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Aviation-to-Grid Flexibility through Electric
Aircraft Charging

Zekun Guo, Student Member, IEEE, Jinning Zhang, Rui Zhang, and Xin Zhang, Senior Member, IEEE

Abstract—This paper proposes a new concept of
Aviation-to-Grid (A2G) that utilises electric aircraft (EA)
charging to provide flexibility to the power grid. Smart EA
charging system with battery swap method is developed using
Photovoltaics (PV), gas turbine, and grid electricity. Hourly
energy dispatch strategy is produced based on the mixed integer
linear programming method to meet electrified aviation charging
demand and provide A2G frequency response to the power grid.
Case studies are conducted in 8 major UK airports considering
seasonal flight schedules and power system operation scenarios.
Results show that the EA charging system can provide effective
primary and secondary frequency response to improve the
frequency nadir by 0.2 - 0.3 Hz under grid disturbance. The total
A2G frequency response capacity across the 8 UK airports can
reach 900 - 1,200 MW overnight and 300 - 900 MW daytime in
summer, and 1,100 - 1,300 MW overnight and 200 - 700 MW
daytime in winter. The annual A2G frequency response revenue is
estimated to be £46.58 million, which can cover 19.8% to 30% of
EA charging costs.

Index Terms— Air transport electrification, electric aircraft
charging, power grid, frequency response, mixed integer linear
programming

I. INTRODUCTION

lectric aircraft (EA) has been identified as one of the

promising approaches to reduce CO2 emissions and NOx
pollution for aviation industry. Significant number of research
has focused on the EA on-board power system technologies [1].
However, the EA charging will have significantly impact on
ground power systems, in particular the extra charging demand
and infrastructure. The study in [2] indicates that the global
electricity consumption will increase by 112-344 TWh
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(0.6-1.7% of 2015 global electricity consumption) if all the
short haul flights with 400-600 nautical-mile (nm) are operated
by all-electric aircraft. In the UK, additional 1.2-3.6 GW
electricity generation capacity is required even if the daily first
morning flight is electrified which requires the EA batteries to
be recharged overnight. Electric aircraft such as air taxis with
1-4 passengers over a distance of around 100 km require battery
specific energy of 200Wh/kg [2]. The existing fast charger
(10-50kW) for electric vehicle is not quick enough for aircraft
charging (4-20 hours) due to the high-power consumptions of
aircraft propulsion system and constrained flight turnaround
time. However, the EA charging has potentials to provide grid
flexibility through the large EA batteries and their charging
infrastructure.

One key challenge for power system operators is the real
time balancing of electricity generation and demand. The
imbalance between generation and load will be reflected in
frequency deviation of the power system [3]. The inertia stored
in the synchronous generators can reduce the frequency
deviation. However, with the increasing penetration of
renewable power generation which is expected to reach over
60% in the future GB power grid [4], the system inertia will
reduce significantly due to the power electronics-interfaced
renewable energy that do not provide conventional inertia to the
grid. Therefore, the real-time balancing mechanism will require
additional frequency response services through the new
flexibility-enabled energy sources.

The frequency response services are mainly provided by the
conventional generation units [5]. With the increasing
penetration level of renewable power generation that is
replacing the conventional synchronous machines, the system
inertia will reduce significantly caused by less synchronous
machines that contain rotational kinetic energy [6]. Therefore
new and additional frequency response services are urgently
required for frequency stability in a low-inertia power system
[7]. Various frequency control methods have been proposed. A
novel tuning method is proposed which enables the fuzzy
hierarchal control structure to supplement the conventional
control and improve the power system stability and robustness
[8].

Battery swap is a technology that directly swaps the empty
batteries from the arrival vehicles with a fully-charged battery.
The empty batteries will be charged off-board in a scheduled
period when the power system is not in congestion. As a result,
battery swap is recognized as a flexible charging strategy
particularly for large capacity batteries. This concept has been
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Fig. 1. A new nexus between electrified air transport and electrical power systems - Electric aircraft charging system with grid frequency response

widely researched in electric public transportation. In most of
the existing literatures, the battery swap process is formulated
by various linear integer or mixed integer program with
different optimization algorithms to solve this problem. a
population-based evolutionary algorithm is proposed to
optimize the allocation of distributed generation and battery
swap stations [9]. An electric vehicle transportation network
routing problem is presented with battery swapping stations
located in the city [10]. Battery swap is adopted to recharge a
fleet of electric commuter aircraft aiming to minimize the
operation costs and charging infrastructure expenditures [11].
The battery swap process is formulated with a state flow model
and to assess the operation cost of the battery swap station
[12][13][14]. Based on the literature review, this paper selects
the state flow model to formulate the battery swap process and
evaluate the potential of the flexibility provided by the EA
charging system.

Many existing studies have been carried out to investigate
the potential distributed energy resources to provide frequency
regulation services. As one major type of distributed energy
resources in the future, micro gas turbines could provide firm
frequency response services. In [15], the operational flexibility
of different types of gas turbines have been reviewed in
particular the future technologies that improve the performance
in ramp-up rates, start-up rates and compliant load. These
improved characteristics will enable the gas turbines to provide
highly effective frequency response ability. In recent years
there has been growing interests in adopting EVs for grid
frequency response service [16][17]. In [16], two frequency
control modes of EVs are compared: one is to load-shedding of
EV charging in the frequency contingency, the other control
mode is to discharge the EV batteries to the grid. The results in
[17] indicate that the frequency deviation caused by the wind
energy uncertainties will be significantly reduced by the
utilisation of EVs for the dynamic frequency control. [18]
proposed a hierarchically adaptive frequency control for power
system with EV and renewable energy units. In most of
literature reviews, the primary frequency response and
secondary response are usually separated, and the response
service is normally provided by a single type of energy
resources. In this paper, a coordinative frequency response
service which provides both primary and secondary frequency
response is developed for electrified air transport — power

systems nexus.

The originality of this work is to combine the state flow
model, gas turbine operation model and frequency response
scheme. The basic theory of the battery swap model is “state
flow”, which means there are time-series matrices to describe
the SoC of the batteries in each state (charging, idling, fully
charged). At the moment, we focus on the novel application of
state flow model into electric aircraft (EA) charging, there are
significant differences between EV and EA in terms of
quantity, battery capacity, and operation strategy, in particular
the EV has a customer-driven operation behaviour while the
EA has centrally managed and highly scheduled operation
strategy. To fit the whole EA charging system into grid
frequency response scheme, we have also introduced additional
gas turbine operation parameters to fit in the battery swap state
flow model.

To address the challenges in high-power and
highly-scheduled EA charging as well as to explore the new
flexibility provisions from EA charging, we propose a new
concept of ‘Aviation-to-Grid (A2G)’ flexibility to utilise EA
battery charging system to provide frequency response for
frequency regulation. The A2G frequency response services
will be further enhanced by coordinating with airport gas
turbines which are primarily used to provide off-grid and
high-power charging to the swappable EA batteries. The main
contributions of this paper are:

e An EA charging system is developed to handle
highly-scheduled charging patterns that are driven from the
electrified air transport. The developed charging system is
able to accommodate high-power charging in a short flight
turnaround time at airports.

e A novel Aviation-to-Grid (A2G) concept that uses EA
charging as a new energy resource to provide flexibility to the
power grid. Coordinated energy control solutions of EA
batteries and gas turbines will provide combined primary and
secondary frequency responses to grid disturbance.

II. ELECTRIFIED AIR TRANSPORT — POWER SYSTEMS NEXUS

A. Aviation-to-Grid concept and motivation

Currently, there is a significant disconnect between power
systems and electrified air transport in terms of energy users
and suppliers, infrastructure and interoperability to achieve
net-zero in both industries. As shown in Fig. 1, the
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electrification of aviation will create a new ‘nexus’ between
power systems and electrified air transport through
electrification, with potentials to enable a novel technology of
‘Aviation-to-Grid flexibility’. There are several key problems
to be solved:

* The power systems will require electrified aviation to
integrate into ground energy infrastructure and must not
overload the future grid.

* Electrified aviation as a new energy user requires the
power systems to supply large volumes of low-carbon
electricity to meet new loads of electric aircraft.

* Significant charging infrastructures are required. Our
feasibility study on Gatwick airport indicates that even if only
10% domestic flights are electrified then £50M will need to be
spent on charging infrastructure [19]. Significantly high costs
will also be incurred for building additional power generation
capacity.

B. Aviation-to-Grid as a new nexus between power systems
and electrified air transport

As shown in Fig. 1, this research paper will explore the
fundamental integration of Aviation-to-Grid as the new nexus
between electrical power and electrified air transport systems,
Aviation-to-Grid is defined to include various levels and
locations of integration between power system and electrified
air transport system, from individual airports as well as national
power system operation. Aviation-to-Grid flexibility is
proposed as the ability that the electrified air transport can
adjust, with an acceptable ramp rate in a defined boundary, to
maintain electricity supply and demand in its own system as
well as to support the power systems frequency response.
Aviation-to-Grid flexibility will be investigated as a key
solution for effective costs reduction in terms of energy
purchase costs and frequency response services in both power
and aviation industries, which will achieve low-carbon energy
supply to electrified aviation at affordable costs from power
grid. There are around 50 commercial airports with a large
number of domestic and international flights in the UK. As the
adoption of EA requires intensive investment on electric
charging infrastructure, the top 8 busiest UK airports are
assumed to be the first batch of airports to be electrified. In
addition, due to the battery energy density and range anxiety of
EA, only domestic flights are considered to be electrified in
these airports. According to the annual air traffic data for UK
airports from the UK Civil Aviation Authority (CAA) [20],
these airports serve around 37% of the total number of the UK
domestic air passengers.

III. ELECTRIC AIRCRAFT CHARGING SYSTEMS

The main energy resources to provide EA charging consist of
grid electricity, micro gas turbines, and solar energy (PV), as
shown in Fig. 1. There are two technical approaches to recharge
the EA batteries. The first approach is to implement fast
chargers, which aims to recharge EA batteries during the
ground handling process for the flight similar to the fuel
refilling. By observing the flight schedule data from London
Heathrow Airport, a domestic flight which arrived at the

destination airport will be parked at the gate position for 30 to
50 minutes [21]. During this limited time period, the EA
batteries are required to be charged with unrealistic high power
super-fast chargers (50 MW level chargers for the proposed
EA). There are significant technical barriers to develop the
chargers for EA, such as power capacity, overheating, battery
degradation, and the network constraints. The alternative way
is to implement the battery swap process. All EA batteries can
be recharged on the ground for a flexible time period and can be
swapped to the arrival aircraft in the ground handling process
[22]. Due to the technical barriers to develop MW level
chargers with long battery charging time which will
sequentially delay the flight journey, battery swap is chosen as
a suitable technology to integrate into the existing airport
operation management in our case studies. Aviation is a highly
scheduled transportation, which allows the airport operators to
manage the arrival and departure time of aircraft and fit the
battery swap process in between. The battery swap process is
conducted together with the ordinary cargo loading process,
taking around 30 minutes after the EA starting to park at the
apron with all the passengers de-boarded [22]. Therefore, the
charging schedule is required to be analysed for the economic
dispatch of the airport charging system for battery swap
process.

Our findings show that 8.7 GWh daily energy consumption
is required for electric aircraft charging in the 8 UK airports.
Such additional energy consumption is not feasible to be solely
provided by grid-level energy supply. Therefore, we have
designed the airport gas turbines and microgrid to cover 50%
off-grid charging in order to relieve the grid-level energy
requirements. In addition, 15% of charging energy is supplied
by renewable energy sources. The airport microgrid with
combined gas turbine, PV as well as grid-level power supply
can be coordinated to provide super-fast charging to meet busy
flight schedules.

A. Flight schedule driven charging requirement

Over the past decade, more than 50 all-electric conceptual,
experimental, and commercial aircraft have been designed.
Although the current battery specific energy level of 250
Wh/kg is not enough for powering a middle size all-electric
aircraft, the battery specific energy is potentially to reach 800
Wh/kg in the mid of the century [2]. Based on the research [23],
the battery with specific energy of 800 Wh/kg will enable
all-electric version A320 to carry 28 MWh battery and transport
180 passengers for a range of 500 nm, which could cover the
regional and domestic flight missions in the UK. This is the
reason why the year 2050 is envisioned for the commercial
all-electric aircraft entering into service for the domestic air
transport [2]. In this paper, we use an all-electric aircraft with a
battery specific energy of 800Wh/kg, with a 500 nautical-mile
design range and 180 passenger capacity, which was designed
in [23], to investigate electrified air transport — power grid
nexus through the novel concept of Aviation-to-Grid. The
technical assumptions of all-electric A320 including the aircraft
battery and charging are listed in TABLE L.
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TABLE 1
THE PARAMETERS OF THE ALL-ELECTRIC AIRCRAFT A320 [23]

Design property All-electric

aircraft
Passenger 180
Distance Range (km/nm) 926/500
Battery Energy (MWh) 28
Nominal charging and discharging power (MW) 5
Charging/discharging efficiency (%) 97

The flight schedules will be analysed to meet the peak EA
charging demand. The peak charging hours are determined by
the number of chargers available at airport. Based on the flight
schedules, there are nearly zero flight during 00:00 to 07:00. In
order to guarantee the fully charged batteries for the entire day
flights, the 30% of daily energy requirement of all EA batteries
is scheduled to be recharged during these 7 hours. The initial
number of swappable batteries are set equal to the number of
arrival flight at the peak of flight schedule in each airport. The
number of chargers could be calculated as follow:

Be X Epatt tot
Ne Pcharger ' Tnight (1)

where N, is the number of battery chargers at each airport, f3, is
the coefficient of the required energy for charging EA batteries
during the 7 hours night period, Pepgrger is the rated power of
each battery charger, E} ¢ ¢ is the total energy required by the
EA batteries of daily scheduled flights, Ty;gp, is the night
charging period defined from 00:00 to 07:00.

The transformer capacity is sized to the peak charging power
of the EA on the busiest day of flight schedules. For resilient
energy operation, the installed capacity of airport gas turbine is
assumed to be equivalent to the grid transformer capacity, to
cover the ‘N-1" criteria that either the gird transformer or gas
turbine outage would still meet the peak EA charging demand.

B. PV capacity and output profile

The estimation for the maximum PV installation capacity is
based on the land availability of individual airports. In this
paper, car park canopy and building rooftop are considered as
ideal locations for PV installation. The PV installation capacity
varies with the PV module technologies and type of mounting
systems. This work has its main focus on the EA charging
system, therefore the PV capacity calculation will only be
based on the area of canopy and building rooftop for an initial
and high-level estimation. The worldwide standard of PV land
size over installed capacity is 1 MW per 2ha (5 acres) which
will be used for PV capacity estimation in airport areas [24].
The 2019 PV generation profiles of relevant cities where the

airports are located are calculated based on this model. The PV
panels are installed horizontally, which means the installation
tilt is 0°. The results for PV installation capacity of 8 UK
airports are summarised in TABLE II.

The power output profile of airport PV generation is
calculated based on the Global Solar Energy Estimator (GSEE)
model [25] with estimated maximum PV installation capacity.
The model is developed based on the irradiance data of the PV
panels. The PV power output can be calculated by (2).

7
Ppy,c = Py rs;’: [1+ k7 (T, — T)] 2)

where Ppy , is the power output of the PV cell at time t. Pp** is
the maximum installation capacity of the PV cell under the
standard test condition (1,000 W/m?, 25°C). r; is the light
intensity of the PV cell at time . 757¢ is the standard test light
intensity of the PV cell, equals 1,000 W/m?. k; is the power
temperature coefficient. T; is the temperature of the PV cell. T,
is the reference temperature.

C. Gas turbine operation parameters
The power output of the gas turbine can be calculated as (3).
Pert = Ner * Gere 3)
where Py, is the power output of the gas turbine at time 7. 147
is the efficiency of the gas turbine. G4r . is the gas input at time
t.

In order to achieve the switch-on and switch-off control for
gas turbine scheduling, the gas turbine sate flow model [26] is
adopted. The operation status of gas turbine including the
switch control is modelled in equation (4-8), where the
following state binary variables are introduced: operation state
variable v,, starting up integer variable y,, and shutting down
integer variable z;. The transition between the variables are
formulated:

Ve =2t = Ve — Vi1 4
Yet+tz; <1 ®)
Aermin * Per™* " ve < Pere < Adormax " Per " Vi (6)
RD vy < Pgry — Port—1 < RU - v, @)
k+UT
UT-ytSZ v <DT-(1-2) ®)
1=k

Constraints (6) and (7) formulates the operation boundaries
of the gas turbine. The necessary start-up time of gas turbine is
also taken into consideration by the equation (8). The
parameters of the gas turbines can be found in [15].

D. Battery swap state flow model

The Mathematical formulation of battery swap process is a
typical job-shop problem that can be described by the state flow

TABLE 11
SIZING OF EA CHARGING EQUIPMENT AND AIRPORT ENERGY RESOURCES
. Total Area Available Grid GT Num. of Num. of
Airport TATA Code (acres) Area (acres) (MVA) PV (MW) MW) Batteries ~ Chargers
London Heathrow LHR 3,032 250 180 50 180 260 36
Edinburgh EDI 1,300 85 170 17 170 240 34
Glasgow GLA 1,028 37 120 7 120 170 24
Manchester MAN 1,384 88 85 17 85 120 17
Birmingham International BHX 820 108 60 21 60 80 12
Belfast International BFS 1,198 58 60 11 60 80 12
London Gatwick LGW 1,665 217 45 43 45 60 9
London Stansted STN 1,796 95 35 19 35 50 7
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model [13]. In this work, the battery swap state flow model
developed in the literature is utilised to model the EA battery
swap process, which is formulated as follow:

T | .
Zi (nét + n“,v_t) +np =N, ©
(10)

i i
Nace T Naw,t = Nae-Ty

Mee = Ngeta + Nceor + Miycy (11)
Mt = Migio1 + N1 = Myt (12)
T TC .
Mo = npea A0l = Y (k) (13)
L

TC .

PRCHES (14)
13

Neq = Nery My = My Npy = Npr (15)

Eq. (9) represents the balance of total number of batteries.
The total number of batteries Ny, is constant in three charging
states including charging nl ., fully charged ng. and empty
batteries n“;\,_t in an airport. The constraint (10) defines the
battery swapping process. After the time Ty¢ spent on battery
swapping, the depleted batteries entering the airport are divided
into two groups: direct charge group nécyt, and waiting for
charge group n("lw’t. The charging and waiting batteries could
be calculated as constraints (11) and (12), n‘i,vclt is the number
of batteries transferring from waiting to charging state at time 7.
The number of fully charged batteries is calculated by sum up
the number of fully charged batteries and minus the depleted
(swapped) batteries ZiTC(nfu). Due to the repetitive operation
pattern of daily airport battery swapping process, the number of
batteries with SoC in each state are equal between the
beginning and end of the day, formulated as (13-15). All of the
variables in Eq. (9)-(15) to represent the number of batteries are
integer.

E. Electrical power balance

The total charging demand of EA battery can be calculated
from the number of charging batteries and the rated power of
battery chargers.

Tc
Pc,t = Zi (ni‘,t) ) Pcha‘rger “MNe (16)
where P, is the power output of battery chargers. 7. is the
charging efficiency of EA batteries.
The power generated from the grid, gas turbines and the PV
panels are balanced with the EA charging demand.

Pyriae + Prve + Pore = Pey (17)
where Pgriq . is the power import from the grid, Ppy is the
power generated by PV, P;r . is the power generated by the gas
turbine.

The power output of each airport energy source should be
within their capacity:

max
0< Punit,t = Punit ’

unit = PV, grid, GT (18)

IV. AVIATION-TO-GRID FREQUENCY RESPONSE

EA charging system is innovatively utilised to provide
primary and secondary frequency response through the EA
batteries and airport gas turbine. As shown in Fig. 1, an energy
control strategy is developed to dispatch EA batteries and gas
turbines by monitoring the real-time system frequency, and a

frequency response control is set up to mitigate frequency
deviation. The EA charging scheme will be scheduled on an
hourly basis by the flight schedule with battery swap process.

A. Objective function of EA charging system operation with
A2G frequency response

The electric aircraft charging scheduling problem is
formulated as a mixed-integer linear programming (MILP)
optimisation problem. The objective function is to minimize the
total energy operation costs of the airport EA charging system.
The costs include the electricity purchase cost from the grid, the
gas supply cost and the frequency response revenue. The
calculation method for the frequency response revenue is
shown in Eq. (19-20).

0bj = min (Z;ds(ocs - RAZG,S)) (19)

T
0Cs = Zt_l(Pg‘rid,s,t ‘Pe t GGT,s,t . pg) At (20)
where OCj is the operation costs of EA charging system. p, is
the time-of-use electricity price. pg is the gas price. d; is the
number of days in one season (230 days for summer, 135 days
for winter).

Firm Frequency Response (FFR) is triggered when grid
frequency drops below a specific threshold of 49.7Hz [27]. The
charging batteries will reverse the charging state to discharging
and consequently to provide double volume of frequency
response to its rated power. All batteries are required to sustain
their output for 30s as required by primary response, then the
batteries are linearly reduced their output at the rate of 0.5
MW/s in order to prevent instantaneous power imbalance
[31][32]. The primary response will require the batteries to
discharge for only 30 seconds, hence the batteries state of
charge (SoC) will be estimated to reduce by less than 5%,
which will not affect the scheduled flight operation.

The gas turbine can participate in both primary and
secondary frequency control as long as the operation reserve of
gas turbine is available [30]. The primary frequency control
requires the gas turbine to automatically increase (or decrease)
power output within a certain timescale when a grid frequency
event occurs. A commonly used frequency response
requirement is used to achieve 50% power output within 15
seconds and 100% within 30 seconds proposed by European
Grid Authorities [31]. The secondary response is then provided
by the gas turbine to sustain the system frequency for 30
minutes. The total primary response power and secondary
reserve energy can be calculated by (21-24).

APE“;S =2-P; 21

0 < APE, < @ - P v, (22)
APAZG,t = Apg,ets + APE%,St (23)
Epzce = APGr;,st T (24)

where ¢ denotes maximum reserve power proportion of gas
turbines, AP;%’ is the response power from the EA batteries.
AP, ¢ is the A2G primary response power. Eqy¢ , is the A2G
secondary reserve energy, AP;75 is the response power from
gas turbines. T is the response time of gas turbine, which is 30

minutes.
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Fig. 2. Simplified GB power system model with the A2G frequency response
control

The FFR contract with GB National Grid will stipulate a
revenue settled in every half an hour. The primary and
secondary response reserve revenue will be paid by a fixed
tariff. The price will be paid like an insurance even in a normal
operation with no frequency events [32]. The frequency
response revenue is calculated in Eq. (25).

T
RAZG,S = Zt:1(APAZG,t * Ppri + Esec,s,t ' psec) - At (25)
where Ry, ¢ is the daily A2G frequency response revenue in
summer or winter season. pp,; and pg,. are the primary and
secondary frequency response revenue respectively.

B. A2G frequency response integration to power system
After solving the MILP optimisation problem, the results of

A2G frequency response powers (APg7 and APZF%) are put
into the frequency response simulation model to derive the
frequency response results. As shown in Fig. 2, the simplified
Great Britain (GB) power system with inertia estimation [5]
was used to analyse the frequency response from the EA
charging system. The parameters of the simplified GB power
system can be found in [16]. The time evolution of system
frequency deviation can be described by a first-order ordinary
differential equation in Eq. (26) [5].

JAf;

ZHsys ot + D x PtD *Afy = APy — APgis e + APyyg ¢ (26)

where Af; is the frequency deviation at time t, PP (MW) is the
power system demand level, and APy, is the generation
power loss, AP, , is the response power from synchronous
generators. The Hy,; (MW/Hz) is the power system inertia
constant, which represents the total stored kinetic energy in the
synchronous generators of the power system.

The synchronous generators are modelled by a governor
droop block, a governor actuator block, and a turbine block. T
is the typical governor actuator time constant of 0.2s. A
transient droop compensation is introduced between the
governor and the turbine which is a lead-lag transfer function
with time constants 7; and 7> at 2s and 12s respectively. The
turbine model is characterized by a time constant 77 of 0.3s,
which represents the mechanical power output following the

governor action. D (%/Hz) is a single damping constant which
represents the damping provided by the frequency-dependent
loads. These parameters capture the characteristics of different
governors and turbines in response to a frequency change,
which can be derived from a frequency deviation event caused
by power imbalance [16]. The responsive synchronous
generators are represented by the closed-loop transfer functions
(27-28).

Gy(s) = 27

T¥sT,
1+s'Ty
Gr) = T T w52 (1, + 1) (28)

The A2G frequency response system includes gas turbines
and EA batteries. Both the gas turbines and EA batteries will
provide a primary response by adopting droop control, then the
gas turbines will keep at a constant power to provide a
secondary response. When the meters sense the system
frequency falls below 49.7 Hz, the reserve power will be
discharged to the power system. The dynamic model can be
formulated by the following first-order equations:

0AP,; 1/ Af; -
APy, = Z AP, ,(u = B,GT) (30)

where AP, ; is the response power output from the units (EA
batteries and gas turbines). T,, and R, are the time delay
constant and the droop constant for the EA batteries and gas
turbines to inject response power to grid.

V. RESULTS AND DISCUSSION

A. Case studies with input data and assumptions

The sizing of EA charging system is shown in TABLE II.
The A2G frequency response control system and the simplified
GB power system are modelled on the Simulink platform of
MATLAB 2019b. The electric aircraft charging scheduling
problem is solved by the MILP algorithm in CPLEX solver.
The modelling process is conducted on a PC with Intel Core
15-8500 CPU @ 3.00 GHz and 8 GB RAM. As discussed in the
previous section, the flight schedules vary with seasonal effect.
In the case studies, two weeks’ flight schedules in summer peak
month (May) and winter peak month (November) are
investigated. In this paper, the inertia of the GB power system is
based on the long-term inertia forecast of a typical value 100
GVA's in 2050 across both summer and winter for the
simplification purpose [33]. T3 is assumed to be 35 ms that is
similar to the normal EV charging case [17]. Tgr is set at 10s
according to reference [34]. The maximum reserve power
proportion of gas turbines is assumed to be 15%. The droop
constants of the EA batteries and gas turbines are assumed to be
2.5% and 5% respectively. The national demand profiles on a
typical summer and winter day are utilised in the case studies.
The total power system demands are 41.6 GW as the winter
maximum demand and 21.2 GW as the summer minimum
demand. The simulated generator loss is assumed at 1,800 MW,
which is equivalent to the largest generators loss at Sizewell
nuclear power station in the UK. The power loss is assumed to
happen repeatedly in every 30 minutes interval. For airport
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energy purchase from grid, the gas price is stable at 0.038
£/kWh, while the time of use (TOU) pricing mechanism of
electricity price is introduced as £0.07 (00:00-07:00), £0.15
(10:30-16:00 and 21:00-24:00), and £0.2 (07:00-10:30 and
16:00-21:00) per kWh. The primary A2G frequency will
receive a stable capacity revenue which is assumed to be 8
£/MW per 30 min. The secondary response power will receive a
payment for reserved energy (10 £MWh per 30 min).

B. Energy dispatch results of EA charging system

Fig. 3 shows the hourly EA charging supply and demand
driven by the power generation dispatch with defined flight
schedules. The results indicate that the EA charging demand
patterns are different to the flight schedules due to the battery
swap with optimal energy dispatch that enables the charging
demand flexibility in the airport operation. In terms of power
generation, the power drawn from the grid is significantly high
during the night from 00:00 to 07:00, while gas turbines supply
the most EA charging demand during the daytime and in the
evening. This is because the electricity price is cheaper during
the night which incentivises the EA charging system to purchase
electricity from grid to fully change batteries for the oncoming
flight missions. The advantage of this EA charging arrangement
is to compensate the national power system demand profiles
across the 8 UK airports, where the overnight national demand
valley can be filled by EA charging, while the day and evening
demand peak can be self-dispatched by airport gas turbines. To
maximise the PV generation, the EA charging system dispatches
the maximum available PV generation during the daytime, which
ensures the 100% utilisation of renewable PV generation. Due to
the seasonal effect of solar energy source in particular the output
reduction over winter period, gas turbines are operating at a
higher level in the winter daytime.

C. A2G frequency response results

7
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Fig. 3. Energy dispatch results of the 8 UK airports

The A2G frequency control mechanism is triggered when a
frequency deviation such as power generation loss occurs. Fig. 4
(e) and (f) show a series of frequency nadirs — the minimum
post-contingency frequency after the system suffers a loss of
1,800 MW generation in every 30 minutes interval with and
without A2G frequency response. Comparing with the without
A2G scenario, the half-hourly frequency nadir improved
significantly by approximately 0.4 Hz during the night and 0.2
Hz in the day. The effectiveness of A2G frequency response in
improving frequency nadir is dependent on the power system
inertia, and A2G becomes more effective in the summer and
00:00-07:00 period due to the weak system inertia. When the
frequency event occurs, the charging batteries not only stop
charging but also being able to fully discharge the power back to
the grid. This makes the “double effect” of frequency response
capacity. Therefore the night frequency nadir improved twice as
much as daytime due to the EA batteries which are fully
available to provide frequency response 00:00-07:00 when no
flights are scheduled. During the daytime the frequency response
is mainly provided by gas turbines. In a realistic power system
operation scenario, the frequency contingency events will not
happen repeatedly at such a short interval. As a result, this study
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always assumes that each frequency events in a half-hourly
interval are independent and there is sufficient power reserve
capacity to restore the frequency before the next contingency
event. Overall, the average frequency nadir can be improved by
0.31 Hz in summer, and 0.23 Hz in winter due to the A2G
frequency response services. Most importantly, the number of
Infrequent Infeed Loss Risk (defined as below 49.5 Hz [28]) can
be reduced by 83.33% in summer and 68.75% in winter, which
significantly reduce the likelihood of significant frequency
deviations with A2G frequency response services.

D. Response power and energy from A2G system

The amount of response power available from A2G frequency
response through EA batteries and airport gas turbines is
calculated, and the results are shown at every half an hour for a
summer and winter day in Fig. 4 (a-b). There are 900 to 1,200
MW response power capacity from 00:00 to 06:30 when there is
no flight, and 300 to 900 MW capacity when the EA requires
charging power. The higher power response capacity during
night is caused by the full amount of EA batteries that are
available at airports overnight. In the peak flight scheduling
periods of 20:00 - 22:00 in summer and 19:00 - 21:00 in winter,
the majority of EA batteries are used to meet aviation
requirements, therefore less power response capacity is
observed. Such response power capacity has a strong impact by
the EA charging schedules. To discuss the response power
capacity from different sources, the EA batteries provide 100%
of response power capacity overnight and around 80% - 90%
capacity during the day, gas turbines can only provide around
10% to 20% response power capacity from 07:00 to 23:00. This
is because the response power of gas turbines for frequency
control can only provide response power when the turbines are
dispatched. Overnight due to the low electricity price, the
charging power is mainly from the external power grid with no
gas turbines dispatchable overnight to provide response power
capacity. For the rest of time, the A2G system provides a
combined response power from EA batteries and gas turbines.

The response energy provided by EA batteries and gas
turbines is calculated in Fig. 4 (c) and (d). Gas turbines can
provide more than 30 MWh response energy on most occasions,
with peak response energy of 35 MWh in both summer and
winter. However, the EA batteries can only provide response
energy around 10 to 15 MWh (overnight) and 5 to 10 MWh
(daytime). The reason for gas turbine to provide much higher
response energy is due to the sustained power output of gas
turbine over a longer period of 30 minutes comparing with the
constrained response time of only 30 seconds for EA batteries.
The response energy provided by gas turbines is up to four times
higher than EA batteries.

E. Response revenue and charging costs

The annual EA charging costs with A2G frequency response
revenue are shown in Fig. 5. The EA charging costs consist of

two main parts: the grid electricity purchase and the gas turbine
energy consumption, which are based on the electricity and gas
prices provided. The calculated EA charging costs across 8 UK
airports demonstrate a balanced expenditure on electricity and
gas usage for all airport size with flight schedule variation. The
annual frequency response revenue is calculated in equations
(27). In average, the frequency response revenue can off-set
19.8% to 30% of charging costs across 8 UK airports. The total
revenue generated from A2G frequency response services is
estimated at £46.58 million.
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Fig. 5. Annual EA charging costs and A2G frequency response revenue for 8
UK airports

F. Sensitivity analysis of A2G generation capacity

Sensitivity analysis has been conducted to investigate the
impacts of generation capacity on the energy dispatch of EA
charging system, associated with A2G frequency response power
and energy. Additional two scenarios are considered as scenario
2 - half gas turbine capacity, and scenario 3 - half grid
transformer capacity.

Fig. 6 shows the response power and energy that are provided
by the 50% reduced capacity of gas turbine or grid transformer,
together with the frequency nadir simulation results subject to
half-hourly power loss events. Scenario 2 (half gas turbine)
demonstrates uneven distribution of response power across day
and night, and less response energy due to the 50% reduced
participation of gas turbine in providing sustained response
energy to the secondary response timescales. Scenario 3 shows
0-180 MW lower response power during the night and
0-160MW higher response power during the day. This is due to
the increased gas turbine participation in energy dispatch when
the grid supply capacity drops to half, which will smooth out the
response power and energy between day and night. However,
base case scenario with balanced grid and gas turbine capacity is
still considered as an optimal option due to the higher response
power provided for low system inertia period. Such frequency
phenomenon can be observed in 24 hours’ frequency nadir
results that base case with balanced generation capacity will
effectively manage frequency nadirs for both day and night (Fig.
6¢).

G. Grid service value
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Sensitivity analysis of grid service value on energy dispatch
strategy and frequency response revenue is conducted. Scenario
1 as a base case with primary response payment of 8 £/MW and
secondary response payment of 10 £/ MWh. Scenario 4 and
scenario 5 are new case studies to represent lower and higher grid
service values. In lower grid service value, the response
payments is assumed to become half: 4 £/MW for primary
response and 5 £/MWh for secondary response. In higher grid
service value, the response payments are doubled: 16 £MW for
primary response and 20 £/MWh for secondary response.

In Fig. 7 (a), higher grid service value leads to more response
energy to be dispatched from A2G system, in particular
overnight when the gas turbine is on secondary response. Lower
grid service value discourages response energy by half
comparing with base case scenario. In Fig. 7 (b), frequency
response revenues are compared across three scenarios with
different shares between primary and secondary response.
Higher grid service value will attract higher frequency response
revenue, because both value and capacity of frequency response
are increased. Furthermore, secondary response revenue which is
primarily provided by gas turbine is more sensitive to the
variation of grid service value.

VI. CONCLUSION

The electrification of aviation enables the electric aircraft
(EA) charging to provide valuable flexibility services to the
power grid. This paper proposes a new concept of
Aviation-to-Grid (A2G) flexibility that utilises EA charging
system with battery swap method to provide grid frequency
response services. Smart EA charging system is developed to
dispatch PV, gas turbine and grid electricity in order to meet EA
charging demand associated with the seasonal flight schedules.
The A2G frequency response system is developed to coordinate

primary and secondary frequency response control with the grid
inertia estimation. The hourly energy dispatch strategy is
optimised to achieve the minimum operation costs by
considering the EA charging demand, energy prices and A2G
frequency response revenue. Case studies are conducted in 8 UK
airports which serve around 37% of the total UK domestic air
passengers. The results show that the typical A2G frequency
response services capacity across the 8 UK airports can reach
between 900 - 1,300 MW overnight and 200 - 900 MW daytime
with seasonal variation. EA batteries can provide frequency
response power up to six times higher than gas turbine during the
day, while 100% of frequency response power is provide by EA
batteries overnight. However, gas turbine can provide
approximately four times higher frequency response energy than
EA batteries due to the sustained gas turbine output. The
installed generation capacity has a significant impact on the
energy dispatch strategy, and response power and energy of A2G
frequency response system. The annual revenue that is generated
from A2G frequency response is estimated to be £46.58 million,
which can cover 19.8% to 30% of energy consumption costs of
EA charging in future airports. The average frequency nadir can
be improved by 0.31 Hz in summer and 0.23 Hz in winter due to
the A2G frequency response services, and the likelihood of
Infrequent Infeed Loss Risk (defined as power system frequency
below 49.5 Hz) can be reduced by 83.33% in summer and
68.75% in winter. The sensitivity analysis of grid service value
reveals that the higher grid service value will attract higher
frequency response revenue. Specifically, the secondary
response revenue which is provided by gas turbine is more
sensitive to the variation of grid service value.

For future work, the airport charging infrastructure will be
designed, and cost-benefit analysis will be conducted for the full
EA charging system project cycle from design to operation.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final
publication. Citation information: DOI10.1109/1ii.2021.3128252, IEEE Transactions on Industrial Informatics

TII-21-2871

Uncertainties will be introduced in flight schedules, energy
dispatch and daily airport operation.
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