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Appendix
1) Windows across the airport equip photovoltaic cells. Water-stable haloplumbate used for interfacial
modification forms on the perovskite surface by tetra-butylammonium iodide, and through the treatment
of tetra-butylammonium iodide, passivation is present (Wang et all. 2021)
Wang, H., Zhang, Z., Milić, J., Tan, L., Wang, Z., Chen, R., . . . Luo, J. (2021). Interfacial Haloplumbate
Modulation for Efficient and Stable Hybrid Perovskite Photovoltaics. ChemRxiv.
doi:10.26434/chemrxiv.14331218.v1
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Abstract
With the sustainable advancements of innovations in aviation, airports are challenged to environmentally
improve particular design and infrastructure aspects to accommodate the changing aviation landscape. In
the next 30 years, airports and airplanes are expected to sustain the growth of aviation connectivity while
reducing harmful emissions. The projected traffic growth in 2050 is estimated to support around 10
billion passengers to fly yearly. If the current operational efficiency rate remains the same, over 2,800
million tonnes of CO2 will be expelled. (Waypoint 2050). As a harmful greenhouse gas, it is imperative to
reduce such emissions. Fortunately, there are resourceful alternatives, such as battery-powered aircraft,
which produce no emissions, and hydrogen combustion-powered aircraft, which reduce the climate
impact by 50% to 75%. (Coykendall et all. 2021) To support these sustainable aircraft features, airports
must be designed in flexible operation, especially regarding the transportation of people, fuel, and
baggage to and from the plane. As such, newer terminal designs can be implemented and updated to allow
mass, safe, and feasible transportation for commercially larger planes. Hence, newer modeling
technologies also incorporate sustainable innovations, such as electricity generated from the airport to
recharge internal operations and automated safety features to include zero waste and emissions throughout
the layout. Additionally, recharging and refueling stations also require a design update to ensure planes of
varying sizes and requirements receive the correct and exact fuel efficiently and safely. Essentially, more
airports and modern technologies must be incorporated to sustain futuristic aviation and support the large
influx of passengers over the next thirty years. Thus, engineers and analysts will explore and assess these
potential and necessary alterations.
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Fuel and Energy Transportation
Hydrogen fuel is a practical zero carbon emission alternative to kerosene fuel used in present-day
planes. Liquid hydrogen has a high gravimetric density, making it the most efficient chemical energy;
however, it has a larger volume compared to kerosene, about four times as big (Prewits, 2020). The
volume size presents challenges with aircraft and storage tanks, but it can be solved using spherical and
cylindrical-shaped tanks (Nicolay, 2021). In addition, planes can use batteries for extra refueling since
hydrogen tanks are too large to accommodate extra fuel (Nicolay, 2021).
Hydrolysis or carbon capture can produce hydrogen, which must be compressed or liquified for
transportation. It’s projected that the total hydrogen required to support all airports will comprise only 10
to 25 percent of the global demand by 2050 (FCH 2 JU, 2020). Such market growth means that hydrogen
production in the future will be advanced and large enough to support the aviation industry. Moreover,
since most hydrogen produced is compressed instead of liquid, the airport will also need liquefaction and
storage facilities (FCH 2 JU, 2020). Predictions for large airports using 500 tons of liquid hydrogen
require 25,000 square meters of liquefaction storage space (FCH 2 JU, 2020). Today, this would be about
0.2 percent of Heathrow Airport’s footprint (FCH 2 JU, 2020).
The airport can also have a nearby electrolysis unit to produce hydrogen on demand. These
electrolysis units will be powered by on-site piezoelectric tiles, photovoltaic cells, and off-site renewable
energy sources like solar or wind. Given the massive amount of foot traffic in airports, kinetic floor tiles
are an excellent opportunity to harness that type of energy. Current research predicts advancements of
piezoelectric tiles through device configuration and peptide selection, as a robust response in piezoelectric
voltage will be safely and affordably manufactured without electrical poling (Petroff et al. 2021).
Furthermore, windows across the airport equip photovoltaic cells. As a result, it is expected for there to be
an increase in power transmission of 22.90%, along with superior functional resilience and resource waste
1

reduction. As for external generation, solar panels are expected to be more efficient and in-demand
within the next thirty years. In 2030, the Solar PV generation share is expected to increase to 13%, and in
2050, to 25%. In 2030, prices are expected to decrease to 834 - 340 USD/kW and, in 2050, to 481-165
USD/kW. Hence technical refinements ensure that solar energy will produce more electricity and lower
the cost required to implement panels (IRENA, 2019).
A hydrogen pipeline is the best long-term option for transporting hydrogen fuel (FCH 2 JU,
2020). Hydrogen pipes may be constructed on repurposed natural gas pipelines that are already in place or
new dedicated hydrogen pipelines can be created. The former is the best option cost-wise as it is expected
that gas pipelines are out-competed by renewable energy. However, further research and development are
necessary to achieve a better cost-efficient method by 2050. Additionally, given hydrogen’s chemical
nature and properties, experts agree that new regulations will need to be developed to ensure adequate and
safe handling of low-temperature liquid hydrogen when refueling planes (FCH 2 JU, 2020).

Figure 1. Liquid hydrogen prices take into
consideration production, liquefaction,
distribution, and dispensing costs (FCH 2 JU,
2020). Kerosene prices are modeled to remain
unchanged in regards to hydrogen deflation for
visual clarity.
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In the early stages, liquid hydrogen is expected to be more expensive than kerosene. Hydrogen
production is currently more costly than kerosene production. By 2040, liquid hydrogen production in
Europe is likely to be between $2.60 to $3.50 per kg of liquid hydrogen compared to kerosene’s $1.90 per
kilogram of liquid hydrogen in energy-equivalent costs (FCH 2 JU, 2020). However, liquid hydrogen fuel
prices will approach those of kerosene by 2050 because of projected higher demands and production
advancements (EU, 2020). Regardless of fuel type, costs will decrease as technology advances with time.
It is anticipated that liquid hydrogen will fall from 4 times the price of kerosene today to about the same
expense by 2050 (FCH 2 JU, 2020). There will be virtually no difference in cost between the two fuels.
Furthermore, a recent case study determined that adequate hydrogen prices will range between 4 to 17 US
dollars per kg of hydrogen (Apostolou, 2020). Therefore, current liquid hydrogen fuel costs shouldn’t
deter options from examining its potential as a primary fuel source in aviation.
Airport Layout
The main objectives of the airport layout include creating an efficient and safe network of
transportation while maintaining the capacity of the airport to accommodate the increased number of
passengers and plane sizes that we are likely to see by 2050. Therefore, the airport layout will be
centralized and follow an extensive spread-out design, like the SFO and Chicago O'hare airports' layout.
In addition, the airport building will be structured in a circular arrangement with the roadways closely
following the arc shape of the facilities and the main parking area occupying the center of the circle on the
landside of the airport. This layout will maximize the flow of people entering and exiting the airport by
utilizing a continuous loop system for incoming and outcoming automobiles.
Furthermore, the spread-out nature of the airport will increase the levels of safety both inside and
outside the airport buildings. The outspread layout will help minimize the number of airport hotspots on
the runways and taxiways by eliminating potential blindspots or compact areas for pilots to navigate
around. By focusing on the geometry of the intersections between taxiways and runways, hotspots can be
further minimized by avoiding angular transitions and intentionally designing taxiways to lead into
runways following a standard right-hand turn instead. Like many present-day large airports, our airport
will start with six runway lengths of about 12,000 ft. However, acreage will be set aside for two additional
runways to be built out in the future should the airport’s demand call for it.
In addition to reducing hotspots, the large spread design will allow for safe ambient air levels and
reduce the spread of diseases. This issue has become increasingly significant with the coronavirus
pandemic, and it is safe to assume that this trend will continue to be a notable factor of sustainability in
the future. According to Dr. Fauci, “new terminals need to allow more space for people to spread out” to
maintain enough area to make social distancing easily possible (Fauci, 2020). The open layout of the
airport will make this possible since it will decrease the likelihood of infectious air particles mixing in the
air and spreading among airport customers.
The immense and spread-out nature of the airport will also create more possibilities to implement
sustainable energy infrastructure. For instance, one of the goals of our airport will be to generate as much
solar energy as possible to cover the energy needs for lighting purposes in the airport. Therefore, the main
parking area in the middle of the landside of the airport will be a covered garage that will implement solar
panels on the roof to generate solar energy for airport use. Similarly, photovoltaic cells will be
implemented on the tops of the airport terminal buildings. For aesthetic reasons, parts of the roofs can
even be converted into watch platforms or garden lounging areas to promote greenery, aesthetic pleasure,
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and incorporate the solar panels on the roof in a pleasing manner. Combining the solar panel area on the
garage and the terminals would produce an area of about 2 million square feet.

Figure 2. Modeled original layout of proposed airport design.
Assuming that approximately 20 kWh of energy is used annually for an average airport per
square foot, we can calculate the average annual energy use of our airport to total up to about 40 million
kWh. However, assuming that only 40% of this is used for lighting purposes, we can say that
approximately 16 million kWh would be necessary to generate solar power for airport lighting. Studies
done on solar farms, such as those conducted by SAS, and recent innovation in solar powered airports,
such as the Cochin International Airport in India, indicate that generating this amount of energy would
require about 45-55 acres of space to be dedicated to solar panels, which equates to about 2 - 2.5 million
square feet. Therefore, it is safe to assume that implementing solar panel roofs on the terminal and garage
buildings of the airport will generate enough energy to cover the energy demand for lighting from the
airport. As the ambition of the airport grows, more than 100 free acres will be set aside as an energy farm
to make further use of solar and wind energy. Hence, it is possible to use this free land to generate further
energy for ambient heating and cooling.
Geothermal pumps are a great way to reduce fossil fuel consumption from an airport by using the
water deep within the ground to heat and cool the airport's terminal buildings. Ground loops filled with
fluids will work underground to cool the buildings during the summer and heat them at colder
temperatures depending on where the airport is located and the climate patterns of that location. Although
excavating approximately 500 ft into the ground and inserting geothermal pumps seems impractical, this
system can be a long-term sustainable solution. The pumps will be easy to maintain and reduce the toxic
emissions currently released into the atmosphere from current traditional HVAC systems. In the future,
solar panels can be built on the land over these ground loops so that the energy generated from the solar
panels can provide renewable energy for the geothermal pumps to continue working, thus creating a
positive feedback loop.
Space will also be set aside in the airport for waste collection. First, waste generated from the
airport will be consolidated and transported to an onsite waste collection establishment. Then, electric
vehicles will transport the waste to a nearby waste processing plant that will ideally convert this waste
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into energy such as fuel, gas, and electricity. Theoretically, the airport could use this energy, and the waste
produced from this consumption could again be used as input to regenerate energy sources for the airport.
Gate Design
The gate design of an airport is crucial in ensuring the efficiency; while terminal design used to
occupy approximately one-fourth of airport budgeting before 1965, the expanded size of aircrafts and
increasing limitations placed on runway lengths have placed increased stress on designing an effective
terminal. The physical layout of our terminals will aim to create less congestion during peak hours, while
an updated wireless infrastructure will supplant communication across the airport and improve the quality
of service.
Airport layouts typically are modeled after three styles: centralized, linear, and gate-arrival
terminals. Hybrid layouts like New York’s LaGuardia Airport have integrated the advantages of varying
layouts to best serve its varying audience, from directing commuters efficiently to gate-arrival terminals
via shuttles, while other terminals use the finger pier layout. Our airport combines the efficiency of
gate-arrival terminals with the more engaged, directive layout of a centralized system. According to
Braniff and Trans World Airlines, an average of 15% more staff are needed to operate gate-arrival
terminals in Kansas City compared to the traditional centralized terminals. The use of two centralized
terminals will encourage commuters to interact with restaurants, shops, and entertainment centers,
stimulating the airport environment and its services.
The designed terminals allow for shared use between airlines, especially between airlines that
typically have different traffic patterns. This minimizes the cost of funding separate operators for shuttles
and transporters while decreasing congestion between commuters.
Because of competition, airlines occupying independent gates tend to operate under an implied rate of
marginal utility. This behavior means that one can achieve considerable savings by combining several
small operations into one common service shared by all (de Neufville, n.d.).
The implementation of the IEEE 802.16 standard will allow future airports to be interconnected
on a smoother scale. 802.16-2017 allows for scalability and later modifications by combining wireless
cells into the existing, wired network used by most airports. The mainstream use of 4G standards, for
example the 802.16e standard, would allow for future airports to be streamlined while sharing the same
gate during different peak periods.

Figure 3. Table of different IEEE Standards that our
airport would operate on, allowing different
networks to connect and relay information without
hindrance (Kerczewski et al., 2009).

Infrastructure for Recharging and Refueling Aircraft
The airport will have the capacity to fuel both hydrogen and battery fueled airplanes. Both of
these options require charged batteries to operate and transport. Since charging such a large battery could
take upwards of eight hours and the time between flights is not as long, the airport will implement battery
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swaps. Battery swapping is more time-efficient than charging the battery inside the plane. So, the airport
will need to have a place to charge batteries that are not in use. We propose a level in each terminal that
has the capacity to charge plane batteries and hydrogen fuel cells. Specifically, these recharging and
refueling stations are located on the bottom floor within each terminal, and provide a way for electric
vehicles to transport operations. Cumulative operations are demonstrated on the figure below.

Figure 4. First two floors of the airport are represented. These Floors are solely dedicated to recharge and
refuel operations. only show 2 of the elevator shafts in the facility, however there will be space for up to
10 elevator shafts, meaning space for 10 electric tugs at one time.
Additionally, such levels will be at the ground floor of each terminal and house backup batteries
and charging stations for the planes that are able to load and unload passengers at a specific terminal.
Electric tugs will have replaceable batteries. Tugs that need a battery swap will enter through a ramp on
the side of the facility. Once inside, the top of the tug will be lifted up off the battery by machinery and
the batteries will be swapped (the battery of the tug includes the base of the tug and wheels). The
uncharged battery will be pushed leftwards onto an elevator shaft that will lower it into the first floor for
recharging. It will then be recharged and placed on an elevator shaft on the right side of the facility and
installed in another tug.
Plane batteries will also be swapped and will be located at the other side of the building. There
will be a mechanic arm on the second level that will extend out towards the plane to replace the batteries
in the wing most adjacent to the facility. For the other airplane wing, an electric tug will cart the battery to
the other side of the plane and will also have a mechanic arm to reach up to the airplane and swap the
battery. The concept can be seen in the following figure.
Using battery-powered planes and hydrogen-fueled cells
poses some safety hazards including electrocution and fire.
For example, when performing a battery swap, one must be
careful since the battery can reach high temperatures. Larger
planes will need larger, and in turn heavier batteries with
more fuel cells. A common problem with such a large
battery is heat control. For example, a fire could break out
from the battery overheating, similar to the Boeing 787 fire
in 2013 (Thomson, 2014). In the future, it is presumed that
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lithium-ion batteries will have improved both in energy storage and heat control.
However, the benefits of using battery-powered or hydrogen-fueled planes outweigh the potential
risks. Battery-powered and hydrogen-fueled planes will eliminate carbon emissions that are associated
with today’s airplanes. Kerosene fueled planes also produce non-carbon emissions from water vapor and
nitrogen oxides, for example. These non-carbon emissions also contribute to the growing climate change
problem.With a combination of battery-powered and hydrogen-fueled planes, our airport will have near 0
carbon emissions.
Additionally, the combustion of fossil powered airplanes creates noise pollution, and drastically
more so when incorporated into larger flight engines. In order to sustain the comfort of flying in
significantly larger aircrafts, a new efficient source must be incorporated to reduce noise combustion.
Fortunately, both electric and hydrogen fueled planes produce little to no sound, further ensuring that
passengers are not disrupted during their flight (Berton et all. 2009).
Ground Support Equipment
Accumulative processes of ground support systems within current airports may often lead to
traffic congestion. The rise of flight demand is optimized against decreased wait times; thus, to ensure
that flight take-offs and boarding are available immediately, a flexible system must be incorporated into
the ground support equipment for the entire aircraft turnaround process. Fortunately, solutions to this
issue may be solved through specific updates and technology advancements explored in the upcoming
years.
Primarily, by using artificial intelligence programmed into each aspect of the turnaround process,
delayed flights would substantially be non-existent, hence improving the overall flow of the future
sustainable airport. Here, data would be wirelessly extracted from sensors, and immediately incorporated
to assess optimized scenarios to reduce impedance-based difficulties. Delay-tolerance applications would
then automatically deliver the needed piece to and from the aircraft immediately, while recording and
applying the performance of each mechanized network. (Bulusu, 2021).
Through these automated systems, back-up manual operations are also feasible, and the entire
system is reliantly subject to future changes if needed. Specifically, when related to the multimodal
transfer of cargo, luggage would be delivered from the airport to the loading dock of the aircraft through a
similar system in which people were transferred as stated in the airport layout. Below-level speed tubes
that connect the ground floor of the airport would transport carts of luggage that are already pre-laid to
optimize space. Moreover, baggage will be automatically transferred into the airplane by means of a
retractable tube that is connected to the speed rail. Once the cart of luggage arrives near the airplane, it is
left in a side part extension of the tube to not block other traffic, until it is then lifted off from a dock
through a conveyor belt like baggage loader, which either immediately drops off the baggage into the
airplane, or is transported into a baggage cart tractor depending on the terminal where the aircraft is
docked at. These baggage cart tractors will have tracking systems implemented on them, in order to find
baggage more quickly and reduce the risk of lost baggage claims. Additionally, both the baggage loaders
and baggage cart tractors are located on the ground floor of the airport, and each gate terminal for each
aircraft is also equipped with a base dock to ensure all packages are transported onto the aircraft in a safe,
flexible and timely manner. This system will allow for the passenger to have a more convenient flight, as
it will lessen their time spent on transporting their luggage as well as the possibility of having their
baggage off-track . Updates to this system may easily be incorporated into adding or removing
transportation services located on the ground floor.
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Figure 5. Automated electric tugs pulling into the two bottom floors of the airport located in every
terminal. These vehicles are transporting allocated carts for aircraft systems.
As for the exact electronics and towing vehicles in operation, self-driving vehicle technology
with mechanized manual controllers allow for ground support operations to run smoothly, even if an
unexpected delayed event occurs. Humans will control these operations through a virtual apparatus as to
not be physically present in the machinery (Gupta et all. 2012). Guaranteeing this outlook ensures that
efficiency and human safety is increased. Furthermore, such applications will be either run on batteries,
hydrogen or other biological net-zero sustainable source of fuel. Any green fuel source may be
incorporated into the ground floor design, as electrical recharging could be done by energy collected by
the airport either through piezoelectric or photovoltaic cells. Hydrogen and other refuel applications will
also be smoothly incorporated into the process as needed. Likewise, backup systems will be put in place
in a justified ratio to certify that even if half of the airport is malfunctioning, the entire airport will still
continue to operate smoothly.
Moreover, research presented through applying aspects from an APU to a GPU can further ensure
that the ground systems are also upgradeable with the advancements of varying aircraft (Prawitz et all.
2021). Whether an airplane is powered on hydrogen or batteries, the automated GPU will transfer the
needed product from the ground floor to the aircraft via a tenable biological based diesel engine which
can also be refueled in the ground floor at each terminal and sent information, similar to how current
space GPUs are used, as needed.
Conclusion
In order to accommodate the future aviation landscape, it is crucial to incorporate sustainable
modern technologies as well as resourceful alternatives to reduce harmful gasses. Our project implements
an airport design that supports the emerging aviation technology and aims for a climate-friendly future for
the next 30 years. Battery-powered aircrafts and hydrogen fueled aircrafts in our airport design can help
reduce carbon emissions that are associated in airplanes today, and are time efficient in recharging the
aircraft due to the swapping of the batteries. Additionally, the gate design of the airport is highly
beneficial for commuters as it reduces congestion and allows them to communicate with a variety of
airport services through an updated wireless infrastructure. With the airport layout being spread out, the
flow of people will be maximized and safety levels will increase inside and outside the airport structures
by eliminating blind spots that can lead to potential accidents, and allowing for ambient air levels that will
reduce the rate of contagious viruses. Flexible systems with programmed artificial intelligence and new
automated technology will eliminate delayed flights and allow for convenience in baggage transportation
with the use of baggage loaders and baggage cart tractors. The design nature of the airport is flexible to
accommodate improvements in evolutionary architecture, and more technology should be incorporated to
have a future aviation landscape that is safer, faster, cleaner, and quieter for the next 30 years.
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