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Background and Motivation
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Formation Flight

ATM Operation & 

Infrastructures

Sustainable 

Aviation Fuel

New Aircraft 

Technology
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State-of-the-Art

3

1970s – 2000s

Early Stage
•Biomimicry (1970s – 1980s), 

•Aerodynamic benefits(1990s – 2000s)

1990s &2000s

Commercial Formation Flight 
Research
•Economic Analysis

•Efficiency of different formation patterns 

2000s & 2010s

Geometrical Solutions
•Hierarchical nature and the combinatorial 
nature

•Deterministic methods

•Impossible to incorporate uncertainties

2010s & 2020s

Trajectory Optimization Using 
Optimal Control
•High-fidelity models (including 
uncertainties)

•Minimizing fuel consumption and CO2

•No Large-scale Analysis

2020s

Climate impact Assessments
•Climate effect for both CO2 and Non-CO2

• Large-scale analysis was conducted 
without trajectory Optimization Involved

• (Bower et al. 2009), (Nangia et al. 2007)• (Kent et al. 2015) , (Xu et al. 2014)• (Cerezo-Magaña et al. 2022), (Hartjes et al. 2019)• (Dahlmann et al. 2020), (Unterstrasser, S. 2020)• (Lissaman et al. 1970), (Weimerskirch et al. 2000)

Trajectory Optimization

Large Scale

Climate Impact
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Research Goal
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Develop a scalable formation flight planning framework

to adapt climate-aware trajectory planning for large-scale analysis. 

…

How can optimal trajectories be determined to maximize 

formation flight benefits? 
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How can flights be optimally paired/grouped for 

formation flight? 
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• Combinatorial 

Factors

• High 

Dependency
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Methodology
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For trailing Aircraft, the Drag coefficient

Bilevel Optimal Control Framework

𝑧𝑖,𝑗 binary Decision 
Variables

𝑧 ↦ 𝑥𝑖
∗(∙; 𝑧), 𝑢𝑖

∗(∙; 𝑧) 𝑖∈𝒜

Optimal trajectory and 
control mapping

Partner Allocation
U
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…

Trajectory Optimization
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Lateral distance between flight pairs

Boundary Conditions

Flight Envelopes

Flight Dynamics

CD = CD0 + kCL
2(1 − 𝑪𝑫𝒊)

10𝑏 − M1(1 − zpq) ≤ 𝐷𝑝𝑞 ≤ 20𝑏 − M2(1 − zpq)

Toal fuel consumptions

Leading OR trailing aircraft

Combinatorial 
Factors

We simplify the problem to model each 
formation involving two aircraft as a pair on a 
2D horizontal plane. 

Solo/formation fuel consumption
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Next Work: Bilevel Optimal Control Framework

6

Formation Suitability 
Indicator (FSI)

Reduced Combinations for 
the lower-level problems

𝑧𝑖,𝑗 binary Decision 
Variables

𝑧 ↦ 𝑥𝑖
∗(∙; 𝑧), 𝑢𝑖

∗(∙; 𝑧) 𝑖∈𝒜

Optimal trajectory and 
control mapping

Partner Allocation
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Trajectory Optimization
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Karush-Kuhn-
Tucker Based
Reformulation

LP 
Relaxation

NLP Solver

Single-level mathematical 
programming with 
complementarity 

constraints (MPCC)

Future Work in Reformulations 
and Solutions

Current Work in FSI and Formulations
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Formation Suitability Indicator
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▪ Goal of Formation Suitability Indicator: 

Create an indicator based on formation fuel saving prediction to quantify the formation’s suitability using only 
solo flight information. 

Select top 
flight pairs :
based on the 
percentage of 
the fuel saving

Reduce search space for the optimal 
solutions

▪ Method used in Regression for Fuel Savings Predictions:
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Results
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Case study Data 

2025-01-01 Flights 

between 9-11 UTC time 

Total flights (solo): 57

Total flight pairs: 383

Total flight pairs for 

prediction: 382 (1 outlier 

detected)
Select positive fuel saving:  8% 

of the total flight selected

Select 0.5% of fuel saving:  

5.8% flights selected

1% fuel saving:  4.4% 

flights selected

1.5% fuel saving: 3% 

flight selected

2% fuel 

saving 0.3% 

flight selected

Data Removed Potential: 92%
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PhD Road Map
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Achievements

▪ Journal Paper In preparation: 
▪ A Scalable Formation Flight Suitability Indicator to Enable Network-Level 

Fuel Savings

▪ Conference Posters:
▪ EASN 2025: A Scalable Formation Flight Suitability Indicator for 

Network-Level Fuel Efficiency. Xiaoqing Deng, María Cerezo Magana, 
Ricardo Gazquez

▪ ECATS 2026: Data-Informed Identification of Suitable Formation Flight 
Pairs Under Multi-Scenario Wind Modeling.  Xiaoqing Deng, Amin 
Jafarimoghaddam, Ricardo Gázquez, María Cerezo-Magaña

▪ Summer Schools:
▪ Engage 2 Summer school 2024 and 2025

10
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This PhD is funded by the SESAR Engage2 Program

Thank you! 
Questions?

Assessing the Climate Impact of Formation Flight in 
Commercial Aviation through 
Network-Level Optimization

PhD Student: Xiaoqing Deng
Supervisors: María Cerezo-Magaña, 

Ricardo Gázquez
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