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ABSTRACT: Can aviation really become less polluting? The electrification of airport energy system as a micro-grid is a 

promising solution to achieve zero emission airport operation, however such electrification approach presents the 

engineering challenge of integrating new energy resources, such as hydrogen supply and solar energy as attractive options 

to decarbonize the present system. This paper explores the techno-economic benefits of integrating hydrogen supply, electric 

auxiliary power unit (APU) of aircraft, electric vehicles, photovoltaic energy (PV), and battery storage system into electrified 

airport energy system. The hydrogen fuel cell generation provides great flexibility to supply aircraft at remote stands, and 

reduces the carbon emissions caused by traditional fuel-powered APU. A mixed integer linear programming optimization 

method based on life cycle theory is developed for capacity sizing of hydrogen energy system, PV and battery storage, with 

the multi-objectives of minimizing the total economic costs and maximizing environmental benefits of the proposed airport 

microgrid system. Case studies have been conducted by five different energy integration scenarios with techno-economic 

and environmental assessments to quantify the benefits of integrating hydrogen and renewable energy into airport. Compared 

with the benchmark scenarios, the integration of hydrogen energy system reduced the total annual cost and carbon emissions 

by 41.6% and 67.29%, respectively. Finally, sensitivity analysis of key system parameters such as solar irradiance, carbon 

tax, hydrogen system investment costs and electricity price have been investigated to inform the design of hydrogen-solar-

storage integrated energy system for future airport electrification.  
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1. INTRODUCTION  

1.1Background and challenges of airport electrification 

Transportation is responsible for 24% of direct CO2 emissions from fuel combustion. Although aviation (air transport) is 

currently responsible for about 3% of the total CO2 emissions (IEA, 2018), the sector is growing at a fast rate of 6% annually 

[1]. Due to the global impacted coronavirus pandemic, the air travelling restrictions have led to a significant reduced in 

carbon emissions in aviation sector in 2020. However, we consider this pandemic to have temporary impacts on carbon 
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emissions which does not lead to a long-term sustainable aviation. Aviation industry mostly consumes fossil fuels, which is 

more difficult to be decarbonized than road and rail. Internationally, the complexity and need of aviation decarbonization 

have initiated policies and countermeasures in order to solve the environmental challenge of aviation industry by 

governments and relevant organizations [2]. For example, the European Union (EU) proposes Flightpath 2050 [3] agenda 

for a reduction of 90% in NOx-emissions, and 75% in CO2-emissions, and all airport ground operation is required to be 

emission free. The Civil Aviation Administration of China (CAAC) has announced "13th Five-Year Plan" for civil aviation 

[4] to target carbon emissions reduction by at least 4% compared to the previous five-year plan. One promising approach to 

achieve low-carbon aviation goals is through electrification, which has been put on the agenda by many airlines and 

manufactures to adopt electric aircraft and hybrid-electric aircraft [5]. However, some technical issues such as battery energy 

density make it difficult to realize the electrification of wide-body and long-haul fight. Therefore, our research focuses on 

the early feasibility of ground service equipment (GSE) electrification in airports, mainly reflected in two aspects: i) Ground 

vehicles in airport are fully electrified, such as passenger shuttle bus, aircraft tractors, aircraft guided vehicles, service 

vehicles, freight trailers, forklifts, etc; ii) Ground power unit (GPU) is used to power the aircraft to replace the operation of 

the auxiliary power unit (APU) when the aircraft is on the ground, namely APU alternative.  

However, there are two potential challenges in power grid expansion to supply extra electricity for airport electrification: 

i) With the electrification of airplanes and ground service vehicles, the energy supply to meet future electric demand of the 

airport has become increasingly challenging. For examples, the aircraft APU is required to be supplied by airport energy 

system, and EV charging becomes an additional requirement for airport to provide energy supply. In order to satisfy the 

"supply-demand" balance of airport energy system, traditional methods of capacity expansion [6] of upstream power grid 

are less feasible due to high capital investment costs, land and resource restrictions, and long construction cycle [7]. Such 

power generation expansion schemes with additional power transmission and distribution capacity will eventually lead to 

higher electricity usage costs at airports. At the same time, power grid expansion will cause higher transmission losses and 

emissions from power industry [8]. ii) The purpose of the airport electrification is to reduce energy consumption, emissions 

and operation costs. If the electricity demand is completely supplied by the upstream grid, the source of emissions will be 

shifted from aviation to power industry. 

The large area of the airport including airport terminal roof, car park and other open land space are ideal for the 

development of photovoltaic (PV) power generation, which can provide the clean and self-sufficient airport energy supply. 

For example, Beijing Daxing International Airport has installed significant amount of PV power generation, with an average 

annual power generation of 6.1 million kWh [9]. However, the intermittent and volatility of PV generation requires energy 
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storage to smooth the output profile [10], and the lifetime of battery storage system (BSS) is not long enough to support the 

whole project life cycle: the airport project lifecycle is generally 20-25 years, while the BSS lifetime is generally 8-15 years 

with a large replacement cost. In addition, the consumption of PV energy at airport remote stands requires large construction 

costs of mid-low-voltage (MLV) power distribution network, and is often restricted by the land space from airport planning 

perspective. Therefore, a flexible power supply such as ground power unit (GPU) for aircraft at remote stands is needed to 

enable the mobile power supply. 

Hydrogen generated from green sources is considered as a feasible solution to decarbonize the future energy systems [11]. 

Hydrogen is in the form of water and hydrocarbons, and exhibits the highest heating value per mass of all chemical fuels. 

Hydrogen is also regenerative and environmentally friendly. The clean production of hydrogen is obtained through the 

electrolysis of water from renewable energy [12]. The hydrogen energy system (HES) mainly includes electrolyzer, hydrogen 

storage tank (HST), and fuel cell generation unit (FC) [13]. Compared with BSS, HES has a long service life which can 

cover the general airport project life cycle of 25 years, except for hydrogen fuel cell with assumed life of 5 years. More 

importantly, there is no loss of hydrogen storage, and hydrogen energy is easy to transport [14]. In the future, molecular 

energy transmission may be applied, which can avoid the grid expansion as well as the energy storage losses [15]. The 

integration of hydrogen energy into the future airport energy systems is considered as a viable development trend for airport 

energy supply and storage. 

The main electric loads for airport electrification are the aircraft ground energy consumption and the charging of airport 

EVs. There are two types of aircraft loads: load at contact stands and load at remote stands. The aircraft load at remote stands 

is highly mobile, which is traditionally supplied by onboard APU of aircraft. However, the use of onboard APU will produce 

significant emissions and noise in an airport. Hydrogen fuel cell generation carried by ground mobile power vehicle (GPV) 

will provide flexible and mobile power supply for aircraft at remote stands to replace onboard APU.  

Therefore, there are urgent requirements to assess the feasibility, role and value for the integration of new energy resources 

such as PV, hydrogen supply and energy storage systems for airport electrification. The feasible design and optimization of 

future airport energy system are essential for the economic operation of the airport towards a low-carbon sustainable aviation. 

1.2 Literature review 

Existing energy system research work is mostly focused on the optimal design of energy system with energy resource 

integration. For optimal and economic design, Yang Y et al proposed a mixed integer linear programming model to design a 

district scale distributed energy resource [16], and Quashie M proposed a bi-level formulation for a coupled microgrid power 

and reserve capacity planning problem [17]. On the other hand, environmental benefit is also considered in the design of the 
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energy system. For example, Patrizia S proposed a framework for design of smart multi energy systems considering 

environmental performance maximization [18], and Ma T et al proposed an optimal planning model to design multi energy 

system, which can obtain optimal structure configuration and energy management strategies [19]. With the decarbonization 

of fossil fuel-based energy system and enhanced multi-vector and multi-sector energy coupling technologies [15], new forms 

of energy sources are gradually integrated into traditional energy systems. Hydrogen presents an attractive option to 

decarbonize the present energy system. Lux B et al developed a supply curve of electricity-based hydrogen in a greenhouse 

gas emission-free European energy system in 2050 to evaluate the techno-economic hydrogen production potential and the 

impact of its utilization on the rest of the energy system [20]. Sgobbi A et al assessed the role of hydrogen in a future 

European energy system under two climate scenarios, current policy initiative and long-term decarbonization plan, and the 

results indicated that hydrogen could become a viable option in 2030 [11]. 

Regarding airport energy system planning, most of the existing research is based on the energy saving initiatives of airport 

terminal. For example, Cardona E, et al analyzed the typical energy demand of the airport and proposed feasible economic 

and technical standards for evaluating third-generation power plants [21]. Cardona E presented an in-depth analysis for the 

Malpensa airport to optimize the design and operation of airport energy system [22]. Zhang Y, et al designed an operation 

optimization strategy based on a heat storage system for a newly built airport terminal in Qingdao China to minimize the 

cost of the terminal [23]. In addition, a few scholars have also studied the energy consumption of aircraft outside the terminal 

building. Aircraft parked at the gate either use its APU or bridge mounted AC power supply units for maintaining cabin 

comfort, which is considered as an expensive and inefficient energy supply. Kılkıs B proposed a central air system connected 

to airport energy system, the Nearly-Zero Exergy Airport concept that brought an energy, environment, and economic nexus 

to a common basis using the second-law of thermodynamics [24]. Some researchers also investigated the benefits of such 

centralized systems [25] and demonstrated the airlines and airports may achieve an effective and efficient solution in close 

collaboration [26]. However, the centralized energy supply system is less flexible, which requires the installation of 

corresponding energy infrastructure, and has limited applications to the aircraft at remote stands. Therefore, aircraft in remote 

stands requires more flexible and sustainable energy supply.  

Several studies have investigated the role and value of PV and energy storage integration to the airports. Chen CY et al 

analyzed the energy storage and power generation technologies with the application scenarios in Shanghai Pudong Airport 

[27]. Sreenath S et al analyzed the technical performance [28] and risks [29] of a proposed solar PV plant in Kuantan Airport, 

Malaysia. Yu JL analyzed the decarbonization potentials with the implementation of vehicle electrification in airport [30]. 
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Silvester S et al took Amsterdam Airport Schiphol as an example to explore the feasible method for large-scale 

implementation of electric vehicles in airport [31]. Yang Y et al proposed an isolated optical storage system as an APU 

replacement, but the work only considered the replacement of APU at remote stands [32]. In addition, there are actually PV 

energy integration in airports such as Beijing Daxing International Airport [9], Chattanooga Metropolitan Airport [33], and 

Copenhagen Airport [34]. These real-world case studies have shown the benefits of the airport's energy access from PV and 

energy storage as the necessary part of airport electrification program. 

The research on hydrogen energy system (HES) mainly focuses on the supply, storage and usage of hydrogen energy. For 

example, Apostolou D explored the implementation of hydrogen technologies in the electricity network as a power 

generation unit and utilized the hydrogen as a transportation fuel in Denmark [35]. Seo SK, et al proposed a hydrogen supply 

chain optimization model using a centralized storage model that combines and consolidates flows of hydrogen from different 

production sites into the integrated bulk storage [36]. The result showed the centralized hydrogen storages can effectively 

reduce the cost comparing with the decentralized model. AINouss A, et al proposed a biomass gasification process with 

subsequent optimization by considering multiple parameters, which includes the feedstock and agent(gasifier) to maximize 

hydrogen production [37]. Farahani S, et al presented the concept design and energy management of an integrated energy 

and mobility system in real-life environment at the Shell Technology Centre in Amsterdam [38]. The result of this study 

showed that the utilization of both electricity and hydrogen as energy carriers can create a more flexible, reliable and cheaper 

energy system at an office building. In addition, Wu X, et al proposed an optimal scheduling model for microgrids with 

hydrogen fueling stations by considering wide range of uncertainties from renewable generation, electrical and hydrogen 

loads, and electricity price [39]. Qiu Y, et al explored the feasibility of underground hydrogen storage facilities in the 

integrated energy system in China as case studies [40]. The above studies on HES have shown the benefits of integrating 

HES into different energy system applications and scenarios. However, the integration of HES to the airport energy system 

has not been fully developed, with limited application such as hydrogen-powered ground support vehicles in airport [41]. 

1.3 Contributions 

This paper innovatively introduces hydrogen-solar-storage integrated microgrid system for airport electrification. The 

energy system of airport outside the terminal is designed as a direct current (DC) microgrid system. The aircraft APU and 

EVs in the airport are integrated into the DC microgrid. The integration of HES has established an energy link between the 

DC microgrid system and the aircraft energy supply at remote stands. More specifically, the GPV equipped with hydrogen 

fuel cells provide sufficient flexibility and mobility for the power supply of aircraft in the airport, while avoiding the 
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infrastructure investments on mid-low-voltage power distribution networks in future airports. 

The main contributions of this paper are summarized as follows: 

 This paper innovatively introduces the hydrogen, solar, and energy storage into the future airport as a microgrid 

energy system. A mixed integer linear programming (MILP) optimization method based on lifetime cycle theory is 

developed to design the capacity of each energy sources, which aims at minimizing the total costs under the life cycle 

of airport project, and assessing the economic and environmental benefits of the hydrogen-solar-storage integrated 

microgrid for airport electrification. 

 Based on the flight schedules, an airport APU load characteristic model is established to quantify aircraft ground 

power requirements. A method for generating EVs charging profile in airport based on flight schedule and 

sequencing algorithm is proposed. 

 Five different scenarios are studied and compared to assess the economic and environmental benefits of hydrogen-

solar-storage integrated microgrid for future airport design and operation. The sensitivity analysis of key parameters 

such as solar irradiance, carbon tax, HES investment costs and electricity price that impact the costs and revenue of 

the proposed airport energy system have been investigated. 

The paper is structured as follows: Section 2 describes the architecture of energy system in airport; In Section 3, the 

modelling approach and methodology for airport energy system are presented; Section 4 proposes the optimization method 

for airport energy system design and operation; Case studies with five energy integration scenarios are illustrated in Section 

5; Results and discussion are conducted in Section 6; Conclusions are drawn in Section 7.  

2. ARCHITECTURE OF AIRPORT ENERGY SYSTEM 

2.1 General structure of airport 

An airport is generally composed of the following parts [42]: 1) Flight area, including runways, taxiways, and liaison 

roads; 2) Parking apron; 3) Terminal; 4) Navigation tower; 5) Auxiliary parts of the airport, including aircraft maintenance 

garage, fueling system, etc. This article is mainly focused on the optimal design and operation of energy system outside the 

terminal. The energy supply targets are mainly aircraft and EVs. A schematic airport diagram is shown in Fig. 1. Generally, 

passengers will be arranged with different boarding methods dependent on the location of the aircraft. Passengers of the 

aircraft parked in contact stands can board the plane through the boarding bridge, while aircraft parked in remote stands need 

to take the shuttle bus to the aircraft dock to board the plane. It is assumed that there is a power supply installed under each 

boarding bridge at contact stands to supply power for the aircraft (aircraft power standard is: 115V /200V, 400Hz) [43]. 
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Some airports have power distribution boxes at apron, which needs to be connected to the power car through a long-distance 

intermediate power cable [44]. The mains power of 400Hz installed in power car is used to convert the power frequency to 

meet the power requirements of the aircraft at remote stands [44]. However, majority of airports still use onboard APU to 

supply aircraft at remote stands. In addition, electric vehicles at the airport are increasingly used to replace traditional fuel 

vehicles.  

The energy consumption outside terminal building mainly includes ground power supply for the aircraft to replace the 

aircraft APU and EVs charging. Such energy demand will be supplied by a multi-energy system design including PV, BSS, 

HES, and DC microgrid. 

……
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aircraft at remote 
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Airstrip 1
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Navigation tower
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to the aircraft.
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Airstrip 2

Terminal 1

Terminal 2

Fig. 1 General structure of airport with airside and landside areas. 

2.2 Energy supply and demand for airport electrification 

To improve the energy supply and reduce carbon emissions for airport electrification, the new energy sources are integrated 

in airport. Solar energy is the main renewable energy considered for airport energy system, where the PV can be installed on 

the roof of the terminal and open space in the apron. The PV energy is used to supply aircraft electric APU and EVs demand. 

Due to the supply demand imbalance of PV generation, BSS is planned to store the excess PV in the form of electricity. In 

addition, HES is innovatively used in airport environment to store the excess PV energy through power-to-gas, where the 

excess PV energy is transformed to hydrogen and oxygen using electrolyzer. The produced green hydrogen is stored in HST 

can be used to supply airport load at remote stands through fuel cell generator as a mobile distributed generation. The produced 
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oxygen can be sold as industrial oxygen or medical oxygen to provide extra revenue for airport energy operation. All the 

distributed energy supply and demand are connected and managed together via a microgrid system by an energy control center. 

The overall energy supply and demand diagram of future airport is presented in Fig. 2. In the section 3, the detailed energy 

system modelling is presented. 
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Fig. 2 Energy supply and demand for airport electrification  

2.3 DC microgrid energy system for airport 

  DC microgrid energy system is proposed for future airport to integrate multiple DC energy supplies including PV, batteries, 

EVs, and hydrogen electrolyzer. For traditional AC power grid, inverters are usually needed to convert the power generation 

or storage from DC into AC that can be delivered through an AC power distribution system. The DC/AC energy conversion 

at both supply and demand sides not only causes electricity losses, but also reduces the system reliability due to the power 

conversion complexity [45]. The structure of the DC microgrid aims to minimise the convertor architecture with high quality 

of power supply and eliminate reactive power and phase imbalance issues [46]. Therefore, a new energy supply structure 

based on DC microgrid is proposed to replace the traditional AC distribution system in future airport [47].  

Fig. 3 presents the schematic design of DC microgrid for future airport electrification. This system integrates multiple 

energy sources with different energy carriers through convertors, energy distribution and storage components in an optimal 

manner for various airport energy use. The FC in the HES is not directly connected to the DC microgrid. Instead, the fuel 

cell generator is installed on the ground vehicle and designed as mobile power source, which are used to supply electricity 
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for aircraft at remote stands. The electrolyzer connected to the DC microgrid with attached HST provide green hydrogen 

production and storage on-site. The different nodes in the microgrid, such as PV, FC, HES, BSS, EVs and electric loads, can 

exchange power by autonomous distributed control systems based on the DC voltage. The energy control center 

automatically controls all the system components to ensure optimal energy dispatch and utilization within the DC grid. The 

operation voltage of the DC microgrid is designed to be 600V, which can directly interface with battery storage system (BSS) 

in this study. The 600V DC grid voltage is then stepped down to the output voltage required by loads (380V/400V).  
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Fig. 3 Schematics of the airport energy supply structure based on DC microgrid 

3 MODELLING APPORACH FOR AIRPORT ENERGY SYSTEM 

3.1 Photovoltaic system modelling 

The large area of the airport provides sufficient land availability for photovoltaic (PV) power plants. The layout of PV 

power plants can be designed as photovoltaic carports (The parking lot is designed with photovoltaic carports to reduce the 
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floor space) in addition to rooftop photovoltaic and open space in airport. The PV panel uses monocrystalline silicon solar 

panels (250W) with length and width of 1.64m and 0.99m, respectively. The unit capacity of PV is 1kW, which is composed 

of four 250W PV panels. The power output of PV panels can be expressed as follows [48]:  

, , ,[1 ( )]tout
t pv STC t c c STCpv

STC

I
NP P T T

I
                               (1) 

where ,
out
t pvP is the output power of PV at time slot t, 

p vN is the number of PV panels, and ST CP is the rated power of PV 

panel at standard text conditions(STC, Cell temperature 25C, irradiance 1000W/m2 ), tI is the solar radiation intensity at 

time slot t, S T CI  is the irradiance intensity at STC,   is the temperature coefficient of power, ,t cT  is the PV cell 

temperature at time slot t, ,c S T CT is the PV cell temperature under STC. 

3.2 Battery storage system modelling 

The battery energy storage system (BSS) is used for the storage of excess photovoltaic energy. In a microgrid system, a 

BSS can be considered as a load when it charges, conversely, it can be treated as a generation source when it discharges. Li-

ion batteries have high energy density, low self-discharge, fast charging, and good safety performance [49]. Therefore, Li-

ion batteries are applied to battery storage systems in this study, which consists of multiple energy storage units. The bus 

voltage of the energy storage system is designed to be 600V, which consists of 100 1kWh/6V lithium batteries connected in 

series. The battery storage model can be formulated as follows [50]:  

, ,
+1 ( / )(1 )

BSS c dBSS in BSS out BSS
t t tt tEE P P                                   (2) 

where + 1
B S S
tE and B S S

tE denote the energy stored at time slots t+1 and t,  is the standby energy loss ratio, 
c
 and 

d
 are 

the charging efficiency and discharging efficiency. ,in B S S
tP and ,out BS S

tP denote the charging and discharging power. t is 

the time step. 

3.3 Hydrogen energy system modelling 

Hydrogen energy system (HES) can provide a low-carbon sustainable power source for renewable energy system. 

Hydrogen fuel cell is pollution-free, noise-free, and highly efficient [51]. The fuel cell power generation is designed by 

combining multiple small fuel cell units as a whole that can meet the maximum load at remote stands. 

An electrolyzer with low-temperature category is used as a suitable application in the airport environment, and have the 

ability to deliver 99.99% pure, dry, carbon-free and pressurized hydrogen without a compressor [52]. These features can be 

coupled with solar energy for on-site hydrogen production. The Proton exchange membrane (PEM) fuel cell is selected in 
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this study due to its characteristics of reliable operation. The operating temperature of PEM is low (about 80 °C) with a short 

start-up time and can reach full load in a few minutes. The power generation efficiency is relatively high (45% -60%). An 

electrolyzer is used to produce hydrogen and oxygen, and the fuel cell reverses the process from gas to power. The 

electrolyzer and fuel cell are modelled in Eq. (3)[53] and Eq. (4)[54], respectively:  

2
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2=F C H
t ta bP F                                          (4) 

where 2,o u t H
tm denote the amount of hydrogen produced by electrolyzer at time slot t (kg/hr), ,in electrolyzer

tP is the power input 

to the electrolyzer, 2
H H V
Hh  is the higher heating value of hydrogen (MJ/kg), 

electrolyzer
  is the efficiency with which the 

electrolyzer converts electricity into hydrogen, 2,o ut O
tm is the amount of oxygen produced by electrolyzer at time slot t. 

2H
tF is the hydrogen consumption rate(kg/hr), F C

tP is the output of fuel cell at time slot t, a and b are power generation 

coefficients of fuel cell.  

The low temperature liquid hydrogen storage tank (HST) is used as a storage medium between the electrolyzer and the 

mobile fuel cell unit that supply the aircraft at remote stands. The HST model can be formulated as follows [53]: 

 2 2 2 2

, ,out
+1, , , ,

s s s in s
t t t tH H H H tm m m m                                    (5) 

where 
2

,
,

s in
t Hm and 

2

,out
,

s
t Hm denote the hydrogen charging/discharging flow (kg/hr), 

2+1,
s
t Hm and 

2,
s
t Hm denote hydrogen stored 

at time slots t+1 and t.  

3.4 Aircraft electric load modelling  

To replace aircraft fuel-based APU for electrification, the aircraft needs to be powered by airport ground power source 

during turnaround time to carry out the flight preparation work and provide a comfortable cabin environment for passengers. 

Based on the flight schedule [55] shown in Fig. 4, an hourly-based aircraft APU load characteristic model is established to 

obtain new electric load profile of aircraft. The flight schedule is derived from a case study airport (in Section 5) in Chengdu 

China, but the load modelling method can be used for other airports to estimate electric load of aircraft. 
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(a) Flight departure                                       (b) Flight arrival 

Fig. 4 Part of flight schedule for aircraft electric load modelling 

Some assumptions are made to simplify the aircraft electric load modelling: i) The aircraft taxiing time from the terminal 

to airstrip is not counted, as it is considered that the aircraft is powered by its main engine for departure; ii) The APU 

replacement power of all aircraft is assumed to be the same regardless of aircraft type; iii) The aircraft will have priority to 

park at contact stands where possible, when the contact stands are full, the aircraft will be directed to remote stands.  

 (a) Departure                                        (b) Arrival 

Fig. 5 Number of flights arrival and departure on a typical day 

The departure / arrival flow curves from different terminals on a typical day are obtained based on flight schedule as 

shown in Fig. 5. The electric load for aircraft at contact stands and remote stands can be calculated by the Eq. (6) and Eq. 

(7) respectively. The load profile of aircraft on a typical day is shown in Fig. 6. 
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where aircrafts
t,conract standsP and aircrafts

t,remote standsP  are the load demand of aircraft at contact and remote stands at time slot t, respectively. 

aircraft
AVEP represents the average electrical power demand of aircraft, , 1( )depature T

Aircraft tD / , 1( )arrival T
Aircraft tD denote the departure/arrival 

flow curve function of terminal 1(T1), and , 1( )arrival T
Aircraft tD / , 2arrival T

AircraftD denote the departure/arrival flow curve function of terminal 

2(T2). 
1T

B  /
2T

B  indicate the number of contact stands (boarding bridges) of T1 and T2. 
dep

t  is the time preparing for 

flighting before departure, and 
arr

t is the time of passengers disembarking, cleaning and maintenance after arrival.  

Fig. 6 Aircraft hourly electric load profile at contact and remote stands 

3.5 Electric vehicle charging load in airport 

The airport has a set of electrified ground support vehicle in airside for passengers and goods transportation. The novelty 

of this research work is to integrate flight schedules into the operation of EVs in airport. A method for generating EVs 

charging profile in airport based on flight schedules and sequencing algorithm is proposed in Fig. 7. Each EV in airport has 

a number of variables in the “vehicle matrix” which includes the EVs’ state of charge (SOC), availability, current state and 

tag number [56]. The SOC is initially set randomly by a random uniform distribution. EV availability E V , affected by 

SOC and current state, is the available number of EVs with SOC greater than 
m inS O C at each time slot. EV current state is 

used to indicate whether the electric vehicle is charging. The number of flights coming in at the given time slot determines 

how many of EVs are required. The required number for EVs at time slot t, denoted as
E V ( )tD , is equal to the number of 

flights in the current time slot multiplying by the average number of service vehicles required for an aircraft. For every time 

slot, each EV is ranked and updated according to the attributions within the vehicle matrix. EVs with lower SOC will have 

higher rank and thus have charging priority over other EVs. EVs with higher SOC will have dispatch priority to serve aircraft. 

When there are insufficient EVs at a time step to cover the required aircraft ground service, gas vehicles are used to fill 
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the shortage. The number of EVs that can be charged at any time is mainly determined by the number of charging piles 

( C PN ) and EVs that have not been dispatched ( ( )u dp tN ). Then, the SOC of each EV is updated at each time slot t. If the EV 

is charging, the SOC increases by the charging rate during the time step (Eq. (8)). Conversely, the SOC decreases by the EV 

energy consumption rate to service an aircraft (Eq. (9)). The objective of EV dispatch algorithm is to maximize the numbers 

of EV usage for the whole period of 24 hours. 

final initial charge
t t tSO C SOC SO C                                     (8) 

-f ina l in itia l service
t t tSO C SO C SO C                                    (9) 

Start

Input: Number of EVs NEV; Number of 
charging piles NCP;  average charging power 
Pchg_ave_ev; Minimum SOC that allows EVs 
dispatch SOCmin; Maximum SOC for EVs 

SOCmax.

λEV(t) ≥ DEV(t)?

End

SOC initialization; generate a SOC set S[NEV, 1] 
using random uniform distribution; t = 1.

t = t + 1

Determine the number of undispatched EVs 
with SOC lower than SOCmax;denoted as Nudp(t);

Sort the S in ascending order. 

t = 24?

Determine the availability λEV ;
Determine the demand for EVs DEV(t); 

The number of dispatched EVs: 
Ndp(t) = DEV(t); 

Ndp(t) =λEV(t);

Determine the number of 
uncharged EVs with SOC higher 
than SOCmin; denoted as Nuchg(t);

Nuchg(t) ≥ Ndp(t)?
Dispatch Ndp(t) EVs in order of 
SOC from largest to smallest;

Dispatch Ndp(t) uncharged EVs in order of SOC 
from largest to smallest;

Update S

Nudp(t) ≥ NCP?

Charge NCP EVs with SOC lower than SOCmax

in order of SOC from smallest to largest;

    Charge Nudp(t) EVs with SOC 
lower than SOCmax in order of 
SOC from smallest to largest;

YN

N

Y

N

Y

N

Y

Calculate charging power: 
Pt

EVs = Nudp(t)*Pchg_ave_ev

Calculate charging power: 
Pt

EVs = NCP*Pchg_ave_ev

Output Pt
EVs

Fig. 7 Flow chart of EVs charging profile modelling 

Fig. 8 shows the modelling results of hourly EVs charging load profile on a typical day. The charging load is almost zero 

during 05:00-09:00 due to the less flights are scheduled at 05:00 (All EVs are fully charged), and the initial flight peak period 

is at 06:00-09:00 (All EVs are dispatched).  
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Fig. 8 Charging load profile of EVs in airport 

4. OPTIMIZATION OF AIRPORT MICROGRID ENERGY SYSTEM 

The airport microgrid energy system model is formulated by a mixed integer linear programming (MILP) method with an 

annually time horizon and hourly time resolution. The model consists of investment, operation and emission costs of airport 

microgrid energy system as shown in Eq. (10). 

4.1 Objective function 

The objective function shown in Eq. (10) is to minimize the overall investment, operation and emission costs of airport 

microgrid energy system. The objective function is formulated as follows: 
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-
inv
yC represents the investment cost incurred in year y, which includes the initial investment in year 0, the 

replacement cost of equipment during the project cycle and the salvage value of equipment at the end of the project 

cycle. 

- o p
C denotes the annual operating cost, which includes the purchase cost of electricity, equipment operation and 

maintenance(O&M) cost, penalty cost of unmet hydrogen, and revenue from the sale of oxygen.  

- 2C OC is the annual carbon dioxide (CO2) emission cost derived from power grid.  

- jis the discount rate, N is the project lifecycle, device is the device set, i n v
i denotes the unit investment cost of 

equipment i, 
cap

i is the capacity of device i(kW, kWh), r ep
i denotes the unit replacement cost of equipment i, 

c o m p
il is the lifetime of device i, and r em

il is the remaining lifetime of device i at the end of the project cycle; T is 

the total number of time slots in one year, e le c t r ic i ty p r ic e
t is the electricity price at time slot t ($/kWh), ,grid buy

tP is 

the power purchased from grid at time slot t(kW), , maxdemand
monthP denotes the maximum power demand per month(kW), 

dem a nd
 is power demand charge($/kW), &O M

i is the unit O&M cost of equipment i($/kW), 2,u n m et H
 denotes 

penalty cost of hydrogen shortfall ($/kg), 2,u nm et H
tm is the unmet hydrogen in time slot t, O xygen price

 is the price of 

oxygen, 2C O is the carbon tax ($/kg), 2C O
g r i dd denotes the grid emission factor (kg/kWh).  

4.2 Constraints 

  The proposed airport microgrid energy system models are subject to planning and operation constraints. All constraints 

are applied to each time interval within the optimisation time horizon. Electricity supply and demand are balanced in each 

time interval (Eq. (14)). Hydrogen supply from fuel cell power generation to aircraft at remote stands should be guaranteed 

(15). The installed capacity of the equipment is subject to geographical conditions and other relevant factors (Eq. (16)). The 

power output of each energy sources including PV, hydrogen electrolyser and fuel cell must remain within the maximum 

operation range following by the safety and reliability requirements of each energy system (Eq. (17)). The constraints of 

energy storage systems including BSS and HST are expressed in Eq. (18) and Eq. (19), respectively.  
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(19)                                                              

where p v
tP is the power consumed of PV at time slot t ; E V s

tP is the load of EVs at time slot t,
2

,
,

s in
t Hm and

2

,out
,

s
t Hm denote the 

hydrogen charging/discharging flow (kg/hr); 2,un m e t H
  is the proportion of unmet hydrogen; 

,mincap

i  and 
,maxcap

i  are the 

upper and lower limits of 
cap

i , ,
m in
in electrolyzer

P and ,
max
in electrolyzer

P are the upper and lower limits of ,in electrolyzer
tP , m i n

F C
P and m a x

F C
P

are the upper and lower limits of fuel cell generation; ,
max
in BSS

P and ,
m ax
ou t B SS

P are the maximum charging and discharging power 

of BSS, m i n
E and m a x

E are the upper and lower limits of BSS’s capacity; 
2

,
min,
s in

Hm and 
2

,
max,
s in

Hm are the upper and lower 

limits of 
2

,
,

s in
t Hm , respectively. 

2

,out
min,
s

Hm and 
2

,out
max,
s

Hm are the upper and lower limits of 
2

,out
,

s
t Hm  respectively. 

2+1,
s
t Hm and 

2,
s
t Hm

denote hydrogen stored at time slots t+1 and t. 
2min,

s
Hm and 

2max,
s

Hm are the upper and lower limits of stored hydrogen. ( t )u

and ( )v t  are auxiliary binary variables for BSS and HTS to respectively constrain that the charging and discharging 

processes will not occur simultaneously. 

5. CASE STUDY 

Based on the general airport structure and optimization model established above, case study is conducted for techno-

economic and environmental analysis of the proposed airport microgrid energy system with five energy supply scenarios. 

5.1 Input parameters  

The case study requests a series of input parameters including environmental, technical and economic parameters. The 

environmental inputs are mainly local weather and geographic information such as airport roof and open space area. The 

average ambient temperature and annual solar irradiance are 13.33℃ and 0.146kW/m2, respectively.  

The directly connected electric demand in the airport microgrid are aircraft (APU replacement) at contact stands and 
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EVs. The indirect electric demand is the aircraft (APU replacement) at remote stands. The aircraft hourly electric load 

profiles and EVs hourly charging load profile have been given in the section 3. In Fig. 9, the annual electric demand 

profile of airport energy system is estimated by monthly electricity demand, and the difference between months is mainly 

determined by flight schedules and weather conditions (temperature, etc.). 

The economic inputs mainly include the capital investment, replacement and maintenance costs of each energy devices 

as summarized in Table 1. The project life cycle, discount rate, and carbon tax are 25years, 6%, and 20$/ton, respectively. 

The carbon emission factor, electricity price, aviation fuel price and oxygen price are shown in Table 2. 

Table 1 Economic costs of energy devices [57, 58] 

Devices Capital cost Replacement cost 
Maintenance 
cost($/year) 

Life time(years) 

PV 574$/kW - 8.43 $/kW 25 

BSS 104.32$/kWh 96.87$/kWh 5.22$/kWh 10 

Electrolyzer 632.79$/kW - 66$/kW 25 

Fuel cell 501.64$/kW 451.47$/kW 11.57$/kW 5 

Hydrogen tank 1341$/kW - 15.65$/kg 25 

Table 2 Energy prices and emission cost [59, 60] 

Items Time interval Value 

Electricity price 

23:00-6:00 0.0835$/kWh 

7:00-9:00; 14:00-17:00 0.1296$/kWh 

10:00-13:00; 18:00-22:00 0.1937$/kWh 

Aviation fuel (kerosene) 
price 

- 1.043$/L 

Oxygen price - 
6.706 $/bottle (15MPa, 40L)/ 
0.782$/kg 

Carbon tax - 20$/ton 

Carbon emission factor - 0.872kg/kWh 

    (a) Annual electric demand profile in remote stands  (b) Annual electric demand of EVs and aircraft in contact stands  
Fig. 9 Annual electric demand profile of airport microgrid energy system 
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The whole system costs of five different energy supply scenarios were compared to quantify the economic benefit of 

integrating solar-hydrogen-storage integrated energy system into airport. 

The five energy system scenarios are described as follows: 

Scenario #1: This is a reference scenario to assume that EVs and aircraft at contact stands are supplied by power grid. The 

aircraft at remote stands is powered by onboard APU. 

Scenario #2: All aircraft (both contact and remote stands) and EVs are powered by power grid. 

Scenario #3: The aircraft at contact stands and EVs are supplied by PV, BSS, and grid, while the aircraft at remote stands 

is supplied by onboard APU.  

Scenario #4: All aircraft and EVs are powered by PV, BSS, and grid.  

Scenario #5: Hydrogen production and storage are integrated into airport. The aircraft at contact stands and EVs are 

supplied by PV, BSS, and grid, while the aircraft at remote stands is supplied by mobile hydrogen fuel cell generation.  

6. RESULTS AND DISCUSSION 

6.1 Design results of airport energy system 

This section shows the optimal sizing results of energy devices in different airport energy system scenarios with total annual 

investment, maintenance and operation costs in Table 3. Scenario 1 and 2 compare the electrification of aircraft APU at 

remote stands which will supply by only the grid, while Scenario 3 and 4 compares the electrification of aircraft APU at 

remote stands by PV, BBS and grid. Both comparisons indicate economic benefit in terms of overall cost reduction to 

electrify the aircraft APU at remote stands. By comparing with scenarios 4, scenario 5 introduces the hydrogen production 

and storage which will future reduce the total annual costs of airport energy system. The hydrogen energy system (HES) 

includes electrolyzer, HST and FC which offer carbon-free and mobility power generation to aircraft at remote stands, and 

to avoid the distribution network infrastructure at remote stands. Scenario 5 also shows the increased PV capacity and 

reduced BSS investment by integrating the hydrogen supply and storage into the airport energy system. 

Table 3 Design results of airport energy system with five energy supply scenarios 
Scenarios PV(MW) BSS(MW) Electrolyzer (MW) Hydrogen tank(kg) Fuel cell (MW) Total annual cost ($ million) 

#1 - - - - - 6.379 

#2 - - - - - 5.744 

#3 17.908 24.1 - - - 4.926 

#4 21.856 29.4 - - - 3.838 

#5 33.951 17.8 7.5 1550 2.45 3.725 
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6.2 Cost breakdown analysis and carbon emissions 

Figure 10 shows the breakdown costs for each scenario. The total annual cost is decomposed to investment, operation and 

maintenance (O&M) costs of energy devices, together with fuel and grid electricity costs, and emission costs. By comparing 

with scenario 1 (base case), the airport energy system with hydrogen integration (Scenario 5) is identified as the most cost-

effective option, which can reduce the whole system costs by $2.654 million/year (41.6%). The PV +BSS system (Scenario 

3) can reduce the costs by $1.453 million/year (22.78%). Further cost reduction by $1.088 million/year is observed when 

PV + BSS system is also expanded to aircraft at remote stands (Scenario 4). Through cost breakdown and comparison 

analysis, it can be seen that scenario 2 has the highest grid power purchase cost, while scenario 5 has the lowest grid cost. 

This indicates that PV + BSS + HES will minimize the grid dependence of airport energy supply, and thus reduce the 

infrastructure expansion and carbon emissions from the grid. In addition, scenario 5 has the highest investment costs due to 

the establishment of hydrogen production and storage devices, however, scenario 5 still appears to be the most economic 

solutions due to the lowest whole system costs by considering oxygen revenue. This shows that the investment costs of the 

HES can be compensated by offsetting other costs (such as grid and emissions costs, oxygen revenue etc.). Furthermore, the 

integration of HES leads to the significant increase in PV capacity, which makes the highest investment cost and O&M cost 

of both PV and hydrogen energy system in scenario 5. However, the revenue from oxygen sale at industrial and medical 

scales will compensate the high HES costs and encourage renewable PV integration, which makes the hydrogen energy 

system still an attractive option.  

Fig. 11 shows the carbon emissions from grid and aircraft APU for each scenario. By comparing Scenario 1 and Scenario 

2, the electrification of aircraft at remote stands (using grid supply to replace aircraft APU) has increased the carbon 

emissions on the grid side although the APU emission is eliminated. The carbon emissions on the grid side is consequently 

raised and lead to higher overall emissions, which is considered as a sub-optimal solution to just electrify aircraft APU and 

transfer the carbon emission sources from airport to the grid. In Scenarios 3 and 4, the installed PV generation not only 

reduces the carbon emissions inside the airport, but also reduces the emissions on the grid side due to the less grid power 

consumption. Scenario 5 has the lowest amount of carbon emissions, which indicates the environmental benefits of the 

hydrogen-solar-storage integrated energy system. Compared to scenario 1, carbon emissions in scenario 5 are reduced by 

17,853.34 tons, while scenario 3 is reduced by 13,617.77 tons. It should be noted that the carbon emissions of Scenario 5 

consider the worst environmental case that the hydrogen shortfall is compensated by the aircraft APU, however the carbon 

emissions of Scenario 5 are still the lowest due to the hydrogen as a decarbonized fuel.  
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Fig. 10 Decomposed annual cost with five energy supply scenarios 

Fig. 11 Carbon emissions with five energy supply scenarios 

6.3 Lifecycle investment cost analysis 

In order to compare the costs of electrified airports with different scenarios, the annual costs including investment, 

operation costs, and emissions cost of airport energy system Scenario 2, Scenario 4, and Scenario 5 are shown in Fig.12. The 

costs are shown as the net present value. Scenario 4 and scenario 5 have large and upfront investment costs compared with 

scenario 2, but the operation and emissions cost are greatly reduced for the whole lifecycle of the project. In particular, PV 

accounts for a large proportion of the initial investment costs. The BSS is replaced twice during the entire lifecycle in the 

10th and 20th years, respectively, and the FC in scenario 5 is replaced four times during the entire lifecycle in the 5th, 10th, 

15th, and 20th years, respectively. 

 Cumulative costs over the lifecycle of the airport energy system for scenarios 2, 4, and 5 are compared in Fig. 13. The 

cumulative cost curve of scenario 5 is relatively flat with slower growth rate, because the operation cost of scenario 5 is 
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lower than scenario 4 due to oxygen revenue and lower emission costs. There are three breakeven years in accumulative cost 

compassion. The first breakeven year occurs in year 5.6, which indicates the scenario 2 will be cheaper than scenario 4 in 

the first 5.6 years due to the non-investment costs, however the accumulative costs in scenario 2 will be much higher than 

in scenario 4. If the project lifecycle has a short duration less than 5.6 years, the scenario 2 with only grid supply will be an 

ideal option for airport energy system design. The second breakeven year occurs in year 8.5, which indicates the scenario 5 

with hydrogen integration will start gain benefits over the scenario 2 with grid supply. However, the hydrogen integration 

will still be more expensive than scenario 4. The last breakeven year occurs in year 20.5, which shows that the hydrogen 

integration will eventually have cost advantage over scenario 4 of PV+BSS system. Through analysis, it can be found that 

the integration of hydrogen into airport energy system has economic and environmental cost benefits in the long term. 

Fig. 12 Annual costs over the lifecycle of airport energy system in scenarios 2, 4, and 5 
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Fig. 13 Cumulative costs over the lifecycle of the airport energy system for scenarios 2, 4, and 5 

6.4 Energy management strategies 

 This part shows the hourly energy dispatch simulation results of both electricity and hydrogen systems on a typical 

operation day. Fig. 14 shows the optimal electricity management strategies, and Fig. 15 illustrates the optimal hydrogen 

management strategies, both for scenarios 5 as an example. The positive values in these two figures are energy production 

(PV generation, grid electricity and hydrogen production) or the discharging of energy storage units (BSS and hydrogen 

storage), while the negative values are energy consumption (aircraft and EV loads, hydrogen consumption) or charging of 

energy storage. The BSS state-of-charge (SoC) and hydrogen stored level are also illustrated in these two figures. 

It can be seen from Fig. 14 that the priority of PV energy supply is electric load, BSS, and HES in order. The PV energy 

is given priority to supply the load (8h), the excessive PV energy then charges the BSS (8h-10h), and the remaining PV 

energy that BSS cannot absorb then flows to the electrolyzer of HES to produce hydrogen (10h-19h). When PV energy is 

insufficient, the BSS discharges and supplies the electric load (20h-23h). When the BSS is insufficient, the DC microgrid 

system purchases power from the grid to supply the aircraft and EV load (1h – 7h, 24h).  

As illustrated in Fig. 15, the fuel cell power generation closely follows the load of aircraft at remote stands. The hydrogen 

demand of FC is supplied by electrolyzer and hydrogen storage. It can be seen that due to the priority of PV energy 

consumption, the hydrogen demand of the fuel cell is firstly met by stored hydrogen (7h – 9h). When the excess PV energy 

flows to the HES, the electrolyzer starts to produce hydrogen for consumption by the fuel cell and the excess hydrogen is 

stored in the hydrogen storage tank (10h – 14h). When the hydrogen storage tank is full, the electrolyzer only produces 

hydrogen to supply the fuel cell (15h – 18h). If the additional PV energy is insufficient to meet the hydrogen demand of the 

fuel cell, the stored hydrogen is discharged from hydrogen storage tank (19h – 22h).   
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Fig. 14 Optimal electricity management strategy for scenario 5 on a typical day

Fig. 15 Optimal hydrogen management strategy for scenario 5 on a typical day 
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reduced when the solar irradiance becomes more intensive. Conversely, the BSS capacity requires to be expanded due to the 

increased fluctuation in PV by more intensive irradiance, in particular the BSS capacity for scenario 4 has reached the 

capacity limitation with the further increase of solar irradiance. With the increase of annual solar irradiance, the size of 

hydrogen energy system of scenario 5 decreases slightly, as more power will be provided by PV with higher solar irradiance. 

Therefore, the solar irradiance can effectively reduce the HES investment costs. In scenario 4 and 5, the total annual costs 

and carbon emissions are both reduced significantly with the increase of annual solar irradiance, this is due to the reduced 

PV investment costs and less electricity purchase from the grid with less grid emissions.  

Fig. 16 (d) shows the cumulative cost curves for scenarios 2, 4, and 5 under the condition of maximum and minimum 

annual solar irradiance. It can be seen that cumulative costs of scenario 5 with HES is more sensitive to the solar irradiance 

comparing with scenario 4. With minimum solar irradiance, scenario 5 is no longer the most economic option as the scenario 

4 with only PV+BSS has whole system costs lower through the entire project lifecycle. Therefore, it is recommended to 

adopt energy supply scenario 4 in low solar irradiance regions, while hydrogen energy system is recommended for the 

airports with high solar irradiance. 

Fig. 16 (a)~(c) Sensitivity analysis for scenarios 2, 4, and 5 with different annual solar irradiance; (d) Cumulative costs for 
scenarios 2, 4, and 5 with max/min solar irradiance
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6.5.2 Grid emission factor 

Grid emission factor (kg/kWh) is the carbon emission associated with each unit of electricity produced by the grid. Fig. 

17 shows the sensitivity analysis of grid emission factor on the airport energy system design for scenario 2, 4, and 5. Grid 

emission factor is changed from its current value 0.872 kg/kWh to 0 kg/kWh, representing a decarbonizing trend to a future 

zero emission grid. In all energy supply scenarios, grid emission factor plays an important role in reducing CO2 emissions 

of airport energy system towards low-carbon aviation targets. However, the total annual costs only reduce by 5% as the 

emission costs are small part of whole system costs which mainly consists of investment, operation and maintenance costs. 

When the grid emission reduces, the PV+BSS system capacity will drop by up to 20% in scenario 5 while the HES capacity 

will expand slightly, which indicates the grid emissions will impact the energy share between the PV, BSS and HES. 

Fig. 19 shows the cumulative cost curves for scenarios 2, 4, and 5 under current and zero grid carbon emissions. In each 

scenario, it is clearly indicated that the low-carbon grid will lead to a lower whole system cumulative costs over the entire 

lifecycle of the project (from solid line to dot line). Regardless of grid emission factor, the scenario 5 with HES integration 

will still demonstrate as an economic solution in long-term by comparing with other energy supply scenarios. 

Fig. 17 (a)~(c) Sensitivity analysis for scenarios 2, 4 and 5 with different grid emission factors; (d) Cumulative costs for 
scenarios 2, 4, and 5 with 0.872kg/kWh and zero grid emission factors  
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6.5.3 Electricity prices 

Fig. 18 shows the electricity prices can significantly impact the airport energy system design with associated CO2 

emissions and total annual costs. The total annual costs of Scenario 2 with only grid supply has a linear trend against the 

electricity price, but CO2 emission stays constant regardless of electricity price variation. This is due to the airport energy 

system of scenario 2 is only supplied by grid electricity. Scenario 4 and 5 show that PV, BSS and HES capacities are all 

sensitive to the electricity price change. For example, when the grid electricity price drops, the capacities of other energy 

devices are reduced accordingly. This is due to the energy dispatch of more grid electricity which is cheaper than local energy 

supply. As a result, the CO2 emissions will raise due to grid electricity usage leading to higher grid carbon emissions. When 

the electricity price becomes cheaper, the total annual costs of the whole system reduces significantly. This becomes an 

extreme case in Fig. 18 (d) when the electricity price drops to 40%, the scenario 2 tends to become an economic solution 

that only use grid electricity to supply the airport energy system, while PV+BSS+HES integration become a less competitive 

option. 

Fig. 18 (a)~(c) Sensitivity analysis of electricity prices on energy system design in scenarios 2, 4, and 5; (d) Cumulative 
costs for scenarios 2, 4, and 5 with 40% and 140% electricity prices
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6.5.4 Carbon tax 

Fig. 19 shows the optimization results of the airport energy system for scenario 2, 4, and 5 under different carbon tax 

($/ton). With the increase of carbon tax, the total annual costs of scenario 2 that is solely supplied by the grid increases 

linearly, while carbon emissions remain unchanged. In scenario 4 and 5, higher carbon tax leads to higher total annual costs, 

and the substantial increase in the PV+BSS and HES capacities to reduce the grid electricity usage. Such system alternation 

results in a substantial reduction in CO2 emissions which are heavily charged by higher carbon tax.  

Fig. 19 (d) shows the cumulative cost curves for scenarios 2, 4, and 5 with the carbon tax of 20$/ton and 100$/ton. Scenario 

2 with only grid supply is highly sensitive to the carbon tax, with the cumulative costs increasing significantly by the higher 

carbon tax. The Scenario 5 with HES integration can better hedge the risks of carbon tax increase, as the cumulative costs 

of scenario 5 become the lowest at the end of project lifecycle under both high and low carbon taxes. 

Fig. 19 (a)~(c) Sensitivity analysis of carbon tax on the energy system design for scenarios 2, 4, and 5; (d) Cumulative 
costs for scenarios 2, 4, and 5 with 20$/ton and 100$/ton carbon tax 
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6.5.5 Unit investment cost of hydrogen energy system 

A major constraint on the integration of HES into airport energy system is its high investment costs. This section analyzes 

the unit investment cost of HES in affecting the airport energy system design with associated economic and environmental 

assessment. In the sensitivity analysis of HES unit investment costs, the electrolyzer, HST, and FC are scaled up or down by 

the same proportion. Fig. 20 (a) shows that the sizes of both electrolyzer and the hydrogen storage tank will increase when 

the unit investment cost of hydrogen energy system reduces from 140% to 60%. The installation capacity of the fuel cell 

remains constant due to the maximum APU load at the remote stands that determines the fuel cell capacity. In particular, the 

capacity of hydrogen storage tank expands significantly due to the lower unit investment cost that enabling the hydrogen 

storage to be a viable option. As the HES becomes a more cost competitive option, the capacity of PV is decreased by up to 

10%. Finally, the total annual cost of the whole system continues to decline due to the reduction in HES investment costs.  

Fig. 20 (b) shows the cumulative cost curves under different HES unit costs of 60%, 100% and 140%. If the unit cost of 

HES increases, the scenario 5 of HES integration will be no longer the cheapest energy supply options. As a result, the 

reduction in unit investment cost of HES is an effective way to encourage hydrogen integration into airport energy systems. 

Fig. 20 (a) Sensitivity analysis of HES unit investment cost on energy system design for scenario 5; (b) Cumulative 
costs for scenarios 2, 4, and 5 with 60%, 100%, and 140% unit investment costs of HES 

6.5.6 Operation benefits with different oxygen prices 

As shown in Fig. 21, oxygen price has a significant impact on the cumulative costs of scenario 5, which mainly affects 

the operation costs through the oxygen sale revenue. When the oxygen price is high, the scenario 5 has a reduced cumulative 

cost along the project timeline, larger cost saving can be observed towards the end of project lifecycle due to the sale of 

oxygen as a commercial product. In contrast, the HES integration will become a less economic option if the oxygen price 

drops to 60% due to the less revenue can be made from the oxygen sale. 

0 5 10 15 20 25
0

15

30

45

60

75

B3B2

B1

A3
A2

 #2
 #4

 #5 with 60% unit cost of HES
 #5 with 100% unit cost of HES
 #5 with 140% unit cost of HES

C
um

ul
at

iv
e 

co
st

/$
 m

il
li

on

Year

A1

(b)

130%

120%

P
er

ce
nt

ag
e

Unit cost of HES

 Electrolyzer          Total annual cost
 Hydrogen tank      Carbon emission

 Fuel cell

 BSS
 PV110%

100%

90%

80%
Scenario 5

140% 120% 100% 80% 60%

(a)



30 

Fig. 21 Cumulative costs for scenarios 2, 4, and 5 with different oxygen prices 

7. CONCLUSION 

This paper conducts the techno-economic analysis of hydrogen-solar-storage integrated energy system for airport 

electrification. The key energy resources including photovoltaic, hydrogen energy system, electric vehicles, hydrogen fuel 

cell generator, and battery storage system are integrated to form a direct current microgrid with various energy supply options. 

Based on the flight schedules, an aircraft load characteristic model is developed to quantify the electric aircraft load by 

replacing the aircraft auxiliary power unit. A vehicle matrix method with sequencing algorithm is proposed to generate 

electric vehicles charging load profile in airport operation. Then, a mixed integer liner programming optimization method is 

developed to optimally design the capacity of each energy devices of airport microgrid, with the objective to minimize the 

total annual costs of the whole energy system including investment, operation and emission costs during the lifecycle of the 

project. Energy management strategies is developed to hourly dispatch photovoltaic generation, grid electricity purchase, 

battery charging / discharging, and hydrogen production / storage to meet the supply-demand balance of airport microgrid. 

Five airport energy system scenarios are proposed to compare the different energy supply options with associated techno-

economic and environmental assessment of each different microgrid solution. Sensitivity analysis is conducted to evaluate 

the impacts of key parameters of solar irradiance, grid emission, electricity price, carbon tax, hydrogen unit cost and oxygen 

sale price on the design, costs and operation of the proposed microgrid. The case studies demonstrate the techno-economic 

benefits of hydrogen energy system integration into airport with renewable power generation and storage. The key findings 

are summarized as follows: 

1) The integrated hydrogen-solar-storage system proposes an economic and environment friendly solution to design and 

operate the future airport energy system, with total annual energy system cost saving and emissions reduction by 41.6% and 
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67.29%, respectively.  

2) Due to the high upfront investment costs of the hydrogen energy system, the airport energy system integrated with 

hydrogen production and storage facilities has high initial cumulative costs comparing with other microgrid designs. 

However, the hydrogen energy system will provide sufficient economic and environmental benefits in the long term towards 

the project lifecycle.  

3) Sensitivity analysis shows that the higher solar irradiance, the lower hydrogen unit investment cost, and higher oxygen 

price will lead to the more economic and environmental benefits of the hydrogen energy system integration. Hydrogen 

energy system is able to hedge the uncertainties against electricity price, grid emission and carbon tax. 
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