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Achieving net zero goals by 2050 is driving an energy transition towards clean electrical energy. Consequently,
many initiatives have been proposed aiming to reduce carbon emissions in the building and transportation
sectors, focusing, for instance, on the implementation of efficient heating and cooling systems based on
heat pumps and the use of electric planes. Microgrids can effectively integrate thermal and electrical energy
resources and loads to satisfy customer demands while providing technical, economic, and environmental
benefits. Thus, this paper proposes the implementation of a model of a hangar microgrid and its Energy
Management System to optimize the dispatch of resources of such thermo-electrical airport grid, using a Model
Predictive Control approach to address uncertainties, and including a detailed building thermal model, heat
pump modeling for the heating and cooling systems, and battery degradation. The proposed mathematical
model of the Energy Management System is applied to a model of a microgrid being developed for a hangar
at the Waterloo Wellington Flight Centre in Ontario, Canada, taking into account the specific characteristics
of the microgrid’s components, the expected energy consumption of the equipment and the electric plane used
for pilot training based on field measurements, and multi-room temperature control requirements, seeking to
ensure a reliable and cost-effective operation, while considering the occupants’ comfort in different spaces. The
results indicate that the proposed Energy Management System model, featuring multi-room temperature control
through multiple thermal resources, can achieve significant savings in operational costs and CO2 emissions
compared to a scenario where the microgrid is not deployed and another where a single-room building thermal
model with a single heat pump is included.

1. Introduction investing thus far over $14 billion in capital infrastructure and im-
provements, including the use of Renewable Energy Sources (RESs) for
electricity generation, and Electric Vehicles (EVs) and Electric Planes
(E-Planes) for transportation.

Microgrids can effectively integrate thermal and electrical energy
resources and loads to satisfy customers’ demand and improve overall

efficiency. Thus, the Energy Management System (EMS) of microgrids

Many initiatives across the world are being pursued to address cli-
mate change and facilitate a transition toward a low-carbon economy to
achieve a Net Zero 2050. This includes the integration of clean energy
generation sources and the electrification of thermal and transportation
energy systems. In this context, a significant increase in the use of
electricity for space heating is required to achieve net zero in the

buildings sector, especially in Canada [1]. However, keeping electricity
affordable and reliable, and addressing peak demand issues present a
challenge for electric utilities. Hence, there is a significant drive to the
implementation of energy-efficient buildings using Heat Pumps (HPs)
to help achieve these objectives.

The 184 member states of the International Civil Aviation Organiza-
tion (ICAO) adopted in 2022 a long-term global aspirational goal of net
zero carbon emissions from international aviation by 2050 [2]. There-
fore, the Government of Canada and the aviation industry have devel-
oped Canada’s Aviation Climate Action Plan [3], with Canadian airports

should be capable of controlling both electric and thermal systems
to ensure a reliable and cost-effective operation. In this context, the
energy management of thermo-electrical microgrids is a challenging
task, since several aspects need to be considered for their operation,
such as adequate modeling of the microgrid components considering
computational burden, the incorporation of thermal comfort through
proper temperature settings, and the variability of RES, energy demand,
and environmental conditions. Researchers have identified the benefits
of combining the supply and demand of electrical and thermal energy
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Nomenclature 6 Ambient temperature [K]
& Amount of windows on building surface s
Acronyms AI./ B A Area of building floor/surface [m?]
BESS Battery Energy Storage System Al Arezza of internal wall between room i and j
COP Coefficient of Performance ) [m ]
atkr i ifi
DER Distributed Energy Resource ¢ Air specific heat [kJ/(kgK)]
em . .
DG Distributed Generation clép Cost of CO2 e%n?lssmns [$/ le.-l]
DOD Depth of Discharge o Cost of electrlc.lty from the grid [$/kWh]
EH Electric Heater " Therrrfal cefpa.c1ty of roorzn i [kJ/K]
EMS Energy Management System Ii’éH Solar 1Trad1at10n (kW/m?]
ESS Energy Storage System P o EH .actlve power. [k.W]
EV Electric Vehicle P,; Act%ve power building demand [kW]
GHG Green-House Gas Pk:V Active power e-plane demand [kW]
HP Heat Pump P, PV plant output. [kW] .
HVAC Heating Ventilation and Air Conditioning v . Thermal transmittance [kW/(m"K)]
rate 1 1
MPC Model Predictive Control Uk Ventilation rate [1/h]
PV Photo-Voltaic Variables
RES Renewable Energy Source D,k Piece-wise linear degradation function
SOC State of Charge in . .
TEC Thermal Equivalent Cireuit Hi,k Indoor temperature in room i [K]
TES h | Eq s P Active power from electric grid [kW]
) ermal Energy System P}f’kP HP input active power [kW]
TOU Time of Use oh .
. . Tk Battery charging power [kW]
WWEFC Waterloo Wellington Flight Centre o . ;
e Battery discharging power [kW]
Sets and Indices HP, .
0] ik HP cooling thermal power [kW]
min, max Minimum and maximum limits QH Pp HP heating thermal power [kW]
. hk
{ne} Rooms with no temperature control eno Heat transfer through building envelope
{ng} Rooms not at ground level ’ [kW]
{ph} Planes’ hangar room o Heat transfer with the ground [kW]
ferF Floors of building Qﬁ‘i Internal heat gains [kW]
he H Heat pumps (HPs) sun ;
by Thermal solar power through windows
i,jER Rooms ’ [kW]
keT Time steps I.Uj’("’ Heat transfer due to ventilation [kW]
lerl Partitions for battery degradation model err j;( Thermal power transferred between rooms
neN Batteries I kW]
SES Surfaces of building envelope SOC, i Battery State of Charge (SOC) [kWh]
wew Internal walls of building U ON/OFF state of EH (1=ON)
Parameters Uk HP heating/cooling decision (1=heating,
Aty Time interval between step k and step k + 1 0=cooling) . o
[h] Ynlk Battery charge/discharge decision
neh, ndeh Battery charging/discharging efficiency ](Ell\ZSC hz:.ge’ ‘0=(;1sche.1rge) $
H; Thermal distribution factor for room i z objective function [$]
o Piece-wise linear degradation coefficient
y/f Pe HP cooling efficiency reduction coefficient
P works incorporate a building thermal model to account for temperature
" . - . -
¥y HP heating efficiency reduction coefficient control, considering the building as a single structure such as in the
) 3 case of [11], where a multi-agent-based EMS is proposed for coordi-
air 1 1
4 Air density [kg/m’] nated energy and comfort management in integrated buildings and a
s . . g
o; Shadowing coefficient of building surface s microgrid system. Ref. [12] studies a distributed EMS for community
o - . microgrids for optimizing the dispatch of Distributed Energy Resources
7’ Transmission coefficient of windows . ..
o (DERs), storage systems and home appliances. Similarly, [13] presents
V;l" Volume for room 7 [m’] a Model Predictive Control (MPC)-based EMS for an isolated microgrid
6 H P out Ground temperature [K] with thermal resources, and [14] adopts a nonlinear formulation to
O HP outlet temperature [K] capture the nonlinear thermal models response in an MPC-based EMS.

Finally, [15] focuses on price-based demand response and indoor tem-
perature control to flexibilize the electric and thermal loads, while [16]

in thermo-electrical microgrids. However, limitations can be identified proposes various control strategies for the operation of residential EMSs

in the existing literature. For instance, several authors have considered
the thermal demand as an input parameter to the EMS [4-10]. Other

considering variable-speed HPs, with a practical application in a typical
Greek single-family house using a one-room building model.
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The application of techniques for including thermal comfort in
energy management models without building thermal models is dis-
cussed in [17], using a linear thermal dynamic model in a data-driven
approach to forecast Photo-Voltaic (PV) generation, demand and room
thermal dynamics to schedule the dispatch of Heating, Ventilation, and
Air Conditioning (HVAC) systems. Ref. [18] uses a comfort reward
function to evaluate the deviation of residential room temperatures
from a predetermined comfort temperature in a building model-free
approach, and in [19], a deep neural network-based approach for
predicting occupants’ thermal comfort is presented.

Although extensive work has been carried out on the energy man-
agement of thermo-electrical microgrids, research on the incorporation
of models that allow detailed representation of different rooms in a
building with independent HVAC systems is limited. For example, [20]
investigates the use of pre-cooling strategies in residential households
to mitigate the duck-curve effects using multi-room building ther-
mal models with a single HVAC system. Ref. [21] proposes a novel
Price Storage Control (PSC) strategy that considers thermal satisfac-
tion, available thermal storage, and energy prices to determine the
dispatch of a single HP using a multi-room building model, while not
considering the incorporation of DERs. Similarly, [22] focuses on the
study of thermal dynamic operations of passive buildings and model
parameter identification with only one HVAC system, which does allow
for independent temperature control. Thus, for buildings with multiple
HVAC systems requiring independent room temperature controls, the
modeling of heat transfer dynamics between rooms is required, as these
significantly influence the dispatch of thermal resources.

Due to the need to transition to a clean-energy environment that
includes aviation systems, research on the development of airport
clean-energy microgrids is increasing. In this context, [23] considers
the loads of an airport cargo terminal microgrid for the application of
an Energy, Economic, and Environmental (3E) performance assessment.
The work in [24] focuses on smart charging and flight schedule op-
timization of hybrid electric aircraft. Airport electric ground support
equipment has also been studied to achieve optimal fleet schedul-
ing [25], and for providing ancillary services to the grid [26]. Another
application for ancillary services is discussed in [27], where researchers
propose the concept of Aviation-to-Grid (A2G) using the electric aircraft
charging system to provide primary and secondary frequency response
to the grid. Planning and design of airport microgrid infrastructure is
studied in [28] to accommodate EVs and electric aircraft, and [29]
discusses the optimal capacity of PV generation and Battery Energy
Storage Systems (BESSs) in such microgrids. Aiming at the same goal,
the study in [30] focuses on the benefits produced from incorporating
PV and various BESS dispatch scenarios considering the increasing
power demands from electric aircraft and EV charging in a Swedish
airport. Furthermore, the operation of different airport microgrid com-
ponents is presented in [31], which integrates the use of hydrogen fuel
cells, as well as in [32], which expands the findings of [31] within a
resilience assessment context.

In most of the existing literature, there is a predominant focus on
determining the optimal sizing of microgrid components or optimizing
the schedule and operations of airport fleets, namely, ground support
equipment and electric aircraft, neglecting the aspects related to the
operation of airport buildings and their electrical and thermal energy
demands. Thus, this paper proposes the implementation of an MPC-
based EMS model for an airport hangar thermo-electrical microgrid,
capable of determining the optimal dispatch of its resources while
ensuring occupants’ comfort through predefined temperature settings in
various rooms, including a detailed building model to account for heat
exchange between rooms. Furthermore, the EMS model includes the
representation of BESS degradation considering the Depth of Discharge
(DOD) of the battery and e-plane charging requirements. Hence, the
main contributions of this paper are as follows:
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» Proposing an EMS for a detailed model of a hangar microgrid
including DERSs, such as Solar PV and BESS, and e-plane charging.

Implementing a detailed hangar thermal model considering ac-
curate representation of multiple rooms and the associated tem-
perature control requirements, and the independent dispatch of
thermal resources such as HPs and Electric Heaters (EHs) for tem-
perature control in each hangar room considering heat exchanges
between zones.

Applying the proposed EMS to the model of an actual microgrid
being deployed at Waterloo Wellington Flight Centre (WWFC)
Hangar 7 in Ontario, Canada, with a detailed representation
of its components, to demonstrate the advantages of the pro-
posed microgrid model and operation through model and cost
comparisons.

The rest of the paper is organized as follows: Section 2 provides a
background overview of the concepts related to microgrid EMS, using
MPC to address uncertainties, and the modeling of thermal systems and
battery degradation. Section 3 describes an optimization model for a
microgrid EMS, incorporating thermal and electric systems including
RES and BESS, a detailed building model to account for different
thermal contribution sources and heat exchanges, and the modeling of
HPs for the provision of heating and cooling in multiple rooms. Sec-
tion 4 comprises a practical application to an existing hangar building
with a grid-connected microgrid being deployed for the WWFC, with
flight simulators, and HP-based HVAC systems, considering e-plane
charging demand and the various thermal needs of the building for
different electricity tariffs. Modeling and operating cost comparisons
are also presented in this section to showcase the advantages of the
proposed microgrid models and operation. Finally, the summary and
the conclusions of these studies are presented in Section 5.

2. Background
2.1. Microgrid energy management systems

A microgrid is defined as a cluster of controllable and uncontrollable
loads, and DERs, which comprise Distributed Generation (DG), Energy
Storage Systems (ESSs), and RESs, operated in coordination to reliably
supply electricity [33]. The EMS is at the core of secondary control in
microgrids for both grid-connected and stand-alone operating modes,
and can be either centralized or decentralized. In a centralized EMS,
which is the focus of this paper, a central controller determines the
dispatch of the resources to achieve the predefined objectives based on
the information obtained from forecasting systems.

Given the unpredictable nature of renewable resources and de-
mand, the EMS should consider these uncertainties to control the
power exchanged among microgrid’s components, ensuring reliable
and economical operation by the optimal commitment and dispatch
of the variable DERs for both grid-connected and isolated operating
modes [33]. The MPC approach has been broadly used to address
in practice uncertainties in EMS [13,33,34]. One of the principles
within the MPC framework is a rolling horizon control, which is an
optimization-based control strategy where at each time step k, the hori-
zon moves forward with the optimization control problem, with fixed
constraints being solved continuously. The states of the system at future
time steps are calculated as a function of the control variables and
initial system conditions, while the optimization problem calculates a
control sequence for the entire horizon such that the selected objective
function is minimized, but only the control action for the next time
step is implemented. In an MPC-based EMS, the optimization problem
is solved at each time step over a chosen time horizon T given the
forecasts of uncertain inputs, in order to calculate the set points for the
generation power accounting for the most likely value of those inputs.
The time intervals can have either uniform or non-uniform durations,
providing flexibility in the computational complexity of the model [13].
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2.2. Building thermal model

To accurately represent the thermodynamic aspects of loads, the
Thermal Equivalent Circuit (TEC) method is employed to model Ther-
mal Energy Systems (TESs) in EMS, which is based on an analogy
between thermal and electrical variables to represent heat transfer
processes using an electrical circuit with lumped parameters [35]. The
equivalent circuit can then be solved by using electric circuit techniques
to derive the differential equations that describe the thermodynamic
processes. In this context, the thermal capacitance C of a material can
be formulated as follows:

C =cPpVol 1

where, for a particular material, c¢? represents the specific heat, p
defines the density, and Vol represents the volume.

The building thermal model shown in Fig. 1 is used to derive
the constraints for the EMS related to thermal dynamics. Hence, as
per [13,20], a simpler first-order model can effectively capture the
dynamics of the indoor air temperature and account for the main heat
gains in each room i, as follows:

in

Cr g =mer” - el ~ e -0 + o+ of @
" delm . elm _ 9}" 9:;1 — gext
T T
JER ij i 3)
oin — g8 ;
_ Rf + Q?un + Q:g

i

where C!", which is the thermal capacitance that defines the indoor
temperature dynamics in each room, depends on the thermal power
contribution from HPs Q,f’ P associated with the thermal distribution
factor u; for each room; the heat transfer between room i and room
Jj Qf.;f ; the heat transfer through the building envelope Q7"; the heat
transfer between each room and the ground Q%'; the thermal power
due to solar irradiation entering through the windows Q*"; and the
internal heat gains defined for each room Q;g considering sensible heat
from people, as per [36], and lighting and equipment, based on [37].
Furthermore, R, RZ.', and R[.f denote the thermal resistance of the
material between two adjacent areas, i.e., the outside walls, the internal
walls between rooms, and the floors, respectively. Note that (2) is
discretized in the EMS model using a time step in the order of minutes.
All variables and parameters in these and other equations are defined
in the Nomenclature, together with their units, except for those that are
dimensionless.

The thermal model used considers the walls, floors, and ceiling
through thermal conductivities, but their thermal storage properties are
not directly considered. Since the thermal conductivities of partition
walls are high due to lack of insulation, their energy storage capabil-
ities are low. On the other hand, other insulated surfaces have low
conductivity and hence have the potential to store energy. The thermal
capacitance of these surfaces is typically lumped in the rooms’ thermal
capacitances to decrease the number of variables in the model and thus
simplify the building model to maintain computational efficiency, while
reducing modeling errors by indirectly accounting for these relevant
storage elements.

2.3. Battery degradation model

Microgrids with high penetration of RES can significantly benefit
from the use of BESS in terms of stability, reliability, and performance.
However, microgrid EMS applications have typically overlooked issues
related to battery degradation, despite the significant impact that BESS
operation can have on battery life in the long term, making degradation
a relevant aspect of an EMS [34]. BESS degradation can be attributed
to two factors, namely, calendar aging and cycle aging. Cycle aging is a
function of the number of performed cycles and the DOD in each cycle.
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Fig. 1. Thermal circuit of room i [20].

To identify the number of cycles, the Rainflow cycle-counting algo-
rithm has proven to be an effective approach [38]. Since the algorithm
does not have an analytical mathematical expression, it cannot be
incorporated directly within an optimization problem. Hence, [34]
proposes a piece-wise linear representation for which the battery’s cycle
depth range is split into even partitions / € £, considering the range of
the State of Charge (SOC) in the BESS. Assuming that only half-cycles
are identified, the degradation of battery n € N can then be described
as follows:

dch
b Aty w on . Bnik
Puik =75\ FPuiatln + pich )]
n n
dch
h h n,lk
SOC, 141 = SOC, 1 = <P,f,,,k”lﬁ = e >Afk ()
n
SOC™n < SOC,,, < SOC™™ 6
ch ch,max
0< Pn,/,k < Yok Py (2]
0< Pl < (1-y,,,) P yne N, VI€L, VkeT €)

where (4) denotes the cycle aging function, (5) corresponds to the
energy balance in the BESS, (6) represents the SOC limits, and (7) and
(8) model the limits for the power that can be stored and supplied
by the BESS, respectively. The inclusion of the binary variable y,
in (7) and (8) prevents the simultaneous charging/discharging of the
battery. Notably, each battery partition / has its own SOC, which is
bounded by the partition’s depth range, as per (6). The piece-wise
linear degradation coefficient ¢, ; in (4) is obtained for each partition
from the following cycle depth stress function, derived for lithium-
ion batteries [34,38], which is the most popular BESS technology for
energy storage applications in microgrids:

@56 = 5.23x10745203 9

Note that the degradation model considers the DOD § as the main
factor for BESS degradation, neglecting temperature and average SOC
due to their small impact. Furthermore, since grid-scale BESS have
capacities greater than fifteen minutes, the effect of current rate on
degradation can also be omitted [38].

3. EMS model formulation for hangar microgrids

The EMS model presented in this section aims to optimize the
operation of a microgrid that supplies both electricity and heat to a
hangar building, considering a detailed representation of the thermal
dynamics inside each room. For the electric demand supply, the model
considers power from the main grid, PV generation, and BESS opera-
tion. The thermal power is assumed to be supplied by air HPs, capable
of both heating and cooling, and an EH for the planes’ hangar. The
occupants’ thermal comfort is addressed through the control of the
indoor temperature within predefined customer set limits.
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The objective function of the EMS model aims to minimize the
operating cost of the hangar microgrid as follows, since that is the main
objective of deploying microgrids by airport operators:

minz=Y (¢ P¥ar)+ Y Y D E,RC,®,; (10)

keT keT neN leL

The first term pertains to the cost of electricity from the grid, and
the second term represents the costs associated with BESS degrada-
tion, where E, is battery’s n capacity, RC, is the replacement cost,
and @, , is the piece-wise linear degradation function obtained from
(4). Furthermore, to assess the impact of the microgrid operation on
CO2 emissions, a term has been added to the objective function (10),
yielding the following objective function:

minz=Y (cZPPa)+ Y D Y E,RC,®D,;,

keT keT neN ieL

+ Z (chPlprtk)
keT

1)

where ¢;" represents the cost of CO2 emissions associated with the
power obtained from the main grid.

The active power balance in the hangar microgrid can be repre-
sented as follows:

PR 4 3 3 (P bl ) = B BT
neN IeL (12)
+ Y PAP 4w PEH vkeT
heH
where the power from the grid and PV generation, which is the main
RES in airport microgrids due to wind generation deployment restric-
tions, are considered along with the operation of the BESS. Note that
P,fd accounts for the aggregated demand from lighting and electrical
equipment in each room, excluding the power consumed by the HPs
and the EH. For the latter, u, is a binary variable that commands the
activation of the EH, with a fixed electric power PEH,
The equations that define the thermal dynamics in the microgrid are
the following:
ik ik

o -0 _,)
Cin( Lk ik=1 — ( HP,, Qhk ) sun _ ~env

i 360041, 13)
- Y O -0 + O — 0F Vi€ R\{ph}, VkeT
JER
<0in 0 in )
) {phk — V{ph}.k—1
Cm — PEH + Sun _ EnU
(ph) 360041, "k Qipmy e = Qi 14)
ze t ”‘f
" 2 o, O k= Qo VKET
oy = 2 UL AY (91‘-,'2 - %) Vi,j €R, VkET as)
0¥ =u/ A’ (0"" —98*) Vie R\(ng), Vke T (16)
ik = Yi A \Yik &1>
H P.out
HP, _ HP, h HP,
0, =w, g P "VhEH, VkeT an
k
H P.out
_ HP, h P,
Qh,k —l[/h m hk Vl’lEH VkeT (18)
oot — ge
=N ol ASE T ViER, YkeT 19
SES
o= N USAS (9“’ 9”’) VieR, VkeT (20)
SES
vent _ U;mepairVOli e <91”;( ~ Hixr) VieR, VkeT (21)
ik = 3600 P
QF = NpQ/CLF +0Q!, +0!, Vi€R,VkeT (22)

In these equations, the thermal dynamics of indoor air are represented
by (13), where QZI: ¢ represents the HP cooling power, as per (3),
and ph refers to the planes’ hangar. The indoor thermal dynamics
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considering the EH are modeled in (14), where u, PEH represents the
thermal power contribution of the EH assuming that all the electric
power converts to heat. The heat transfer between rooms and between
each room and the ground is modeled in (15) and (16), respectively,
assuming that the ground temperature remains constant throughout
the day, due to the significant thermal mass of the soil and the time
horizon of the EMS, and that rooms in the {ng} set are not at ground
level. The heat and cold provided by the HPs are shown in (17) and
(18), respectively. Note that since the efficiency reduction coefficients
for heating and cooling are different, the resulting Coefficient of Per-
formance (COP) for each mode of operation is also different, aiming
to represent the actual HP operation. Egs. (19) to (21) represent the
thermal power from solar irradiation and the heat transfer through the
building envelope and ventilation, respectively. Eq. (22) represents the
internal heat gains from building occupants Q”, considering a time-
varying cooling factor CLF, and the number of people in each room
Np; [39], and the heat from lighting Qzl', i and equipment Q;, in each
room.
The operational limits can be considered as follows:

gimmin < <of < .9’” X yie R\{nc}, VkeT (23)
0< P’ <v, PHP™ VYhe H, VkeT 24
0< Pl < (1-vy,) PPP™ Yhe H, YkeT (25)

where the temperature limits for specific rooms are imposed by (23),
and (24) and (25) limit the power consumption of the HP. Observe
that the limit for the HP operation for heating and cooling is the
same. Furthermore, the binary variable v, , was included to prevent
the simultaneous provision of heating and cooling power.

4. Results and discussion
4.1. Description of the WWFC microgrid components

The WWEFC microgrid, illustrated in Fig. 2, comprises a PV system,
BESS, four HPs and an EH for indoor temperature control, a building
model of WWFC Hangar 7, and a charger for an electric plane. This
microgrid will supply energy to the e-plane and the building which
has been distributed into ten zones as defined by the system require-
ments: Electric room (Room 1), restrooms (Room 2), flight simulator
1 (Room 3), flight simulator 2 (Room 4), flight simulator 3 (Room 5),
corridor 1 (Room 6), planes’ hangar (Room 7), classrooms (Room 8),
offices (Room 9), and corridor 2 (Room 10). Based on [37], the room
dimensions are portrayed in Table 1 and their thermal characteristics
are shown in Table 2, with their geo-position being considered in
order to adequately account for the building’s thermodynamic aspects.
Furthermore, internal heat gains have been modeled by incorporating
the expected occupancy in each room shown in Table 3 [40], and
the lighting and electrical equipment expected to be installed in the
building. Note that the temperature inside each of the flight simulator
rooms is controlled independently by a HP, due to the high expected
heat gains, and an additional HP is controlling the temperature inside
the classroom and providing heating and cooling to the other rooms
according to the assigned thermal distribution factors, illustrated in
Table 4. As for the planes’ hangar, the indoor temperature is controlled
by the EMS only through an EH with no direct thermal contribution
from the HPs, due to its particular characteristics and use.

The e-plane currently employed for pilot training at the WWFC
is powered by batteries connected in parallel with a total nominal
capacity of 20 kWh, which are charged through a 20-kW portable
charger, connected to a proper power outlet in the planes’ hangar [41].
The PV system will have an estimated power output of 30 kW and
the microgrid BESS will have a capacity of 20 kWh. Moreover, it is
assumed that the main grid is fully capable of supplying the microgrid’s
power demand. Note that field measurements were considered for
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BESS Power Grid
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4 7 l

E-plane Charger

Electric Load B
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Fig. 2. Microgrid at WWFC Hangar 7, where the blue arrows represent cooling and
red arrows represent heating.

Table 1
Room dimensions at WWFC hangar 7 [37].
Room Area [m?] Volume [m?]
Electric room (Room 1) 6.5 37.3
Restrooms (Room 2) 8.5 48.5
Flight simulator 1 (Room 3) 37.2 213.3
Flight simulator 2 (Room 4) 37.2 213.3
Flight simulator 3 (Room 5) 69.7 400
Corridor 1 (Room 6) 52 222
Planes’ hangar (Room 7) 278.7 1444.2
Classrooms (Room 8) 111.5 288.8
Offices (Room 9) 111.5 288.8
Corridor 2 (Room 10) 77.9 447.4
Table 2

Values for thermal parameters in the hangar building [37].

Thermal resistance (R)
[m?K/W]

Parameter

Outside walls in hangar 3.17
Outside walls in new building 4.93
Roof of hangar 3.52
Roof of new building 4.93
Partition walls of corridor 4.93
Partition walls of hangar 3.17
Partition walls of new building 0.25
Slab 1.58
Ground slab 2.38

Table 3
Values for occupant density [40].

Parameter Value
[Persons/m?]

Classroom 0.65
Laboratories 0.25
Wood/metal shop 0.033
Restrooms 0.043
Office space 0.05

Table 4
Thermal distribution factors.

Parameter Summer Winter

Hy 0 0.07
i 0 0.08
e 0.1 0.1
Hg 0.3 0.3
Ho 0.3 0.15
Hio 0.3 0.3
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Fig. 3. Measured data representing charging profiles of the e-plane at WWFC for
different months.

estimating the power consumption of the flight simulators, since two
flight simulators are already in operation allowing for data collection
regarding electricity consumption and room temperature. These have
yielded approximately 2 kW demand for each flight simulator, with
the larger flight simulator expected to require around 4 kW. Thus,
significant heat production in the flight simulator rooms is expected,
demanding appropriate temperature control mechanisms.

In contrast to other research papers in the context of airport micro-
grids, where the e-planes power demand is estimated based on flight
schedules, this study considers real data to estimate the power of the
e-plane charger based on the actual flight operations of the Pipistrel
Velis Electro e-plane conducted at the WWFC. Thus, Fig. 3 illustrates
the e-plane charging process for different months, as per [42]. Note
that, although the ambient temperature has a significant impact on
the e-plane charging rate, it is expected that the charging process
will take place inside the planes’ hangar, where the temperature is
always maintained above 10 °C. Moreover, a battery pre-heater has
been implemented that uses the existing liquid battery cooling circuit to
heat the battery to 20 °C. Thus, the same charging profiles are assumed
for Winter and Summer months in terms of power supply.

4.2. Modeling considerations

Airport microgrids must adequately consider the e-plane power
demand and constraints in order to optimize operations while mini-
mizing costs. In this regard, based on information gathered from the
flight operations of the Pipistrel Velis Electro at WWFC, the e-plane
power demand is considered as an input parameter, with predefined
flight training schedules subject to environmental conditions and pilot
availability. Since one e-plane could perform between five and six
training flights per day, and assuming the worst condition in terms
of power supply and taking into account the availability of daylight,
the charging of the e-plane is expected to take place six times per
day during Summer, and five times per day during Winter for ambient
temperatures above —20 °C as per [43], spaced by one-hour intervals
when the e-plane is in use. However, note that four charging operations
have been considered for the coldest Winter day assuming that the e-
plane would fly after the ambient temperature goes above —20 °C. As
per Fig. 3, note that the power supplied by the charger is reduced when
the e-plane battery SOC reaches 90% and continues to decrease slowly
as the SOC comes closer to 100%. Furthermore, the e-plane demand
profile considers that the lowest SOC level for the e-plane battery would
be 30% at touchdown. Thus, an energy supply of approximately 14
kWh is assumed for each charging process.

Uncertainties in RES and demand are considered in the MPC process
detailed in Section 2.1 and using a rolling time horizon of T = 24 h,
divided into uniform-duration intervals of At = 15 min each. Thus, the
optimization process starts at k = 0, where the forecast for the next
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Fig. 4. (a) Electric demand and (b) environmental conditions for WWFC Hangar 7 for
the hottest day in Summer.
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Fig. 5. (a) Electric demand and (b) environmental conditions for WWFC Hangar 7 for
the coldest day in Winter.

24 h with 15 min intervals is obtained from a data set that contains
the forecast for a two-day operation. The optimization problem is thus
solved, with the solution for time k defining the equipment dispatch for
the corresponding time intervals from 0 to 95, i.e., for 96 intervals. A
linear increase in the forecast error over time is assumed, as per [44].

The power consumed by the e-plane charger along with the es-
timated building electric demand and the environmental conditions
considered as EMS inputs for the hottest day in Summer and the coldest
day in Winter, to showcase the performance of the proposed models
under extreme conditions, are presented in Figs. 4 and 5, respectively.
Observe that real data was used for representing the environmen-
tal conditions of such days considering the average hourly weather
conditions in Ontario, Canada from 2007 to 2021 based on [45].
Furthermore, the predefined temperature limits are assumed to be a
minimum of 21 °C during working hours, i.e., from 8 am to 9 pm, and
15 °C for the lower limit during the remaining hours, except for the
planes’ hangar that has a lower limit of 10 °C throughout the day. A
maximum of 24 °C is assumed as the set point for all rooms, except for
the planes’ hangar, which has no cooling system. All simulations were
performed using Gurobi solver on an AMD Ryzen 7 5700G processor,
with a base speed of 3.80 GHz, resulting in an execution time of
approximately six minutes and thirty seconds, which is well below the
desired 15-minute EMS dispatch interval.

4.3. Simulation results

The simulation results for the operation of the WWFC microgrid
EMS discussed next consider two pricing schemes: a Time of Use (TOU)
Tariff [46], and a Fixed Tariff, which is the current pricing scheme
adopted at the WWFC. The Fixed Tariff pricing scheme also considers
CO2 emission intensity factors to account for the hangar impact on
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Fig. 6. Active power balance for the WWFC hangar microgrid under TOU Tariff for
the hottest day in Summer.

emissions. This allows to realistically analyze the behavior of the
microgrid’s electric and thermal components in response to different
price signals. Furthermore, for each of these schemes, the BESS SOC
is represented with and without considering BESS degradation with a
BESS replacement cost of 139 $/kWh, based on [47]. Note that when
degradation is not considered, the BESS operational cost is not included
in the objective function but is quantified separately for comparison
purposes. For the BESS operation, the initial BESS SOC is assumed to
be 50%, as an average starting point, i.e., not too low nor too high, and
the lower and upper limits are set to typical 20% and 90%, respectively,
with a charging/discharging efficiency of 95%, as per [38].

4.3.1. TOU tariff

The daily operational costs for the microgrid under this pricing
scheme, considering BESS degradation, are $27.42 for Summer and
$33.17 for Winter. The active power balance in the microgrid for
Summer and Winter resulting from executing the proposed EMS model
is shown in Figs. 6 and 7, respectively. In both cases, it can be observed
that the BESS operation follows an arbitrage behavior, i.e., the battery
is charged when the price is lowest and discharged when it is highest.
Note that for the coldest Winter day, there is significant PV generation
due to the high solar irradiation levels, resulting in the BESS charging
when the electricity price is not at its lowest to store excess power.
Observe also that the TOU Tariff is different for Summer and Winter.
The power consumed by the HPs and the EH varies depending on the
thermal requirements of each room and also responds to price varia-
tions. In Summer, this is seen at 11 am when a pre-cooling operation
occurs before the price increases. As expected, no operations of the EH
are registered in this case. On the other hand, during Winter, the price
response is evident at 7 am when the HPs and the EH operate to pre-
heat the respective rooms. The BESS SOC for both Summer and Winter
is portrayed in Figs. 8 and 9 with the BESS displaying a more intensive
operation when the degradation function is not included.

The temperature variations inside the rooms of the WWFC hangar
building, where it is assumed that a thermostat controls the operation
of four HPs to independently maintain the temperature within prede-
fined set limits for the hottest Summer day, are portrayed in Fig. 10;
Fig. 11 illustrates the temperature of the planes’ hangar, where the
temperature is controlled by the EMS through an EH; and Fig. 12
shows the temperature in the rooms where the thermal supply from
the HP depends on the thermal distribution factors y;, with the aim
of avoiding drastic temperature changes which may lead to occupants’
discomfort. Note that for the rooms where the set points are considered,
the temperature remains between the defined limits at all times. For the
planes’ hangar, it can be seen that the temperature reaches high values
since there are no cooling mechanisms. Furthermore, although the
temperature constraints are not fully satisfied for the remaining rooms,
observe that the temperature maintains adequate levels, indicating a
proper allocation of thermal distribution weights for the HP operation.
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Fig. 11. Temperature inside Room 7 under TOU Tariff for the hottest day in Summer.

Finally, note that, besides Room 9, where the temperature is in close
proximity to the set limits, the occupancy rate for the other rooms is
quite low, with minimal impact on comfort levels.

For the Winter scenario, the temperature profiles inside the rooms
with temperature control, the planes’ hangar, and where the tem-
perature is only monitored are portrayed in Figs. 13, 14, and 15,
respectively. Similarly to the Summer case, the temperature where
the set points are considered remains between the defined limits at
all times. Note how at 7 am an increase in the room temperatures is
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Fig. 13. Temperature inside Room 3, 4, 5, and 8 under TOU Tariff for the coldest day
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time [hour|

Fig. 15. Temperature inside Room 1, 2, 6, 9 and 10 under TOU Tariff for the coldest
day in Winter.

registered due to pre-heating operations, and the temperature inside
the planes’ hangar is maintained above 10 °C through the operation
of the EH. Observe that since the EH is controlled by the EMS, it also
participates in pre-heating strategies to minimize operational costs. Fi-
nally, it can be seen for the remaining rooms that the temperature also
maintains adequate levels, especially during working hours and where
high occupancy is expected. Notably, due to the thermal distribution
factors, a lower temperature in Rooms 1 and 2 is observed that prevents
a larger temperature spike at 7 am.

In Winter, it is important to highlight that despite the cold ambient
temperature there is a cooling requirement in Room 5 housing flight
simulator 3 due to its high thermal power radiation. This is particularly
relevant since, for instance, between 6 pm and 9 pm, when the HP
controlling the temperature of this room is providing cooling power,
the HP that controls the temperature inside the classrooms, i.e., Room
8, provides heating. Thus, a single HVAC system would not properly
satisfy the thermal requirements.

4.3.2. Fixed tariff

In this section, a fixed electricity price of 0.142 $/kWh, which is the
current WWFC tariff, and different CO2 emission intensity factors for
the hottest day in Summer and the coldest day in Winter are considered,
as per [48]. Note that for this scenario, the CO2 emissions are linked to
the power obtained from the main grid, as per (11), considering a social
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Fig. 18. SOC of the BESS under Fixed Tariff for the hottest day in Summer.

cost of carbon of 266 $/tonne CO2 [49]. The daily operational costs for
the microgrid under the Fixed Tariff, considering BESS degradation,
are $31.79 for Summer and $40.41 for Winter, with corresponding
CO2 emission costs of $2.30 and $3.12. The active power balance of
the microgrid for Summer and Winter is portrayed in Figs. 16 and 17
for this case, along with the electricity price, including the equivalent
social cost of carbon per kWh. Compared to the previous scenario, the
BESS response to price signals is not as significant. However, the EH
does respond with pre-heating operations. Furthermore, the BESS SOC
is shown in Figs. 18 and 19. Note that in both cases the BESS presents
a limited operation due to the similar electricity prices throughout the
day.

In a similar fashion to the TOU Tariff scenario, Figs. 20, 21, and 22
illustrate the temperatures inside at the WWFC for the rooms where
temperature is fully controlled, the planes’ hangar, and the rooms
where temperature is only monitored, for the Summer season. On
the other hand, Figs. 23, 24, and 25 show the room temperatures
for Winter. Note that, in both cases, the temperatures remain within
the set limits where temperature control is enforced and maintain
adequate levels in the remaining rooms, with neither pre-heating nor
pre-cooling strategies being clearly observed, with the exception of the
EH operation in the planes’ hangar room.
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Fig. 23. Temperature inside Room 3, 4, 5 and 8 under Fixed Tariff for the coldest day
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Fig. 24. Temperature inside Room 7 under Fixed Tariff for the coldest day in Winter.

4.3.3. Cost comparisons

Case Description
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Table 5
Case studies.
Case Description
Case 1 Microgrid without BESS degradation
Case 2 Microgrid with BESS degradation (proposed models)
Case 3 No microgrid deployment
Case 4 Microgrid with single-room, single-HP model

A comprehensive analysis and comparison are presented in this
section of the operational costs of the thermo-electric system for the
WWFC Hangar 7 using different models and operating modes. To this
aim, four cases have been studied as follows:

Case 1 considers the modeling of the WWFC microgrid including
a multiple-room, multiple-HVAC system model, neglecting BESS
degradation.

Case 2 corresponds to the microgrid and EMS models proposed in
this study, including BESS degradation.

Case 3 assumes that there is no microgrid implementation, repre-
senting a “business-as-usual” operation with no BESS and no PV
generation deployment.

Case 4 assumes a single-room, single-HP model for the EMS, using
a Thevenin equivalent approach to aggregate the heat gains from
all rooms.

A summary of the different cases considered in the analysis is
presented in Table 5. Note that these cases are evaluated under the
two aforementioned pricing schemes, i.e., the TOU Tariff, and the Fixed
Tariff with the addition of CO2 emission intensity factors.

TOU Tariff

The presented analysis includes an evaluation of the operation of
the system during monthly average weekdays and weekends, with
their corresponding TOU Tariff prices and environmental conditions,
i.e., ambient temperature and solar irradiation, and electric consump-
tion to determine a yearly cost of operation. Thus, Table 6 showcases
the monthly average cost of operation of WWFC Hangar 7.

Fixed Tariff

This analysis evaluates the system’s operation considering opera-
tional costs from a CO2 emissions perspective using a monthly average
of CO2 intensity factors and the Fixed Tariff pricing scheme along
with the corresponding environmental conditions and electric demand
from the building and the e-plane. Thus, Table 7 presents the monthly
average cost associated with the CO2 produced from the operations at
WWEFC Hangar 7.

From a yearly perspective, as shown in Table 6, the incorporation
of BESS degradation in the EMS model is evident in Case 2, since
compared to Case 1, where degradation is not included, a cost re-
duction of around 1.1% is observed, which as expected, demonstrates
that the inclusion of BESS degradation in short-term operation models
is not significant. However, this issue is relevant in long-term BESS
operation. Notably, Case 3, where the microgrid is not considered,
incurs the highest costs, being almost 60% more expensive than Case
2. Furthermore, the incorporation of a multi-room building model
with independent HVAC systems is highlighted, since Case 4 which
considers a single-room, single-HP model, results in approximately

10
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Table 6
Monthly operational costs at WWFC under
tariff.

different models and TOU

Scenario Case 1 Case 2 Case 3 Case 4
[$1 [$1 [$1 [$1
Jan 1149.86 1136.56 1441.01 1310.26
Feb 1034.52 1028.48 1435.98 1111.68
Mar 886.31 859.32 1457.16 857.41
Apr 838.71 823.65 1511.27 797.02
May 820.58 812.26 1626.78 881.00
Jun 872.69 861.33 1675.50 932.14
Jul 793.02 778.31 1591.67 868.19
Aug 814.79 796.86 1589.17 892.89
Sep 1005.73 1010.06 1660.04 1057.96
Oct 1163.84 1159.45 1588.00 1128.76
Nov 1104.03 1097.79 1463.79 1058.28
Dec 1217.41 1208.59 1443.20 1289.11
Yearly 11701.50 11572.65 18483.57 12184.70
Table 7

Monthly costs of CO2 emissions at WWFC under different models and
fixed tariff.

Scenario Case 1 Case 2 Case 3 Case 4
[$1 [$1 [$] [$1
Jan 76.81 76.81 97.08 87.97
Feb 87.22 87.22 122.58 97.35
Mar 75.26 75.26 122.97 76.45
Apr 27.12 27.11 47.90 26.28
May 30.00 30.37 55.80 31.07
Jun 46.10 46.53 84.13 49.39
Jul 99.53 99.53 189.55 109.89
Aug 82.69 82.69 156.37 89.95
Sep 58.60 58.93 92.79 60.48
Oct 48.41 49.20 65.67 47.23
Nov 63.15 64.28 83.50 63.00
Dec 88.37 88.37 105.79 96.10
Yearly 783.25 786.29 1224.12 835.15

5.3% increased operational costs compared to Case 2. On the other
hand, as portrayed in Table 7, the operation of Case 3 is approximately
55.7% more expensive than Case 2 in terms of CO2 emissions. Thus,
the proposed EMS model could achieve yearly savings of around $438,
which represents a reduction of 1.65 tonnes of CO2. Furthermore,
compared to the single-room, single-HP model, Case 2 achieves an
annual cost reduction of $48.86, resulting in a reduction of 0.18 tonnes
of CO2. Notably, Case 1, where BESS degradation is not included, incurs
the lowest CO2-related costs due to reduced grid power consumption.
However, compared to Case 2, the cost differences are minimal.

5. Conclusions

In this paper, the implementation of an EMS model for an airport
hangar microgrid was discussed considering various thermal needs
and resources and e-plane charging based on field measurements. A
hangar building thermal model was developed, including the modeling
of multiple HP-based HVAC systems for the provision of heating and
cooling thermal power, and the impact produced by battery degra-
dation processes. Moreover, an MPC approach was used to manage
uncertainties in the forecast of demand and environmental conditions.
The application of the proposed EMS model to an actual airport micro-
grid being deployed at the WWFC in Ontario, Canada, was presented,
showcasing the need to model the specific characteristics of the micro-
grid components to properly assess the expected energy consumption
and temperature control inside the different building areas, based on
the electric equipment, occupancy patterns, and heat transfer processes.
Thus, to study the performance of the developed EMS model, two
pricing schemes were considered, namely the TOU Tariff and a Fixed
Tariff with CO2 emission intensity factors. The results demonstrate
the relevance of properly modeling the building’s multiple zones and
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thermal systems for adequate temperature control in different rooms
and optimal microgrid operations, compared to a conventional single-
room building thermal model with a single HP and also highlight the
importance of deploying a microgrid at the WWFC. Thus, it is shown
that the proposed microgrid model and its EMS can bring significant
benefits to the WWFC in terms of operational costs and CO2 emissions
while capitalizing on the available solar resources with PV systems and
BESS.
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