which 311 
eventually diminishes to zero (as indicated in Fig. 6).  312 

The investment cost analysis module is then used to analyse if the increase in acquisition cost or/and 313 
maintenance cost, and consequently to determine if the diminishing operating cost benefit is still 314 
viable economically. This is achieved by using the concept of Net Present Value (NPV) and Internal 315 
Rate of Return (IRR) (Raymer, 2006). 316 

For a combination of increase in acquisition and maintenance cost, assuming a discount rate, the 317 
yearly profit from the difference in operating costs for the two competing technologies is converted to 318 
the NPV. The NPV of each year, over the operational life of the aircraft, assumed as the payback 319 
period, is then summed up. For the investment to be profitable the sum of the NPV estimates over the 320 
life of the aircraft must be greater than the difference in acquisition cost incurred in procuring the new 321 
technology.  322 

The IRR of a project is the discount rate at which the NPV is equal to zero and is a measure to 323 
evaluate if a project is economically viable. The module iteratively calculates the IRR of the 324 
investment by solving for the discount factor at which the NPV equals the difference in acquisition 325 
cost. Fig. 5 indicates the methodology used to calculate the IRR. 326 

For a specified minimum required rate of return and based on an assumed Weighted Average Cost of 327 
Capital (WACC) on the investment, the module establishes the non-feasible investment region. It 328 
essentially calculates the region on the contour plot (Fig.5) for which the IRR falls below the WACC 329 
and indicates it as the sub-optimal (non-feasible) shaded region. 330 

For any particular point on the contour, the NPV/IRR is calculated based on the following 331 
assumptions:  332 

 Profit generated per year is calculated on a relative basis, from the difference in operating costs, 333 
derived from the percentage change in direct operating costs for the two competing technologies. 334 
This profit is then assumed constant through the lifespan of the aircraft 335 

 The discount rate or interest rates used to calculate the NPV is constant throughout the lifetime of 336 
the annuity 337 

 The competing solutions have the same economic life in terms of years 338 

Therefore for a mission of a particular range, and for a given fuel price and emission taxation 339 
scenario, each contour plot created provides information on the datum operating cost benefit and then 340 
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illustrates the effect of increased acquisition and maintenance costs on the economic viability of the 341 
technology. 342 

  343 

Fig. 5 Methodology used to calculate Internal Rate of Return (IRR) (Nalianda, 2012). 344 
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 345 

Fig. 6 Illustrative example of investment cost analysis contour 346 

3 Case Study 347 

The transition from turbojets to turbofans in the late 1960s was specifically aimed at reducing fuel 348 
burn and LTO cycle NOx emissions and noise, whilst improving safety and reliability. The oil embargo 349 
in the 1960s and the instability in Middle East in the 1970s drove the oil prices to new heights (Bowles 350 
and Dawson, 1998). This resulted in airlines around the world paying the penalty through staggering 351 
losses. Within the aviation industry, these events primarily led to the focused research and 352 
development that was aimed at revolutionary reductions in fuel burn, in comparison to the high 353 
bypass turbofan. In the late 1970s, this research led to the genesis of the revolutionary concept of 354 
counter rotating open rotors (Reid, 1998).  355 

Owing to its ultra-high bypass ratio, and hence a very high propulsive efficiency, the CROR concept 356 
implemented as the Un-Ducted Fan (UDF), was stated to provide an SFC of 25-27% lower than that 357 
of the best turbofan engine going into service at the time (Mair and Birdsall, 1996). However, due to 358 
low fuel prices prevailing in the late 1980s, complexity in design and strong competition from 359 
conventional and technically settled high bypass ratio engines, the concept never reached 360 
commercial application (Flight International(12 June), 2007). 361 

With fuel prices on the rise in the last decade and aviation a part of the European Union’s Emission 362 
Trading Scheme from 2012, the CROR technology is being actively pursued by the industry as a 363 
possible future solution. 364 

The approach described in this paper is demonstrated through a proof of concept study to assess the 365 
potential of the CROR Technology, as a technology solution to compete with the conventional high 366 
bypass ratio turbofan technology. This case study aims to illustrate the wealth of useful insights 367 
provided by the proposed techno-economic approach, rather than to comprehensively assess purely 368 
the technical aspects of the CROR concept. For a detailed technical analysis of the open rotor 369 
concepts the reader is referred to (Vera-Morales, et al., 2008; Belocq, et al, 2010; Larsson, et al., 370 
2011; Guynn, et al., 2011 ) 371 

In accordance with the methodology discussed earlier, the analysis begins with the payload - range 372 
and energy efficiency assessments of the novel technology. These performance assessments are 373 
compared with those of conventional short-medium range aircraft. These include a short-medium 374 
range turbofan (TF) aircraft (160-180 passengers) and a short range turboprop aircraft (68-72 375 
passengers). 376 
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Based on a comparison of payload range and energy efficiency of these solutions, a conventional 377 
solution is then selected as a baseline to analyse the relative direct operating cost and investment 378 
cost benefits of the novel technology. 379 

All aircraft missions simulated in this study for the novel and conventional aircraft were assumed to 380 
follow international flight rules as stipulated by part 121 of the Federal Air Regulations and include 381 
standard assumptions on fuel reserves, diversion fuel and contingency fuel. The aircraft and engine 382 
performance models are validated against public domain data and achieve good accuracies in 383 
payload-range capability. 384 

3.1  Aircraft/Engine Modelling  385 

Limited design information is available in the public domain on the actual implementation of the 386 
CROR concept on a commercial aircraft. McDonnell Douglas in the 1980s used a derivative approach 387 
and designed a new variant of the existing MD80 aircraft, by replacing the JT8D engines with the 388 
UDF. In this work the technology was modelled in a similar approach; i.e. the aircraft and engine 389 
performance model were based on the aerodynamic and performance characteristics of the MD-80 390 
aircraft and NASA’s Un-Ducted Fan (UDF) engine respectively. 391 

 The study currently does not consider any optimisation of the airframe and propulsion system design. 392 
Hence it assumes the basic airframe and pylon weight/dimensions and aircraft/ propulsion system 393 
limitation parameters remain unchanged. These, therefore, include the aircraft mass and balance 394 
(comprising maximum take-off weight (MTOW), maximum landing weight (MLW), maximum zero fuel 395 
weight (MZFW), operating empty weight (OEW), fuel capacity, max payload), number of passengers, 396 
mean centre of gravity position, maximum operational altitude, environmental envelope and aircraft 397 
dimensions (wing span, overall length, tail height, wing span, reference wing surface area). 398 

The aircraft and engine model are developed using Cranfield University’s in-house aircraft 399 
performance (Hermes) and engine performance (Turbomatch) tools respectively. The UDF engine 400 
simulation performance trends and design parameters were validated and verified against data 401 
available in the reference (Hager, 1987) and were found to be in good agreement (Nalianda, D.K., 402 
2012). The performance of the aircraft, with the propulsion system integrated, is verified against the 403 
actual payload-range chart of the MD80 to establish the payload range capability of the modelled 404 
aircraft (Fig. 7) (Boeing, 1990). 405 

 All missions simulated for the aircraft follow typical take-off, initial climb, approach configurations and 406 
typical speed-schedules for climb, cruise and descent. The cruise segment of the mission was 407 
simulated at a fixed altitude of 35000 ft. and at a design cruise speed of 0.72 Mach. It may be noted 408 
that even though the aircraft with conventional turbofan has a typical cruise speed of 0.76 Mach at 409 
35000 ft. (Boeing, 1995), a speed of 0.72 was selected as it was the design speed of the propeller 410 
modelled. Block fuel and time are calculated by adding a standard 15 minutes of taxiing time and 411 
equivalent fuel to mission fuel and time respectively. All missions simulated were assumed to carry 412 
standard reserves which included diversion of 200nm, hold at 5000 ft. for 20 minutes and 5% of block 413 
fuel.  414 

As expected, due to the higher propulsive efficiency, the payload range chart in Fig. 7 illustrates that 415 
with the use of the CROR concept the aircraft’s range capability improves, which is further illustrated 416 
by three key points on the payload range chart: 417 
-The range with maximum payload (point B) has increased by 67 %( point B’). 418 
 -The range flown with maximum fuel and associated payload to maintain maximum take-off weight 419 
(point C) has increased by 57%(point C’). 420 
-The ferry range (point D) has increased by 43 %( point D’). 421 
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 422 

Fig. 7 Payload Chart for MD80 aircraft with conventional propulsion and CROR propulsion 423 

 424 
The engine/aircraft modelling results presented in Fig. 7 demonstrate the effect of improved fuel burn 425 
performance through application of the open rotor technology through extended range capability. Due 426 
to increased propulsive efficiency of open rotor technology such an observation may be considered 427 
typical of such a conversion. Consequently, the created models can therefore be considered as 428 
appropriate for use within the proposed framework to conduct the techno-economic assessments. 429 

It may be noted that for the purposes of this study the weight of the propfan propulsion systems 430 
aircraft was not determined separately. Detailed weight assessments presented in Larsson et al. 431 
(2011) suggest a total propulsion system weight penalty of about 500kg (or 11% increase per 432 
powerplant) for an open rotor aircraft. A sensitivity analysis using the model setup was undertaken to 433 
assess the effect a 500kg weight penalty on the Propfan aircraft; the results suggested an overall 434 
DOC increase of 0.2%, relative to the turbofan aircraft. The assumption was therefore made that the 435 
MTOW of the propfan aircraft would remain unchanged after the inclusion of the open rotor. It is the 436 
authors’ view that this minor difference may be assumed to be insignificant given the wider scope of 437 
the study and its aims. Some reflections on potential aircraft design changes for accommodating 438 
propfan propulsion systems are provided in section 3.5. 439 
 440 
 441 
3.2 Payload range performance and energy efficiency 442 

The plots in Figs. 7 and 8 demonstrate the payload-range performance and energy efficiency of 443 
different technological solutions. The modelling of the payload range performance of conventional 444 
short to medium range turbofan aircraft has been undertaken using the engine/aircraft performance 445 
simulation models described earlier and is based on public domain data available for a typical Boeing 446 
737-800 aircraft powered by CFM56-7B27 turbofan engines (Boeing, 2006). The plots enable the 447 
identification of the solution with the highest energy efficiency, among a set of competing options for 448 
missions at their individual maximum payloads.   449 

 450 
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 451 

Fig. 8 Payload range capability of aircraft with conventional propulsion and CROR propulsion 452 

  453 

Fig. 9 Energy efficiency curves of aircraft with conventional propulsion and CROR propulsion 454 

The assessments from the plots are summarised as follows: 455 

 The aircraft are observed to be less energy efficient at very short ranges, this is attributed to the 456 
fact that significant part of the weight carried on aircraft over short distances includes the weight of 457 
the reserve fuel, which reduces the overall energy efficiency. 458 

 The CROR aircraft is able to achieve longer ranges at equivalent payloads than all the aircraft 459 
under comparison. 460 

 For the particular payload-range requirements associated for a short to medium range aircraft, the 461 
CROR aircraft is found to have a lower energy to revenue work ratio, of up to 15-22% in 462 
comparison to the single aisle narrow body aircraft across its representative range (500-2500Nmi) 463 
capability, and hence is considered to be a more energy efficient solution than the conventional 464 
aircraft. 465 
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3.3 Operating cost analysis 466 

The economic performance for both the novel and conventional aircraft/engine combinations is 467 
illustrated in Fig. 11. The results are based on a set of trajectories representing typical missions in 468 
terms of range and payloads (Fig. 10) assuming a load factor of 100%. A sensitivity analysis has been 469 
undertaken to establish the effect of load factor and to provide a justification for the assumption made. 470 
For the 697nmi mission, a 20% reduction in load factor (100% to 80%) for both aircraft resulted in a 471 
cruise SFC deterioration of 0.74% for the open rotor relative to the conventional turbofan. This 472 
translates to an added error or uncertainty on the datum concept comparison of about 0.82% fuel 473 
burn but only 0.05% DOC, again for the open rotor relative to the conventional turbofan. The 474 
negligible change in DOC despite the change in fuel burn is attributed to the smaller influence of fuel 475 
costs on DOC for the propfan concept relative to the turbofan. The effect on the contour analysis and 476 
cases studies presented is therefore negligible.  477 

Overall, the load factor assumption is considered acceptable for the purposes of this comparative 478 
assessment of two technologies. It is however also opined that such an assumption for the air 479 
transport industry may be considered to be extremely optimistic. For future investigations focused on 480 
deriving absolute figures rather than the relative differences studied here a more conservative 481 
assumption on load factor might be more appropriate. 482 

 A summary of the block fuel burn and time for the different missions of the conventional aircraft are 483 
given in Table 1. The two last columns show the relative change in fuel consumption and block time 484 
when the CROR concept is implemented. It may be noted that for the operating cost analysis, the 485 
cruising speeds selected for the missions by the CROR aircraft and the conventional aircraft have 486 
been selected based on optimal speed for maximum specific air range, and hence set at Mach 0.72 487 
and Mach 0.78 respectively. 488 

The operating cost is calculated for five different fuel price and emission (CO2) taxation scenarios as 489 
indicated in Table 2. The first scenario is the BAU (Business As Usual) scenario reflecting the current 490 
fuel price and no taxation on CO2 emissions. The next three scenarios (BET, PEA and HEA) reflect 491 
the current levels of fuel pricing and an increasing level of CO2 taxation, while the HEA_HFP scenario 492 
reflects a fuel price that has doubled, along with a high CO2 taxation level. It may be noted that all the 493 
scenarios selected in the work presented have been chosen for illustrative purposes. Scenarios from 494 
models such as MERGE and MiniCam (IPCC, 2007) may also be appropriate for such assessments. 495 

The carbon taxation levels and fuel prices used in the scenarios have been selected in order to 496 
examine the progressive effects of increasing taxation and fuel prices to very high levels for the case 497 
under consideration.  498 

The fuel burn and block time are then used to calculate the operating cost for the missions for both 499 
the technologies and a relative change in operating cost is estimated.  500 
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 501 

Fig. 10 Representative missions selected for performance comparison of conventional TF aircraft and 502 
CROR aircraft 503 

Fig. 11 shows the relative benefits in fuel burn and operational costs, from using the CROR concept, 504 
for the five scenarios and the set of representative missions discussed earlier. The fuel burn reduction 505 
ranges from 25.3% to 29%, with the best fuel efficiency improvement being achieved for the shorter 506 
ranges. This is attributed to sub-optimal performance for a greater part of the mission for shorter 507 
ranges. However as the range of the mission increases, the lower equivalent cruise speed for the 508 
CROR aircraft (Mach 0.72) in comparison with that for the conventional TF aircraft (Mach 0.78) will 509 
penalise its overall comparative performance.  More specifically, as the trip range increases the time 510 
penalty of the lowered cruise speed is manifested by lowered reductions in trip fuel consumption. The 511 
predicted fuel savings and trends are similar to the ones presented in several studies sponsored by 512 
NASA in the 70s and 80s (Jeracki et al., 1979; Stefko et al., 1983). 513 

   514 

Table 1 Block fuel burn and time for representative missions  515 

 516 

Table 2 Environmental taxation and fuel price scenarios considered  517 
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 518 

Fig. 11 Relative fuel burn and operating costs for representative missions under various emission 519 
taxation and fuel price scenarios (CROR vs conventional TF aircraft) 520 

The improvement in operating cost for the BAU scenario is lower than the fuel consumption 521 
improvement, and varies from 5.5% to 10% for increasing range. This difference is attributed to the 522 
influence of time, fuel and emissions in the calculation of cost. In the BAU scenario the increased 523 
influence of the time dependent costs, coupled with the slight increase in block time for the CROR 524 
aircraft result in a lower impact of the fuel benefits on the operating cost. As the emission taxation and 525 
fuel price increase, the effect of fuel dependant costs increases and consequently the DOC benefit 526 
improves. For example, as shown in Fig. 11, in a HEA_HFP scenario the operating cost benefit has 527 
increased relative to the BAU scenario and now ranges from 15% to 19%. It has to be noted here that 528 
the DOC savings predicted for the BAU scenario are again in agreement with the figures reported in 529 
the literature (Rohrbach, 1976), a fact that strengthens the confidence in the conducted modelling. 530 

 531 

Fig. 12 Variation in operating cost for scenarios, relative to the operating cost of the conventional 532 
HBPR aircraft in the BAU scenario, for a 697nm mission.  533 



18 
 

The benefits of the technology are further highlighted if the revenue potential of the technology is 534 
considered under higher taxation scenarios. As an illustrative example, the 697nm mission is 535 
considered. 536 

Fig. 12 shows the increase in operating cost of both technological solutions, for the different economic 537 
scenarios, relative to the operating cost of the conventional TF aircraft in the BAU scenario. This 538 
comparison demonstrates the effect different taxation and fuel price scenarios will have on the 539 
operating cost of both technologies when compared with the BAU scenario. It is observed that in a 540 
scenario of higher environmental awareness or fuel shortage, the operating cost of the conventional 541 
TF aircraft might increase up to 96% relative to the BAU baseline scenario. This would have an 542 
immediate and considerable negative impact on ticket prices. Although the CROR aircraft operating 543 
cost increases too, it is still 9% to 35% cheaper to operate. Hence such a scenario would render the 544 
CROR aircraft an attractive and economical option, and helps keep the civil air transport business on 545 
a sustainable path. 546 

3.4 Investment cost analysis approach 547 

The promising potential of reducing the fuel burn and operating cost by using the CROR concept has 548 
been demonstrated in the previous section.  549 

However the operating cost calculated, was made under the assumption that the acquisition and 550 
maintenance cost for both technologies under consideration are equal. This section, through 551 
illustrated cases, examines the effect of increasing these costs on the operating cost benefit 552 
demonstrated in the previous section.  553 

The investment cost analysis module is utilised for producing the operating cost data used in the 554 
contours shown in Figs. 13, 15 and 16, for different emission taxation and fuel price scenarios. The 555 
Weighted Average Cost of Capital (WACC) for all cases considered is assumed to be 7% (Dray and 556 
Morrell, 2009). The shaded area and the plotted area above it, on each plot, indicates the non-557 
feasible investment region, in which the IRR was found to be less than or equal to 7%.  558 
Two cases are considered to examine the sensitivity of the operating cost reduction. In the first case 559 
the effect of relative changes in acquisition and maintenance cost are analysed for a set of missions 560 
of varying ranges, under a HEA_HFP scenario. In the second case the effect of a relative increase in 561 
acquisition cost (by 12.5%) for a short-range mission is analysed, under varying emission taxation 562 
and fuel price scenarios. 563 

Case study 1: Effect of mission range on the operating cost benefit for the HEA_HFP scenario. 564 

The first case considers the effect of the mission range on the operating cost benefit for an extreme 565 
environmental scenario (HEA_HFP- Fuel price and carbon tax assumed at US$ 2124/mt and US$ 566 
500/ton CO2 emission respectively).Three missions with corresponding ranges of 1450, 2433 and 697 567 
nm have been considered for this case study and for ease of reference, they have been illustrated 568 
again in Fig. 13. The investment cost analysis module is utilised for producing the operating cost 569 
contours for the three missions (as shown in Figs. 13, 15 and 16 respectively). The shaded area and 570 
the plotted area indicate in each figure the non-feasible investment region, in which the IRR was 571 
found to be less than or equal to 7%. In order to illustrate the effect of increase in acquisition cost and 572 
maintenance cost, for each of three missions, three sub-cases are considered and are superimposed 573 
as points in these figures: 574 

Sub-case A: Assumes 20% increase in acquisition and maintenance cost. 575 

Sub-case B: 35% and 40% increase in acquisition and maintenance cost respectively. 576 

Sub-case C: 45% and 10% increase in acquisition and maintenance cost respectively. 577 
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First considering the 1450 nm mission, Fig. 14 illustrates the effect of increasing acquisition and 578 
maintenance cost on the operating cost, for the HEA_HFP scenario. The operating cost advantage at 579 
the datum (refers to 0-0 in Fig. 14) is 16.4%, as calculated previously by the operating cost module 580 
and illustrated in Fig.10 and 12.  581 

 582 

Fig. 13 Illustration of Case 1 missions  583 

 584 

Fig. 14 Investment cost analysis contour (mission range- 1450 nm, Scenario- HEA_HFP, DOC% 585 
benefit at datum 16.4%)  586 

For the three sub cases of this mission, the NPV is plotted against the discount rate (Fig. 15) using 587 
the described procedure. The IRR values calculated for each of the three sub-cases are 30.9%, 7.4% 588 
and 4.7% respectively. Based on these values and on Fig. 14, the following observations can be 589 
made: 590 

 The direct operating cost benefit of sub-case A (20% increase in acquisition and maintenance 591 
cost) has been reduced to 10.6% from the datum value of 16.4% due to the increased 592 
maintenance and acquisition costs. However, the technology is still profitable as the IRR is 593 
30.9%, which is greater than the assumed WACC of 7% which leads to the point A lying 594 
outside the shaded non-feasible area in Fig. 14. 595 
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 In sub-case B (35% and 40% increase in acquisition and maintenance cost respectively) the 596 
direct operating cost improvement has dropped to 5.8% but the technology is still just 597 
profitable (lying outside the border of shaded non-feasible area) with an IRR of 7.4%. 598 

 In the high acquisition and low maintenance cost sub-case C (Fig. 14) the DOC benefit (6.0%) 599 
is actually 0.2% higher than sub-case B. However the IRR is lower than required (4.7 %) and 600 
the point falls inside the shaded region of (marked as black dot in Fig. 14).  This happens 601 
because the increased acquisition cost is a current cost incurred when the aircraft is 602 
purchased, contrary to the direct operating cost benefits, which come as annual cash flows 603 
throughout the lifespan of the aircraft and thus have a lower present value. 604 

 605 

Fig. 15 Verification of IRR calculation- NPV vs Discount rate curves 606 

The case study shows that in order to translate the reduction in fuel burn to a benefit in operating cost 607 
and most importantly, to an adequate IRR, the relative change in acquisition price and maintenance 608 
costs should be low. The acquisition cost seems to have a greater impact, mainly because it is a cost 609 
incurred today. 610 

For the three sub-cases, when considered for a longer range of 2433 nm (contour plot in Fig. 16)  and 611 
under the same environmental taxation scenario(HEA_HFP), it is observed that sub-cases B and C, 612 
even though profitable in terms of operating cost, are in the non-feasible investment region (marked 613 
as black dots Fig. 16). However for the three sub-cases, when considered for a shorter range of 697 614 
nm case under the same scenario, it is observed that for sub-case A, B and C, are all profitable in 615 
terms of operating cost, and are all within the feasible investment region (Fig. 17). This observation is 616 
further illustrated when the IRR for the sub- cases are plotted against the mission range (Fig. 18), 617 
where it is clearly seen that an increase in range decreases the achieved IRR. 618 
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 619 

Fig. 16 Investment cost analysis contour (mission range- 2433 nm, Scenario- HEA_HFP, DOC% 620 
benefit at datum 15.3%)  621 

This observation may be explained by referring back to Fig. 13. The technology is best suited for 622 
shorter ranges as the relative reduction in fuel burn is higher and time penalty is lower and hence 623 
produces a relatively higher improvement in operating cost. With an increase in relative acquisition 624 
price and maintenance costs (as demonstrated in Case B and C) longer range missions become 625 
unprofitable (Fig. 18).  626 

 627 

Fig. 17 Investment cost analysis contour (mission range- 697 nm, Scenario- HEA_HFP, DOC% 628 
benefit at datum 18.5%)  629 
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 630 

Fig. 18 IRR analysis for various mission ranges 631 

Case study 2: Effect of an increase in acquisition cost for a 697nm mission, under varying 632 
emission taxation and fuel price scenarios. 633 

Having established the higher benefit of the technology when applied to shorter ranges the next case 634 
examines the effect of an increase in acquisition cost for a 697nm mission, under varying emission 635 
taxation and fuel price scenarios. For illustrative purposes the study assumes an increase of 12.5%.  636 

The fuel benefit accrued from using the CROR aircraft for the 697nm mission is shown to be 28.6% 637 
with an increase in time of 3.6% (Table 1). The DOC/IRR contour plots are created for the five 638 
scenarios as seen in table 2 (Figs. 19-23). For the selected increase in acquisition cost (12.5%), Fig. 639 
24 separately shows the effect an increase in maintenance cost will have on the IRR. 640 

In a BAU scenario with no increase in acquisition and maintenance cost, the cost contour shows a 641 
benefit of 8.8% in operating cost at the datum (Fig. 19). If the acquisition cost were to increase by 642 
12.5%, with no increase in maintenance cost, the benefit in operating cost will drop to 3.7%. 643 
Furthermore, as seen in Fig. 19 the point now lies in the non-feasible investment region as the IRR 644 
(6.4%) is lesser than WACC  (may also be further seen in Fig. 24) 645 

If this case were now to be considered under the BET taxation scenario, the cost contour (Fig. 20) 646 
shows an improvement of 9.4% in operating cost at the datum. With an increase in acquisition cost of 647 
12.5%, the operating cost benefit would decrease to 4.4%, which is slightly higher than the BAU 648 
scenario for the same condition. On the other hand, the impact of the BET scenario on the IRR will be 649 
much higher, which is now equal to 9.1%. The solution therefore lies outside the shaded region and 650 
hence makes it a feasible investment option. 651 

If according to the PEA, HEA and HEA_HFP scenarios, the taxation and fuel price were to further 652 
increase, the benefits in operating cost would go up to 9.6%, 12.8% and 15.9% respectively, for the 653 
12.5% increased acquisition cost case (Figs. 21-23). 654 

This case study indicates that with the current fuel price and with no emission taxation (BAU 655 
scenario), a higher relative acquisition price (of 12.5%) will negate the fuel burn advantage of the 656 
CROR aircraft. This effect becomes more pronounced with a relative increase in maintenance costs. 657 
Therefore, an increase in acquisition price and maintenance cost will then necessitate a high level of 658 
taxation and/or fuel price (PEA, HEA and HEA_HFP scenarios) to translate the benefits of reduced 659 
fuel burn to operating costs and thus render the CROR technology economically viable. 660 



23 
 

If the focus now turns to the maintenance cost effect, the following comments can be made. As the 661 
acquisition cost increases, the maximum maintenance cost that still gives a solution in the feasible 662 
region falls. This means that engines with lower acquisition cost are allowed to have a much higher 663 
maintenance cost before they become unprofitable. Furthermore, Fig. 24 indicates that as the 664 
emission taxation and fuel price increase, the effect of maintenance cost on the profitability reduces. 665 
From the PEA, HEA and HEA_HFP scenario contours (Figs. 21-23) it is observed that if the 666 
acquisition cost increase is below 3%, 12.2% and 30% for the three scenarios respectively, then even 667 
with a 100% increase in the relative maintenance costs, the operating cost benefit decreases, but still 668 
remains profitable (IRR remains greater than WACC). This may have an important implication on the 669 
engine design. Under these scenarios engine designs could be optimised for very high fuel efficiency 670 
and low emissions, by sacrificing engine life and accepting an increase in maintenance costs. 671 
Nevertheless, such a trade-off is unlikely to be popular with airlines; it would increase the complexity 672 
of fleet operations and result in increased acquisition costs due to the need for more spare engines. 673 

 674 

Fig. 19 Investment cost analysis contour (mission range- 697 nm, scenario- BAU, DOC% benefit at 675 
datum 8.8%)  676 

  677 

Fig. 20 Investment cost analysis contour (mission range- 697 nm, scenario- BET, DOC% benefit at 678 
datum 9.4%)  679 

 680 
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 681 

Fig. 21 Investment cost analysis contour (mission range- 697 nm, scenario- PEA, DOC% benefit at 682 
datum 13.2%)  683 

 684 

 685 

Fig. 22 Investment cost analysis contour (mission range- 697 nm, scenario - HEA, DOC% benefit at 686 
datum 16%)  687 

 688 
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 689 

Fig. 23 Investment cost analysis contour (mission range- 697 nm, scenario- HEA_HFP, DOC% 690 
benefit at datum 18.5%)  691 

 692 

 693 

Fig. 24 Effect of maintenance cost on IRR for different scenarios and a case of 12.5% increase in 694 
acquisition price (mission range: 697nm) 695 

3.5  Sensitivity Analysis 696 

A sensitivity analysis was conducted focusing on the effect on DOC that different key assumptions 697 
have such as: fuel burn and fuel price, flight block time, interest rate, insurance rate, load factor and 698 
others. The resulting exchange rates are presented in Table 3.  699 

 700 

 701 

 702 
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 Parameter examined Variation 
introduced 

Overall effect on DOC 

1 Fuel burn/Fuel price (Turbofan aircraft) +10% + 3.8% 

2 Fuel burn/Fuel price (Open Rotor aircraft) +10% + 3.1% 
3 Flight block time (Turbofan aircraft) +10% + 5.7% 

4 Flight block time (Open Rotor aircraft) +10% + 6.5% 
5 Interest rate (Turbofan aircraft) +1% (datum 5.5%) + 3.7% 
6 Interest rate (Open Rotor aircraft) +1% (datum 5.5%) + 4.3% 
7 Insurance rate (Turbofan aircraft) +0.5% (datum 0.5%) + 1.6% 
8 Insurance rate (Open Rotor aircraft) +0.5% (datum 0.5%) + 1.8% 
9 Load Factor (Turbofan aircraft) -20% - 1.78% 
10 Load Factor (Open Rotor aircraft) -20% - 1.83% 
11 Aircraft weight penalty (Turbofan aircraft) +1000kg + 0.48% 
12 Aircraft weight penalty (Open Rotor aircraft) +1000kg + 0.4% 

Table 3 Sensitivity analysis exchange rates  703 

With regard to the lower payload but higher range capability of the CROR aircraft, these two aspects 704 
can be considered to be partially compensating one another (at a constant load factor and a business 705 
case mission of 697nmi). Increasing the maximum payload of the CROR concept to that of the 706 
turbofan concept is expected to increase fuel burn and DOC by about 2.5% and 0.78% respectively. 707 
Similarly, reducing the range capability to that of the turbofan concept is expected to reduce fuel burn 708 
and DOC by about 1.2 and 0.38%, respectively. Therefore the net effect of redesigning the aircraft for 709 
the CROR concept to the same payload and range capability is an increase in fuel burn and DOC of 710 
about 1.3% and 0.4%, respectively. These are considered small differences and in the authors’ view 711 
do not invalidate the insight drawn from the presented investment contours (Fig. 19 to 23) regarding 712 
the potential of the CROR concept and the effect of different environmental policies and risk 713 
scenarios.  714 

It must be noted that in principle most improvements in turbofan engine technology lead to reduced 715 
engine fuel consumption, weight and nacelle drag which tend to affect positively the aircraft design 716 
and cost through the snowball effect. With contra-rotating open rotor technology the situation 717 
becomes more complex and uncertain. Although the technology offers improved engine performance 718 
it disrupts the aircraft design in many ways, for example:  719 

 Due to the large diameter rotors the engines have to be mounted in the back of the aircraft in 720 
order to maintain adequate ground clearance. As a result the aircraft centre of gravity (CoG) 721 
moves towards the back which means the wing has to also be moved further to the back to 722 
remain close to the CoG. The tailplane also has to be raised up to avoid the rotor wake and 723 
the control surfaces are also likely to be increased to deal with the changes in the CoG. 724 
 725 

 The rotors rotate at relatively low speeds producing noise frequencies that may come close to 726 
the fuselage’s natural vibration frequencies or first harmonics. As a result structural 727 
reinforcements are required for the fuselage that can add weight and cost. 728 

 729 
Overall, there is considerable uncertainty on how the aircraft’s acquisition and maintenance cost 730 
might change as a result of introducing contra-rotating open rotor technology into the market. This is 731 
in fact one of the main motivations behind the developed economic framework. The investment 732 
contour plots presented account for the uncertainty in acquisition and maintenance cost i.e, the 733 
change in DOC is given as a function of different levels of increase in acquisition and maintenance 734 
costs. The decision maker can therefore decide for a given environmental policy under what level of 735 
risk a switch to contra-rotating open rotor technology can still provide an economic benefit. 736 

 737 
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4 Conclusion 738 

A methodology has been presented to assess and forecast the viability of a new technology, relative 739 
to a conventional technology in civil aviation. Using a Techno-economic Environmental Risk 740 
Assessment framework, the methodology enables the user to select energy efficient optimised 741 
configurations aimed primarily at mitigation of environmental pollutants. It first establishes the benefits 742 
of the novel concept in terms of performance and energy efficiency and further goes on to examine 743 
and compare various emission taxation and fuel price scenarios. Additionally by assessing the 744 
sensitivity of operating cost to relative increases in acquisition price and maintenance costs, the 745 
methodology aims to enable the user to establish the economic viability of a conceptual technology. A 746 
proof of concept of this methodology has been demonstrated by assessing the viability of the Counter 747 
Rotating Open Rotor aircraft as a competitor to a short to medium range conventional turbofan 748 
aircraft. The payload-range performance and energy efficiency assessments initially establish the 749 
suitability of the novel technology. The study then simulates the performance of the aircraft for a set of 750 
typical short to medium range missions.  751 

The Counter Rotating Open Rotor concept, by virtue of high propulsive efficiency, has been proven to 752 
reduce fuel burn in comparison to a conventional turbofan aircraft. This effect is demonstrated over 753 
the set of missions chosen, by the relative reduction in fuel burn which ranged from 25.3% to 29%.  754 

When the fuel burn was translated to operating costs for the simulated missions, it resulted in a much 755 
lower relative benefit in terms of cost, ranging from 5.7% to 10%,  for an assumed fuel price (1062 756 
$/MT) and in the absence of environmental tax environmental tax scenario. 757 

The operating cost benefit was established based on the assumption that the acquisition price and the 758 
maintenance costs of both conventional and novel technologies were equal. However, the investment 759 
analysis module has been utilised to further assess the sustainability of the economic benefit 760 
demonstrated, under the effect of relative increases in acquisition and maintenance costs. Some of 761 
the key observations are as follows: 762 

 In order to translate the reduction in fuel burn to a benefit in operating cost the relative change in 763 
acquisition price and maintenance costs should be low for all scenarios. 764 

 In short-range missions the profitability of the CROR concept is more resistant to increases in 765 
acquisition price and maintenance cost, as the fuel benefits are higher in that case. 766 

 Based on the modelling assumptions, at the current fuel price and with no emission taxation (BAU 767 
scenario), a higher relative acquisition price increase (of 12.5%) will negate the fuel burn 768 
advantage of the CROR aircraft. This effect becomes more pronounced with a parallel increase in 769 
the maintenance cost. 770 

 For the high emission taxation and fuel price scenarios (HEA and HEA_HFP) there is limited 771 
influence of maintenance costs. This has important implications on engine design. Engines could 772 
be designed for high efficiency by sacrificing the engine life and accepting an increase in 773 
maintenance costs. 774 

 In the BAU scenario, an increase in relative acquisition price and maintenance cost could make 775 
the CROR technology unprofitable, despite its fuel benefits.  776 

As a final conclusion, the present work suggests that if policy makers want to direct industry 777 
towards the greener propulsion solution, then an increase in CO2 emission taxation maybe 778 
appropriate. Such a policy would make the operation of CROR technology not only economically 779 
viable but profitable and hence the preferred option. 780 
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