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Executive Summary

Photovoltaic (PV) systems are pivotal in facilitating the green energy transition within the aviation sector.
However, due to the inherent intermittency of PV power generation and variable electricity tariffs from
the utility grid, integrating battery energy storage systems (BESS) becomes essential to ensure optimal
energy utilization. Since airports exhibit complex and variable electricity demand patterns, achieving
optimal component sizing and efficient power allocation remains a significant challenge. This paper
presents a co-design optimization framework aimed at concurrently determining the optimal sizing of
PV and BESS, along with efficient power allocation strategies between the utility grid and the BESS.
The framework comprehensively considers real-world scenarios, including airport operational demands
and charging loads of electric aircraft and electric vehicles derived from flight schedules. The effec-
tiveness and practical applicability of the optimization approach are validated through four case studies.
The results provide valuable guidance for selecting appropriate component sizes and optimizing power
allocation strategies for an airport microgrid application.

Keywords: Electric ships & airplanes, smart grid integration and grid management, modeling and sim-
ulation, energy management, sustainable energy.

1 Introduction

The COVID-19 pandemic resulted in a temporary decline in global aviation activities; however, emis-
sions are projected to rebound as air travel resumes its growth trajectory. Before the pandemic, com-
mercial aviation was responsible for emitting over 900 million metric tons of CO2, marking an increase
of approximately 627 million metric tons compared to 2004 [1]. Although pandemic-related travel re-
strictions led to a 60% reduction in aviation emissions in 2020, forecasts suggest emissions will rise to
approximately 1.5 billion metric tons by 2050. Concurrently, aviation plays a pivotal role in urban de-
velopment and economic growth [2]. To address the environmental concerns associated with increasing
aviation emissions, renewable energy-powered electric aviation has emerged as a promising solution,
especially for short-haul flights up to 1500 km.

Airports, characterized by extensive, flat, and obstacle-free land areas, offer ideal conditions for deploy-
ing large-scale solar photovoltaic (PV) systems. Integrating renewable energy into airport operations
has been recognized as a crucial sustainability strategy [3]. Several significant initiatives have been
implemented, such as the project at Rome Fiumicino Airport project, aiming to establish the largest self-
consumption solar farm in Europe [4], and the testing facility at the Hannover Airport, which explores
agricultural practices beneath PV installations [5]. On-site PV generation provides numerous benefits,
including reduced dependency on the grid, lower operational expenses, and mitigation of peak power de-
mands. A comprehensive study focusing on Chinese airports [6] estimated that 239 airports collectively
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possess a potential PV capacity of 2.5 GW, generating approximately 2.65 TWh annually. Nevertheless,
this study underscores the importance of incorporating energy storage systems (ESS) to improve the
temporal alignment between PV generation and energy consumption patterns of airports.

Battery-powered aircraft are anticipated to constitute a significant portion of short-haul flights [7], con-
siderably affecting airport energy infrastructure by introducing substantial peak power demands [8]. Due
to the required battery capacities and short turnaround times, the peak power demands reach megawatt-
scale levels [9]. Although grid capacity expansion offers a viable solution, it involves significant capital
investments and prolonged development timelines. Battery energy storage systems (BESS) have emerged
as an effective alternative to address these challenges by mitigating peak load impacts and enhancing
overall grid stability [10]. Existing BESS implementations at airports, including those at Copenhagen
Airport in Denmark [11] and Schiphol Airport in the Netherlands [12], have demonstrated the practical-
ity and effectiveness of such approaches.

Despite growing interest in airport energy systems, the integration of microgrids within airports remains
relatively underexplored [13], with only a limited number of studies addressing techno-economic fea-
sibility [10, 14, 15]. In [14], a mixed integer linear programming (MILP) is employed to optimize the
techno-economic performance of five energy configuration scenarios at an airport. The referred work
includes PV, BESg, and hydrogen storage but excludes electric aircraft (EA) demand. The work in [16]
uses MILP for a techno-economic and resilience airport evaluation but excludes the airport load demand.
Both of these studies [14, 16] employed single-objective battery operations, and previous works, e.g.,
[17, 18] highlighted limitations associated with single-objective operation and proposed multi-objective
strategies to exploit BESS potential fully. Ollas et al. [10] conducted a comprehensive techno-economic
assessment of a regional airport in Sweden, integrating PV and BESS systems. They compared rule-
based BESS dispatch strategies, examining both single-objective and revenue-stacking operations, with
particular attention to battery aging effects. This study evaluated three distinct PV system designs and
system sizing to maximize power generation based on available locations. However, BESS sizing was
primarily assessed through the single metric of self-consumption.

A key challenge remains in identifying optimal sizing for PV and BES components while balancing on-
site energy generation and grid interactions to minimize investment and operational costs. To address
this, this paper introduces a co-design optimization framework for optimal sizing and energy manage-
ment of the airport energy system. The proposed methodology is applied to a case study at Visby Airport,
Sweden, where four energy scenarios are analyzed. The results offer critical insights for optimizing re-
newable energy and storage configurations tailored to airport applications.

The remainder of this paper is structured as follows. Section 2 describes the configuration of the in-
vestigated energy infrastructure and details the modeling of system components. Section 3 provides the
mathematical formulation of the optimization problem. Section 4 presents the case study, and Section 5
discusses the simulation results. Finally, Section 6 outlines the conclusions.

2 System Architecture and Model Development

Fig. 1 illustrates the comprehensive energy infrastructure designed for the airport microgrid. The PV
system, the grid, and the BESS provide electric power. The load power demand encompasses various
airport facilities, including terminal buildings, runway lighting, air traffic control towers, ground support
equipment, and charging infrastructure for EA and EV. To simplify the system representation, the effi-
ciencies of power converters are not considered, and thus, power converters are omitted from Fig. 1. The
power demand (pjq) represents an aggregated load consumption, summarizing the combined consump-
tion of all electric consumers within the airport. Consequently, the power balance equation is expressed
as

Ppv (t) + Dbt (t) + Pgdb + pgds(t) + pcurtail(t) = Pud (t), (1)

where p,,, denotes the output power from the PV system, py, represents the terminal power of the BESS,
Dgdb 18 the imported power from the grid, pgqs is exported power to the grid and peyrtai signifies the
curtailed PV power when pgqs reaches its allowable limit. Here, the power imported from the grid pgar,
is constrained to be non-negative, whereas the exported grid power pgqs and peurtail are non-positive.
The grid power interaction in (1) is limited by the nominal capacity of the transformer (Py;), expressed

as
0 < pgan(t) < Py, (2)
Py < pgds(t) < 0. 3
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Figure 1: Schematic layout of the airport energy infrastructure.

2.1 PV Model

The output power of the PV systems significantly depends on geometric parameters (e.g., module di-
mensions), installation tilt angles, and meteorological conditions, such as solar irradiation, ambient tem-
perature, and air mass coefficient. Since individual PV cells or modules typically produce relatively low
voltage and current, modules are often interconnected in series and parallel configurations to achieve the
desired system-level voltage and power outputs. Therefore, the total PV array output can be modeled as
a scaled version of a baseline PV module. The baseline module output is often estimated using empirical
models derived from experimental data or simulations conducted with specialized PV modeling software
[19, 20]. Mathematically, the scaled PV system output can be expressed as

Ppv (t)/ = SpvPpv (t) (4)

where pp () is the reference power profile from the baseline module, and s, is a scaling factor subjected
to the following constraints

min max
Spv S Spv S Spy )
with sp™ and sp™* representing the minimum and maximum permissible scaling factors, respectively.

2.2 Battery Model

The battery cell is represented as a controlled voltage source in series with an internal resistor. A battery
pack comprises ny, cells arranged in series and parallel configurations. The terminal power of the battery

pack is described as
Poib(t) = (ub(t)in(t) — Ruip(t)) ni (6)

where i, (t) denotes the cell current, Ry, the internal resistance, and uy(t) is the open-circuit voltage
(OCV), which is dependent on the state of charge (SoC). Within a certain SoC operating range, the OCV
can be approximated as [21]

up(t) = agsocy, (t) + a1 (7

where ag and a; are empirical fitting coefficients, and socy,(t) represents the battery SoC. The stored
energy within the battery pack can be expressed as

n,Cp
evn(t) = =5 (up(t) = ugyp) - ®)
Consequently, the terminal power can be reformulated as
Ry Qupiy, (1) /a0

Pbib(t) = pob(t) 9

- 2€bb(t) + G%anb/a()’

where pyp(t) denotes the internal power of the battery pack, and Qy, represents the rated capacity of the
battery cell. Similar to the PV system model, the scaled version of the battery pack energy and power

are given by
eb(t) = sbebb(t) (10)
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po(t) = sppui(t) (11)
where sy, is the scaling factor. The dynamics governing the battery pack energy state are described by
én(t) = —pu(t). (12)

The battery operates as a daily energy buffer, completing a full charge-discharge cycle each day to main-
tain daily energy balance. This can be mathematically expressed as

EL(1)=EFQ1), kec{2,3,.,N,N +1}, (13)

where E(1) and Ef(1) represent the battery internal energy at the initial time sample of the first day
and the k-th day, respectively, with N representing the number of days in a year. The power and energy
of the battery pack must be maintained within physical operational constraints. These constraints, along
with the scaling factor, are defined as follows

Pmm < pb(t) Pmax (14)
Emln <ep(t) < Ef™, 15)
sﬁﬁn < sp < sp, (16)

where Pin| pmin  pmin - gmin s]gnm and s;'** represent the lower and upper bounds for battery power

Db, battery energy ey,, and scaling factor sy, respectively.

3 Problem Formulation

3.1 Objective Function

The objective function aims to minimize total system costs, encompassing investment (PV and BESS),
operating (electricity and maintenance), and CO> emission costs. Investment costs are upfront, whereas
operating and COx costs recur continuously. Hence, all costs element are normalized to €/day for com-
parative purposes [21].

The investment cost can be expressed as

Pnom
Ciy = <5pv A Sbanb/Bb) CF 17
YyYd YylYd

where Sy and Sy, represent the unit investment costs for PV and BESS, respectively. Pio™ is the nominal
power of the PV system, and Qy, is the nominal capacity of the battery. The terms y, and y4 denote the

system lifespan and the average annual service days, respectively. The cost factor (CF), related to the
interest rate, is calculated as
Njr + Yr + 1

2(nj,r + 1) ’
where py is the annual interest rate, and n; represents the number of replacements required for compo-
nent j (where j € {pv, b}) during the airport service operational lifetime.

CF=1+p, (18)

The operating cost includes electricity import and export charges, peak power surcharges, and mainte-
nance expenses, described as

1 te te
(copt = % ( 6eleb (t)pgdb(t) dt + Beles (t)pgds (t) dt

+ Z BYMB; + Bpeak Z Pai. (t(m)) ) , (19)

where time-dependent electricity tariffs for importing (Sejep) and exporting (Beles) power are applied.
The maintenance cost (B;)&M) is proportional to the rated capacity (®;) of each component, and Bpeax
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denotes the monthly peak power surcharge, determined by the highest hourly power demand of each
month. The term m indicates the respective month.

The CO4 emission cost, based on grid electricity consumption, is calculated as
BeosCeos [
CCOQ __ PcoaCcog pgdb(t)dt7 (20)
Yd to
where f3.,, represents the carbon tax, and c.., denotes the carbon emission factor from the grid electricity.

Thus, the comprehensive cost minimization objective function, including (17)—(20), is formulated as
J(d, X(t), u(t), p) = Cinv + Copt + (CC027 (21)

where d = [spy, sp] are the decision variables, u(t) = [py(t), pgan(t), Peds(t)] represent the control

variables, and x(¢) = [ep(t)] denotes the state variable. Due to the complexity, the parameter vector p(t)
is extensive and thus not explicitly listed.

3.2 Optimization Problem

The formulated problem can be compactly expressed as follows,

min J(d,x(t),u(t),p), 22
o i T (dx(t).u(t).p) 22)

with respect to the inequality constraint

h(d,x(t),u(t),p(t),t) <0, (23)

the equality constraint
g(d,x(t), u(t),p(t),t) = 0, (24)

and system dynamics
x(t) — £(d, x(t), u(t), p(t),) = 0. (25)

The inequality constraint (23) encompasses constraints (2), (3), (5), (14)—(16), while the e(%uality con-
straint (24) includes (13). The system dynamics constraint involves (12). To simplify the calculation of
the curtailed PV power in (1), this equality constraint is relaxed into an inequality, expressed as

va(t) + Pbt(t) + Pgdb + Pgds(t)>Pld(t)7 (26)

which is incorporated within the inequality constraint (23).

4 Case Study and Main Specifications

The Visby airport on the island of Gotland, Sweden is analyzed as a case study using the airport energy
demand, and EA and electric vehicles (EV) charging demands from [10]. The EV demand is generated
considering flight schedules (16 departures per day), parking patterns, and site-specific parameters, and
with the EA demand model from [22]. Fig. 2(a) and Fig. 2(b) show the EA charging demand per hour
and day of the year. The introduction of EA significantly increases the peak power demand at the airport.
In the same way, Fig. 2(b) shows the EV demand distributions. The airport demand in Fig. 2(c) is ac-
quired from hourly measurements 2018. Fig. 2(d) shows the superimposed demands, with peak powers
originating from the EA demand. The electricity price for bought and sold electrlclty, Beleb and Beles in
(19), is taken as the hourly values from the NordPool market, including VAT and other charges [10].

Four operating scenarios are examined to evaluate the techno-economic viability of various energy con-
figurations for airport microgrid applications, with Case 1 serving as the reference scenario. The scenar-
ios are detailed as follows:

Case 1: No PV or BESS installed and all power demands are met by the utility grid,

Case 2: PV system is implemented to reduce operating costs, with surplus generated energy sold
back to the grid,
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Figure 2: Contour plots of load demands per daily hour and day of the year for the case study, showing (a): EA,
(b): ground service EV, (¢): airport, and (d): combined airport, EA, and ground service EV demand.

Case 3: BESS is deployed to facilitate energy arbitrage and peak shaving, and

Case 4: Both PV and BESS are installed, optimizing energy management with the grid, and excess
electricity generation is sold.

For all cases, the nominal capacity of the grid transformer (P4,) is set to handle the peak power from
the aggregated demand (1.8 MW), as per Fig. 2(d). This also means 1.8 MW allowed power to be sold
back to the power grid. The PV output of the baseline module in (4) is taken from the ground-mounted
array in Location 1 from [10], and the parameters of the baseline battery cell are taken from [23]. The
techno-economic parameters are retrieved from [14] and shown in Table 1.

Table 1: Main parameters used for case study [14].

Component Capital cost, 3; Maintenance cost, ,BJ-O&M [€/year] Lifetime [year]
Investment & maintenance | PV 545 €/kW 8 €/kW 25

Battery 100 €/kWh 5 €/kWh 10

Parameter [Unit] Value

Peak power tariff, Speax [€/kW] 4.5

Carbon tax, feo, [€/kg] 1.34 x 1071 [24]
Other parameters Carbon emission factor, cco, [kg/kWh] 1.8 x 1072 [25]

Airport annual service period, yq [day] 365

Airport average service year, y [year] 25

Yearly interest rate, py [-] 5%

5 Simulation Results

5.1 Optimal Sizing of PV and battery Systems

This section presents the optimal sizing results of PV and battery energy systems analyzed through four
case studies, each featuring distinct configurations of PV and battery systems. Table 2 summarizes the
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Table 2: Optimal PV (ngm) and battery (Qy,) sizing for the four cases, and associated total costs (Cyt).

Poo™ IMW]  Qp [MWh] Ciot [€/day]  Self-sufficiency rate [%]

Case 1 - - 2019 0
Case 2 3.6 - 1174 33
Case 3 - 0.98 1964 0
Case 4 3.6 2.8 1082 41
I ) I Eicctricity sold
B4t i N Electricity bought
5 CO2 emission cost
>3 -) . I Pcak power charge
g [N Battery cost
nr 7 Photovaltaic cost
L -> | O  Total cost
1 1 1 1 1
-1000 -500 0 500 1000 1500 2000 2500

Cost [€/day]

Figure 3: Cost composition breakdown for each case.

optimal PV power ratings, battery energy capacities, and associated total costs. The results indicate that
Case 2 and Case 4 yield identical optimal PV capacities, reaching the upper limit imposed by the maxi-
mum allowable power grid capacity (Py;) of 1.8 MW. It is anticipated that the optimal PV capacity could
further increase if Py, increases.

Comparing Cases 3 and 4, the battery energy capacities exhibit significant differences, with Case 4
showing a higher capacity due to the involvement of the PV system. Regarding total costs, Case 4
demonstrates the most significant economic advantage, achieving a cost reduction of 46% compared
to Case 1. This finding underscores the financial benefit of simultaneously integrating PV and battery
systems. Case 2, with only PV, ranks second in terms of cost-effectiveness, primarily due to the initial
capital expenditure of PV panels being offset by subsequent electricity generation without additional
operational costs. Case 3 results in a marginal cost reduction of merely 2.69% relative to Case 1. This
modest reduction can be attributed to minimal daily fluctuations in electricity pricing, limiting the battery
potentilal to effectively capitalize on charging during low-price periods and discharging during high-price
intervals.

5.2 Cost Breakdown Analysis

To further examine the cost structure in detail, a comprehensive breakdown of each cost component for
all scenarios is depicted in Fig. 3. Across all case studies, electricity purchased from the grid consti-
tutes the most significant portion of the total cost, accounting for approximately 88%, 100%, 89%, and
94% in Cases 1 through 4, respectively. CO> emission cost is considered proportional to the electricity
consumption, as in Sweden most of the electricity is generated from renewable energies, this share is
around 1.7% of the total cost, which can be neglected. It can also be seen that the peak power surcharge
in Case 4 is the lowest among all cases, while Case 1 shows the highest. Additionally, investment costs
for PV installations represent the most significant capital expenditure in Cases 2 and 4, while the battery
investment costs in Cases 3 and 4 account for a smaller proportion compared to the electricity consump-
tion costs. In Case 2 and Case 4, PV installation enables electricity sales back to the grid, which appears
as negative cost components, contributing to 61% and 60% of total costs, respectively. These revenues
substantially offset the net electricity expenses and play a crucial role in reducing the overall cost and
increasing the self-sufficiency rate. Furthermore, without PV, Cases 1 and 3 do not generate grid export
revenue.

To further investigate the impact of energy configurations on peak power charges, the monthly peak
power imported from the power grid is illustrated in Fig. 4(a), with the corresponding percentage re-
ductions shown in Fig. 4(b). Compared to Case 1, the monthly peak power imports exhibit noticeable
reductions when PV, battery, or combination are incorporated in Cases 2 to 4. Specifically, Case 4 demon-
strates the most substantial reductions, achieving peak power decreasing to approximately 380 kW during
summer months and about 919 kW in winter months. Consequently, the monthly peak power reduction

EVS38 International Electric Vehicle Symposium and Exhibition



[3%3
(=3
(=3
=3

— = o *—o—o

E —— Case | Case 3 e

— Py Py (2]

2 Case 2 Case 4 .20 ° Case 2

5 1500 ]

2 5] Case 3

g 2.

o Q

8 1000 =

2 3.

= 2

4

5 500 E 80

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month Month
(@) (b)

Figure 4: Comparison of monthly peak power imported from the grid for (a): absolute values per month and (b):
relative reduction compared to Case 1.

4 4 T
PV power PV power
Grid power Grid power
= ol Load power = o} Load power
> Battery power 2 Battery power
e B '\
z - z
0 0
=%} ~
2 L L 2 T L
Jan 01, 00:00 Jan 01, 12:00 Jan 02, 00:00 Jun 11, 00:00 Jun 11, 12:00 Jun 12, 00:00
Time Time
(@) (b)
0.16 : 0.16 T
Price bought
ol Price sold | old ﬁ
: : _
2012k Zonphe
s N =)
3 3
£ 0.1 —\L/\/-—\ £ 0.1 Price bought
Price sold
0.08 . . 0.08 . !
Jan 01, 00:00 Jan 01, 12:00 Jan 02, 00:00 Jun 11, 00:00 Jun 11, 12:00 Jun 12, 00:00
Time Time
(© (d)

Figure 5: Example daily power profiles of (a): winter day, (b): summer day, and associated electricity prices (c):
winter day and (d): summer day.

percentages range between 51% and 69% compared to Case 1, highlighting the effectiveness of com-
bined PV and battery systems in minimizing peak power demand.

In contrast, Case 3, featuring only battery storage, displays a similar trend in peak power imports and
reduction percentages to Case 4, attributable to the battery capability for bidirectional power manage-
ment, shifting consumption patterns effectively. However, Case 2, which involves only PV installation,
results in relatively minor reductions in peak power imports, with most monthly reductions less than 20%
compared to Case 1. This observation suggests limited peak-shaving capability when only PV is used.

5.3 Power Allocations in Case 4

Given that Case 4 demonstrates the lowest total cost, the power distribution among system components
is further analyzed. Fig. 5(a) and Fig. 5(b) illustrate daily power profiles for grid supply, PV generation,
battery operation, and total load demand during representative winter and summer days. For clarity, cor-
responding electricity prices for purchasing and selling are shown in Fig. 5(c) and Fig. 5(d). Significant
seasonal variations in PV generation are evident, with a peak value of 3 MW in summer and 1 MW in
winter, influencing grid behavior substantially. Due to insufficient PV generation in winter, the power
grid primarily supplies the load demand during early morning, late evening, and nighttime periods. Ad-
ditionally, negative grid power values between 10 AM and 1 PM indicate electricity sold back to the
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grid, and battery charging at approximately 6 AM aligns with low electricity purchase prices, taking
advantage of the higher selling price at midday. Conversely, during summer, PV generation exceeds load
demand significantly, and surplus electricity is sold back to the grid, generating revenue. In summer,
battery activity involves relatively minor power exchanges, approximately 0.48 MW for discharging and
—0.47 MW for charging.

6 Conclusion and Discussion

To evaluate the techno-economics of PV and battery, the paper introduces a co-design energy system
optimization framework for an airport microgrid to determine optimal sizes for PV and BESS across
four distinct scenarios. Additionally, the framework optimizes power allocation between PV and BESS
to minimize operational and investment costs. The comgarative analysis shows that integrating PV and
BESS systems achieves the best cost performance, significantly reducing total electricity costs and peak
power surcharges. For the optimal PV and BESS sizing in Case 4, a 46% cost reduction is achieved
compared to the reference case (Case 1) without any additional investments.
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