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Abstract

To achieve net-zero emissions in air transport industry with defined CO2 mitigation objectives in “Flightpath 2050,
electrically powered aircraft as part of electrified aviation become attractive technologies. In recent years, many electric
aircraft prototypes for short-haul commuting air transport have been designed. Most of them are supposed to be deployed in
the real airports by 2030 - 2035. However, the ground power systems and associated electric aircraft charging operation are
also essential for realising electrified aviation. Moreover, various renewable generation technologies in terms of PVs and
micro wind turbines, electric vehicles and energy storage systems are expected to be integrated into the airport to form a
decarbonised microgrid energy system. Therefore, there is a challenge of designing airport microgrids associated with energy
scheduling algorithms for electric aircraft charging as well as airport decarbonisation. To overcome this challenge, this paper
proposes a multi-agent real-time microgrid energy scheduling solution for electrified air transport. The coordination algorithm
between the electric aircraft charging system and the electric vehicles charging in the airport parking lot is developed to
enhance the resilience and operational flexibility of the airport microgrid. The stochastic behaviours of the airport passengers
and renewable power generation are integrated into the airport microgrid energy management solution. The study shows that

the airport microgrid can achieve the resilience through the proposed energy management solution.

1 Introduction

The civil aviation develops substantially over the past
decades and contributes to around 2% of the global
greenhouse gas emission. To limit or reduce the aviation-
related climate impact, alternative power source aircraft
technology and the more efficient energy infrastructure
become necessary measures. An increasing number of
aircraft designers are working on the electric propulsion
system for electric aircraft (EA) [1].

The pure-electric commercial aircraft requires large energy
density batteries in a range of at least 1,000 Wh/kg [2]. Under
the fact that the battery energy density may not improve at
the desired rate, the adoption of short-haul commuting
electric aircraft would come into reality in the near term [3].

While the aircraft designers and aerospace engineers are
pushing the boundary of the electric propulsion system, little
research has been focusing on the energy infrastructure to
support the future air transport electrification. One of the
compulsory infrastructure for EA is the high-power EA
charging system [4]. The traditional airport consumes a large
amount of electricity but it is not designed for additional
energy that is required to serve the novel EA. The additional
charging infrastructure for EA will bring power quality and
operation issues (e.g. power balance, voltage control) to the
ground electrical power systems. At the same time, more
distributed energy resources are required to integrate into air

transport electrification to achieve the decarbonisation
objectives such as net-zero emissions.

The electric vehicles (EVs) parking at the airport is another
important and potential V2G source in the airport that has not
been exploited [5]. Both the airport parking lot EV and the
airport EA have distinct characteristics that make them as a
dispatchable energy source for microgrid energy management
as well as the interactions with the power grid. For example,
because the airport EVs and EA are highly scheduled based
on the pre-booked air travelling patterns, the power
consumption of the EVs and EA charging system is
predictable with little uncertainty. The target leaving time of
airport parking lot EV that belongs to the air passengers
could be pre-set according to their travel plans. The airport
operators are able to centrally manage this information to
schedule and dispatch both airport EVs and EA for airport
microgrid energy management. However, the challenges
associated with airport parking lot EVs to provide V2G
service include:
e Linking the airport EV parking behaviours with the EA
flight schedules.
e Real-time management of the state of charge (SoC) of
airport EVs to both comfort the passengers’ travel target
and support the airport microgrid operation.

The future microgrid energy system for the airport will adopt
large-scale distributed energy resources (DERs) [6]. The
DERs such as PVs and wind turbines (WTs) are proposed to



supply clean energy to the airport energy infrastructure. The
DERs can also help to improve the reliability and resilience
of airport microgrid operation.

This article proposes a multi-agent real-time microgrid
energy management solution for electrified air transport. A
distributed and coordinated control charging strategy for
long-term and short-term airport parking EVs is developed.
The V2G service of the airport parking EV that can support
the microgrid energy management is quantified.

2 Airport Microgrid Architecture

When the charging infrastructure for supporting airport EA
and EV is adopted in future airports, the energy consumption
will be significantly increased. Such energy supply gap needs
to be filled with high penetration of DER. An airport
microgrid system is proposed to manage the EA and EV
charging load, PV, Energy storage system (ESS), and wind
turbines (WT) as shown in Fig. 1.
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Fig. 1 Airport Microgrid architecture

2.1 Electric aircraft scheduling

The “Eviation Alice”, which is shown in Fig. 2, is considered
as a reference electric aircraft, its technical characteristics of
which are shown in Table 1. The designed travel distance
range of aircraft is suitable for domestic commuting flights.
This aircraft is expected to be adopted in airports by 2024 [7].

Fig. 2 “Eviation Alice” aircraft [7]

Conventionally, most commuter aircraft can transport 20-50
passengers, with a distance range of less than 1000 km. The
“Eviation Alice” will be used to replace conventional
commuter aircraft such as SF3 (Saab 340B), as shown in
Table 1. As the passenger capacity of SF3 is four times
higher than the Eviation Alice, it is assumed that four EAs

will be utilised to conduct one existing commuter flight
mission. To avoid a simultaneous high-power EA charging
on the airport microgrid, the flight is rescheduled to evenly
distribute one conventional aircraft into four electric aircraft,
as shown in Fig. 3. The constraint is that the rescheduled EA
arrival time should be within 2 hours’ range from the original
arrival time.

Table 1 The characteristics of electric aircraft and
conventional aircraft

Design property Eviation Alice  SF3
Passenger 9 (+2 crew) 36
Distance Range (nm) 440 977
Battery Energy (kWh) 900 -

Rated charging power (MW) 0.3 -

Fast charging power (MW) 1.26 -

Charging/discharging efficiency  95% -

The objective function is to minimise the peak to average
ratio (PAR) of the EA charging power, as Eq. (1). The
optimised rescheduling process is based on Monte Carlo
simulation running 20,000 steps.
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Fig. 3 Re-scheduling for electric aircraft charging

2.2 Electric vehicles scheduling

Most of the UK airports have separate parking lots for short-
term and long-term EV parking. In this work, passengers who
travel back within 5 to 24 hours are defined as short-term
parking passengers, those who come back in longer than 24
hours are long-term parking passengers. Usually, the parking
passengers tend to book to-and-from tickets, therefore the
EVs in airport parking lots will be pre-booked in advance
with a certain return date which can be linked to the flight
scheduling.

The EVs owned by airport employees who drive to work are
also considered. The number of airport employees can be
calculated using an approximate median value of 0.57
employees per thousand passengers per annum [8]. In Luton



Airport, there are 46 % of the passengers decided to travel to
the airport by their private cars. In order to reduce the
congestion of airport parking lots, the airport operators tend
to limit the employers who travel to and from work by cars to
60% [9].

The daily EV scheduling in airport parking lot is correlated to
the passenger travel plan and flight arrival and departure
schedules, which can be modelled as a stochastic process.

3 Airport Microgrid Modelling Methodology

The power balance in the microgrid system can be calculated
by the demand and generation at the point of common
coupling (PCC), whether import/export power from/to the
main grid determines whether the power balance is positive
or negative.
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The airport microgrid is modelled as a multi-agent based
energy system as follows.

3.1 Air passenger agent

To-and-from passengers are assumed to book tickets
according to random distributions. Firstly, the desired return
days and hours are selected according to the uniform
distribution, then the closest flight that has an available ticket
is booked. The proportion of passengers who drive to the
airport and book to-and-from tickets are assumed to be 30%
and 50% respectively. In addition, 10% of the driving
passengers are assumed to use long-term parking. Airport
employees commute to and from work are according to a
proposed work schedule. The on and off duty times are 6 am
and 8 pm respectively. The arrival in advance time is
assumed to be random uniformly from 10 minutes to 60
minutes. When the drivers arrive at the airport and park their
EVs, the target departure time of the EVs will be set. When
the passengers return to the airport and the employees are
getting off the work, they will send a “leave” request to their
EVs.

3.2 Renewable generation agent

The renewable power generation units include PVs, WTs,
and an ESS. Each distributed power generation unit is
modelled as an agent.

3.2.1. Photovoltaics modelling

The airport building area can be used to install PVs. In this
paper, the following model is used to calculate the generation

output of PVs. The PV agent is based on the model
developed by [10].

PPV,t = ITXUXAPV (3)

Where IT is the total solar radiation incident on the surface of
PV, kWh/ m’ .7 is the efficiency of the solar PV system, and
is assumed to be 0.8. A, is the area of the PV system (m?).

3.2.2. Energy storage system modelling

A lithium-ion battery ESS is adopted for the airport
microgrid. The following equations are modelled as a system
dynamic model:

ES ES ES ES
E1 = Ez—] + nbaz,cPc,z - nbaz,df;,r (4)
ES ES ES
Pc,t ’Pd,t S PMax (5)

Where, Efs is the battery energy at time t, ,, and 77, , are
charging and discharging efficiency of the ESS, PCEIS and
PdEtS are charging and discharging power of the ESS, and

they are less than the maximum battery charger power.

3.2.3. Wind turbine modelling

Wind turbines are not widely applicable in airports as they
have a physical conflict with airspace activities, which may
result in potential hazards to the low-flying aircraft. However,
a few airports have successfully installed 30-50 m wind
turbines in long distances to the runways, these projects are
following airspace safety restrictions [11]. In this paper, a 45-
metre-tall WT (Enercon E44 900) is chosen for renewable
generation in the airport. The turbine has a cut-in speed of 3
m/s, a cut-out speed of 25 m/s, re-cut-in speed of 13 m/s,
with a rated power of 900 kW [12].

Based on the model developed in [10]. The output of the
wind generation depends on the wind speed and the
characteristics of the WT. The factors include cut-in velocity

Viyra > cut-out velocity V. -, and the rated velocity V. .-
0 SO0V, <V,
aVufT,r —bF, Wlrated Vwm < VWT,r < VWT,mzed
PWTJ(VWT,I): V <V <V (6)
WT,rated >" Wlrated — " WIt — ~ WTco
0 Vi 2V
Where:
P
_ WT,rated
a= V3 3 (7)
( WT.rated - WT,ci)
Virei
i
b=7— 3 (®)
(VWT,rated - VWT,ci )
Where, F,, is the power generation output of the wind
turbine, £, ., is the rated power of the wind turbine.

3.3 Electric Aircraft agent

The aircraft agent is an event-based model, there are four
events for an EA: arrival, start charge, fully charged, and



departure. The aircraft is assumed to start charging 10
minutes after arrival and finish charging within 30 minutes.
To avoid the charging process caused flight mission delays,
the fast charger that has a rated power of 1.8 MW is adopted,
the charging load is modelled as Eq. (9). The passengers’
information is recorded in a collection of the aircraft agent.
The initial SOC of arrival EA is assumed to be 0.2.
Py, =Fpi*' N,

EAt

)
Where, P’ is the rated power of the EA fast charger,

N ... 1s the number of charging EA at time t.

3.4 EV agent in parking lot

The parking lot EV agent simulates a population of EVs. The
EV agent starts when the passengers and employees who
drive to the airport parking lot. The EV target leaving time is
set according to the EV owner. The EV battery energy and
rated charging power are assumed to be 100 kWh and 100
kW respectively. The EV initial state of charge (SoC) on
arrival is assumed to vary uniformly between 50% to 80%.
The following steps describe the travel pattern of airport
parking EVs, also as shown in Fig. 4.
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Fig. 4 The state flow behaviours of parking lot EV agents
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Step 1: When the driver (passenger or employee) arrives at
the airport parking lot, the EV agent will be at the “Parking”
state. Then the agent will decide whether this EV is able to
connect in the aggregator based on the formula Eq. (10).

<soc;’

SOCI‘EV + UEKCPC,E;V (TTarget - 20 - t)/EEV Target (10)

Where, SOCIEV is the SOC of EV at time ¢, 7, is the
charging efficiency of the EV battery, PE[V is the rated

charging power, T is the target leaving time, £ is the

Target

E|

" is the EV target

Target

energy capacity of the EV battery, SOC
SOC.

Step 2: When the EVs are aggregated, the aggregator will
decide which EVs to discharge or charge. The
communication process between EV, aggregator, passenger
and microgrid controller is shown in Fig. 5.

Step 3: When the SOC of EV does not meet the Eq. (10), the
EV will remove from the aggregator and directly charge to
the target SOC. Then the EV will wait for its owner to
return/off duty.

The aggregate charging is shiftable, when the power
generation is less than the demand in airport microgrid, the
aggregator will control the EVs to stop charging or even
discharging. The flexibility of V2G can be assessed by the
maximum V2G power and the aggregated battery energy.
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Fig. 5 Agent-based communication between EVs, aggregator,
passengers and microgrid controller.

3.5 Demand response agent

The demand response agent contains three aggregators: EV
long-term parking aggregator, EV short-term parking
aggregator, and ESS. The objective of these agents’ control
strategy is to achieve resilience of the microgrid by reducing
the imported power from the main grid.

— C
Bieeds =By + Byry _(PEA,t +PEV’, +1)TB,t) (11)
Where the £, is the power required to achieve power

balance, PECV is the controlled EV charging power, P, is

the terminal building power load.

The control logic is “EVs priority”, i.e., when the microgrid
has excessive power, the EVs get charged prior to the ESS;
When the microgrid requires power, the ESS is discharged
before EVs. This will ensure the EVs have sufficient power
reserve and SoC to service the passengers. Within the EV
aggregator, the number of dispatched charging/discharging
EVs depends on how much power is required from the



microgrid, and the EVs are selected from the ranking list by
prioritising target leaving time. As shown in Fig. 6.

DP
PNeed,t - EVt ’PNeed,t > 0
DP _
PES,t - O ’PNeed,t - O (12)
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3.6 Airport energy demand

There are various types of conventional electric loads in the
airport terminal buildings. Because of the lack of real
terminal building energy consumption data and the load
modelling is not the main focus of this work, the equivalent
load pattern model is used instead of detailed modelling on
airport energy demand. There are several general features of
energy behaviour in the Medium size airport, based on the
data metered in [13]. Based on the energy patterns of the
airport terminal building, there are seven load periods during
a typical day in an airport: night load, morning start-up,
morning ramp-up, peak load, stabilised load, evening setback,
and evening shut-down. The peak load appears when the
passengers and employees are arriving at the airport in the
morning. The electric load and EA charging load, which has
been modelled in 3.3, are the primary energy consumption
loads in airport microgrid, as shown in Fig. 7.
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Fig. 7 Airport electric load and EA charging load

3.7 Microgrid operation indices

Several operation indices are utilised to assess the operation
resilience of the microgrid, including maximum load on the
busbar, peak to average ratio (PAR), loss of load probability
(LOLP), and renewable generation self-consumption rate
(RGSR). The peak to average ratio (PAR) is calculated as Eq.
(1), other indices are calculated as Eq. (13) — (16).

Maximum load on the busbar:

T
B,max = MCIX(Z Pload,t] (13)
=1
Loss of Load Probability (LOLP):
T
ZhOMVS (Pload,t > Pgen,t ) (14)
LOLP ==
T
Broads = Brrs + Bove + By + Py, (15)
P, gent — F, G T F, G T F, Goar T PTB,z
Renewable generation self-consumption rate (RGSR):
T
z (PPVng,t + PWT2mg,t )
RGSR =-=— (16)
Z(PPV,t JrPWT,t)
=1
Where, By, and By, are the PV and wind generation

consumed by the microgrid.

4 Results

Based on a previously defined airport microgrid energy
system, a case study is conducted on the East Midlands
Airport (IATA code: EMA). The domestic flight schedules
from 29" July to 31% August 2019 are utilised for
reformulation of the EA flight schedule and air passengers’
arrival profile. Ten wind turbines and 8 MW PV panels are
used for renewable power generation. Energy storage system
is sized with a 15 MWh capacity and 5 MW power output.
The peak demand of airport terminal building load is
assumed to be 2 MW. The agent-based simulation framework
developed in this paper is based on the Java Agent
Development (JADE) platform.

4.1 Airport EVs scheduling and V2G service

Different from parking lots in a residential area, the drivers
who parked EVs at the airport are aggregated predominantly
during the daytime. This behaviour enables the dispatchable
EV aggregator resource from long-term and short-term
passenger parking EVs and employee parking EVs,
respectively. As shown in Fig. 8, the employee parking EVs
are more regulated in the daytime while the passengers
parking EVs are more stochastic. This result is linked to the
airport V2G capability in terms of stored energy in the EV
aggregators. Fig. 9 and Fig. 10 show the stored energy of
parking lot EVs and ESS. The Energy stored in the airport
parking lot EVs can reach around 8-12 MWh during the
daytime when airport employees and passengers both park



EVs at the airport. Most of the available energy is from the
employee EVs and this amount of energy is stable due to the
more regular staff behaviours than air passengers. The energy
from short-term parking EVs (1 to 4 MWh) is larger than that
of long-term ones (around 1 to 2 MWh). However, the basic
fluctuation is caused by the short-term parkin EVs while the
long-term parking EVs can provide more stable energy over a
long period of one month.
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Fig. 8 Airport parking EVs occupancy and aggregation from
day 10 to 17
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4.2 Microgrid energy management solution with operation
assessment

Fig. 11 shows the airport microgrid energy management
solutions. The majority of airport loads including the
charging of EVs and EA are supplied by the renewable power
generation. But due to the uncertainties of the PV and wind
generation, sometimes the microgrid has to drag the power
from the main grid. When the EA charging load exceeds the

microgrid generation, the ESS and V2G (EV discharging) can
support the system to achieve power balance by reducing the
energy requirements from the main grid, hence improve the
resilience of the airport microgrid. The parking lot EVs will
absorb the exceeded PV generation when the ESS is full, and
these EVs will discharge to the microgrid through the
designed V2G agents when the evening peak load occurs
from 20:00 to 21:00. The results also show that the parking
lot EVs can help to absorb the surplus renewable power
generation and support the microgrid power balance. The
parking lot EVs can serve as an alternative stable energy
storage during the daytime.

Two cases are conducted to prove the benefits of V2G from
the parking lot EVs: Case 1, EVs are only controlled to
absorb the excessive generation without V2G; Case 2, EVs
are controlled with V2G strategy.

Table 2 Microgrid assessment indices

P...  PAR  LOLP  RGSR
Case 1 o o
(without v2G) 1146 MW 4.00 40.74%  54.19%
g;‘ft‘;zvz G 1124 MW  3.85 9.28%  56.19%

The microgrid assessment indices are shown in Table 2. In
Case 1, the maximum load of the microgrid can reach 11.24
MW and the PAR is 3.85, indicating that the energy
consumption of the microgrid has a large fluctuation during a
day. This is mainly caused by the EA charging demand.
These two figures are reduced in Case 2 to 11.46 MW and
3.85, respectively. This proves that the V2G strategy can help
to reduce the difference between peak and valley of the load.
The LOLP of Case 1 is as low as 9.28% of operation time
when the load cannot be met by microgrid generation.
Comparing with the Case 2, the possibility of generation and
demand mismatch under the uncertainty of DERs is reduced
sharply from 40.74% to 9.28%. This proves that the airport
microgrid energy management solution has the ability to
achieve the resilience through V2G and ESS. This also
indicates that a large proportion of the energy consumed in
the microgrid is provided by renewable power generation.
The RGSR is an index that can help determine whether the
installed generation capacity is too high or too low. Due to
the fluctuation of renewable generation associated with
airport energy demand, a large amount of renewable power
generation is exported to the grid. This indicates that the
installed capacity of the ESS should be increased to absorb
the surplus renewable power generation.
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5 Conclusion

The multi-agent based airport microgrid energy management
solution is able to meet the stochastic electric aircraft
charging requirement. The new airport microgrid can utilise
the airport parking EVs to provide V2G by linking with flight
schedule. The proposed microgrid energy management
solution can improve the microgrid resilience and reduce the
loss of load probability. This can be useful to planners and
operators of airport microgrid systems. To achieve electrified
air transport, the interaction between EVs and EA will
generate new V2G flexibility to the airport microgrid as well
as the main power grid. Furthermore, the microgrid is able to
achieve resilient operation with high penetration of renewable
power generation and high-power EA charging. In future
research, the fundamental energy coupling between airport
EVs and EA will be further investigated based on the air
transport modelling, and socio-economic preferences of
airport parking EV drivers will be considered. A complete
techno-economic-environment assessment of the airport
microgrid system will be conducted.
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