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Abstract. Urged by the concerns relating to climate change and the energy crises, several companies
and industries have been undertaking a deeply transformation of their energy system. Energy
planning, especially with a long-term perspective, has assumed a renewed importance. The
traditional approaches about energy planning, typically relying on a single-project analyses and a
short-term vision, appear today unsuitable for evaluating the disruptive transformation of the
energy system. In this paper, we propose an energy system optimization approach, based on a
detailed energy planning, and we discuss its application to an energy intensive industry: airports. In
the context of the European TULIPS project, the energy system of the fellow airport of Turin was
modelled in the open-source 0SeMOSYS framework. The model was then validated on a set of
reference years of operation of the airport. The results of the modelling exercise showed minor
variations with respect to real-world data, with a percent error well below 2.5%. Having assessed
the ability of the model to reproduce the behavior of the energy system, future studies will be
devoted to the development of a decarbonisation roadmap for Turin Airport.

1. Introduction

Despite the downfall suffered during the Covid-19 crisis, air traffic is expected to quickly realign
to the steady growth observed before 2019 [1]. According to a recent ICAO study [2], passenger
travel demand in the European area is projected to increase by 2.5% annually over the next 30-
year period. Strongly bounded with the passengers demand, the concerns about the
environmental impact of aviation, a notoriously hard-to-abate sector, are becoming a key element
for the sector development [3].

While much attention is usually paid to the decarbonisation of flight operations, the impact of
aviation-related activities taking place on-ground is often not spotted in existing literature.
Airports are transport infrastructures which are expected to play a crucial role in supporting the
aviation sector. Airport are energy- and material-intensive industries [4]. Although the literature
comparing the relative impact of flight against ground operations is scarce, some studies suggest
that the Greenhouse Gas (GHG) emissions associated with airport operations should definitely not
be neglected [4, 5]. To this extent several airport operators and international associations have
committed to reduce their environmental impact [6]. Among the numerous initiatives supporting
this transition, it is worth mentioning the Net Zero 2050 resolution put forward by the Airport
Council International (ACI) Europe [7] [8].

Turin airport is among the organisations which committed to the Net Zero 2050 target. The
airport is located in the Piedmont region, in northern Italy. Turin Airport is representative of a
large regional airport, with a passenger traffic of 4 million people, and about 45 thousand
scheduled flights (2019 data) per year. On the pathway towards the Net Zero 2050 goal, it plans
to reduce its emissions by 58% in 2030 (2009 reference) [9]. To this aim, Turin Airport is
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developing a transition roadmap, which would radically transform the energy system of the
airport. Energy models could offer a valuable support to this challenging process.

A rich body of literature has investigated the application of energy models to airport
infrastructures [10-14]. A considerable number of studies has applied building energy models to
assess the thermal performance of the airport facilities[15, 16], in particular the passengers
terminal [17-20]. Others have analysed single components of the energy system, such as
photovoltaic plants [21], and Combined Heat and Power (CHP) or Combined Cooling Heat and
Power (CCHP) units [22-26]. Only few studies have analysed the airport at the system level, but
taking into consideration only one or few years of operation [27-29]. None of the reviewed studies
was able to conjugate a system-level planning with a long-term perspective. Neglecting long-term
dynamics in the planning process (varying energy prices, emergence of disruptive technologies,
etc.) could lead to economically sub-optimal solutions. Moreover, given the extent of the
modifications needed to decarbonise the airport infrastructure, a system-level approach would be
needed to capture the interactions between different components of the energy system. In
summary, it can be argued that traditional tools of analysis could be unfitted to support the
development of a transition roadmap for airports.

In this work, conducted in the context of the European TULIPS project [30], we propose an
energy system optimisation approach to support energy planning, investigating its application to
the case-study of Turin Airport. Based on a review conducted by the authors in a previous work,
the open-source 0SeMOSYS framework was selected for the analysis. Among the factors
contributing to this choice there are the ability of 0SeMOSYS to represent long-term dynamics and
the flexibility of the code. The latter, in particular, allows to easily adapt the model to the case
under study. Here, the existing energy system of the airport is modelled with the 0SeMOSYS
framework and the model is calibrated on three known years of operation. Having assessed the
ability of the model to reproduce the behavior of the energy system, future studies will be devoted
to the development of a decarbonisation roadmap for Turin Airport.

2. Materials and Methods

2.1. The 0SeMOSYS framework

The sustainable transition of airports will require substantial interventions on many aspects of
the energy system, both on the generation and consumption side. Examples of available measures
are the investment in on-site renewable generation, energy efficiency, switching to renewable or
low-carbon fuels, and many others [10, 31]. Negative emissions technologies could also play a role
in the future [32].

Common methodologies applied to energy planning rely on single-project analysis and are
characterized by a short-term perspective. However, neglecting the interactions between
different components of the energy system could lead to economically sub-optimal solutions. For
instance, the optimal size of a photovoltaic system could be significantly affected by the reduction
of electricity consumption determined by energy efficiency measures. In addition, neglecting long-
term dynamics could lead to more costly configuration of the system [33]. For instance, the
increase in the energy price, and the advent of disruptive technologies and infrastructures can
severely influence the development of along-term energy strategy. Given the extent of the changes
needed to decarbonise the airport operations, the methodologies commonly applied to energy
planning could be unsuitable for modern challenges.

In this work, we propose an energy system optimisation approach to energy planning in
airports. Energy System Optimisation Models (ESOM) are widely used for energy planning and
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policy assessement at national and international level [34]. However, their application to local
energy planning is gaining momentum [35].

Broadly speaking, ESOM simulate the behaviour of interconnected elements of the energy
system, from the generation to the consumption side. These elements include resources, energy
vectors, generation, conversion and storage technologies, appliances, and energy demands.
Alternative technological options can competitively satisfy the demand for an energy vector, as
shown in the Reference Energy System in (RES) in Figure 1.

Energy/Service
Demand

Generation/Conversion

Resources .
Technologies

Appliances

INTERNAL
COMBUSTION
ENGINE

CONVENTIONAL
BULBS

PHOTOVOLTAIC

STORAGE

Figure 1: Typical representation of an energy system in ESOM. Arrows and vertical lines represent
energy vectors. Energy vectors are progressively converted from the resources to the demand
side by technologies, represented by boxes. Solid lines denote existing technologies, whereas
dashed ones indicate potential investments.

From a methodological standpoint, ESOM find the optimal configuration of the system which

satisfies the energy demand under a set of technical, economic and environmental constraints.
Although various objective functions can be used [36], the optimal result is typically determined
through the minimisation of total system discounted costs. These can include the investment and
operative costs of the technologies, the purchase of energy from the market, taxes, incentives, etc.
By mean of an optimisation algorithm, the model determines the size of technologies to be
installed and the dispatch of energy which minimises system costs.

The landscape of ESOM is very wide [37, 38] and several modelling frameworks are currently
available. Based on an extensive review conducted by the authors in a previous work [39], the
0SeMOSYS framework [40, 41] was selected to perform the analysis. 0SeMOSYS is an established
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ESOM, which has been used for the planning of energy systems at the global [42], national [43, 44],
city [45, 46] and village [47, 48] scale.

The model provides a large number of functions to characterise long-term dynamics, such as
variable energy and carbon prices, energy demand and year-dependent environmental and
renewable targets.

Actually, the code has been significantly improved through the years. Several modules exist
which has expanded 0SeMOSYS capabilities, enhancing the representation of storage [49, 50], the
short-term operation of technologies [51, 52], as well as the handling of uncertainties [53].

The modular structure and ease-of-use of 0SeMOSYS allows the quick adaptation of the code
to the particular application. Notably, it makes it possible to introduce complexity only when
deemed necessary. Therefore, the limitations of the 0SeMOSYS framework can be selectively
addressed, based on the specific case-study.

2.2. The case-study of Turn Airport

Turin Airport is situated in the Piedmont region, in northern Italy, few kilometers far from the
homonymous city of Turin (Figure 2). Placed in a Cfb climatic zone, the location experiences an
average yearly temperature of 14 °C. The site covers an area of 294 hectares which hosts a
complex of more than 30 buildings.

Figure 2: Location and top view of Turin Airport’s site.

The total volume of the constructions is above 750’000 m3, with a floor surface of about 170’000
m2. The main building is the passengers terminal, which alone accounts for a volume of 230’000
m3. The airport also features a second terminal for private flights. The rest of the buildings is
various in scope and extension. Some of them are public, such as the covered parking and the
remote check-in, while others are offices reserved to employees. Many of them are technical
buildings providing support to airport services and aircraft operations, such as plant rooms,
hangars and the Baggage Handling System (BHS) edifice.

In 2019, the last year before the pandemic crisis, the airport processed more than 43’000 flights,
supporting the boarding and deboarding of nearly 4 million passengers. According to the
classification laid out by the European Commission [54], these numbers place Turin Airport
among the large regional airports, in the C category.
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Table 1: Basic information on Turin Airport. Operative data on airport movements relate to the
year 2019.

Denomination TurinAirport Volume 753’605m°

IATA/ICAOcode TRN/LIMF Surface 173'760m?

Location AeroportoSandroPertini- Passengers 3.95 millions
CaselleTorinese

Latitude 45 1131” Flights 43292

Longitude 07" 3907” Baggage 806’463

Altitude 300 m a.s.l. Freights 4'950tons

Climaticzone Cfb

Yearly average 14.08°C

temperature

Turin Airport has undertaken a challenging pathway to improve its environmental
sustainability and its efficiency in the use of resources. During the last decade, the airport has
rolled-out a package of energy efficiency measures targeting the lighting and Heating, Ventilation
and Air Conditioning (HVAC) systems. These measures have proved their effectiveness in reducing
the demand for all the energy vectors of the airport, as shown in Figure 3. Following the peak
demand of nearly 37 GWh in 2006, the consumption has been steadily declining, reaching 26 GWh
in 2019. Meanwhile, the number of passengers have seen a continuous growth, meaning that the
reduction of energy consumption has been achieved despite the increase of airport activities. In
2020 Turin Airport renewed its ISO 50001 certification, confirming its will to further improve the
management of the energy system.

In 2022, Turin Airport endorsed the Toulouse declaration [6], reaffirming the commitment to
reducing its GHG emissions. The airport has recently earned the level 3 of the Airport Carbon
Accreditation (ACA), the carbon management certification constituted by ACI Europe [55]. This
level of accreditation certifies that the airport has developed a plan to reduce its GHG emissions,
also engaging other relevant stakeholders in the process. Turin Airport is also engaged in the Net
Zero 2050 program, and it plans to reduce its emissions by 58% in 2030 (2009 reference) [9]. In
line with this vision, the GHG emissions of the airport have been falling in the recent years (Figure
4). The major contributions to this reduction were brought by the implementation of efficiency
measures and by the concurrent decarbonisation of the Italian electricity grid [56]. Nevertheless,
stronger actions would be needed to achieve the ambitious targets set for 2030 and 2050.

2.3. The airport energy system

The airport carries out a multitude of activities in support of the boarding/deboarding of
passengers and landing/take-off of flights. The passenger is the main customer on the landside,
where several facilities (terminal buidings, parking, etc.) offer a variety of services. Among others,
there are the lighting and air conditioning of the buildings, alongside the movement and
processing of passengers and baggage. On the airside, the main customer is the aircraft, which is
supported in the on-ground operations by a heterogeneous group of Ground Support Equipment
(GSE). On this side, typical services include the handling of the aircraft, passengers and cargo, the
provision of power to the aircraft through Ground Power Units (GPU) and the maintenance and
lighting of the runways.
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Figure 3: Historical energy consumption (left axis) and number of passengers (right axis) of Turin
Airport’s. Energy consumption is reported for each energy vector.
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Figure 4: Historical GHG emissions (left axis) and GHG emissions intensity (right axis). Historical
emissions are reported for each energy vector.

The operation of the airport consumes a large amount of natural resources. Figure 5a shows
that the consumption of primary energy stood at 4.0 ktoe in 2019. The airportrelies on three main
energy vectors: grid electricity, natural gas and fossil diesel. Of these energy vectors, grid
electricity alone makes up 80% of primary energy consumption. LPG and fossil petrol instead
constitute a negligible share. As there is no on-site power production, all the resources are
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imported from outside the airport boundaries. The Figure 5b shows a detailed breakdown of the
final use of the main energy vectors.

In 2019, the airport consumed nearly 17 GWh of electricity. A 30% of this satisfied the demand
for internal and external lighting, while an equal share served for the cooling and ventilation loads.
Interestingly, about 10% of the electricity demand covered an array of small and disparate
services (Misc), such as data elaboration centres, computers, monitors, etc. Another relevant share
was consumed by the companies conducting their activities within the airport borders (Tenants),
such as bars, restaurants and shops. About 10% of the electricity consumption (Other) was not
monitored.

Automotive/Mainenance
€ Lighting
‘ Petrol PG Heating g g
Diesel 0.006%

(Internal)
Natural Gas ‘ - Lighting

17% Heating Diesel, 1.47 (External)
GWh
Cooling
4.00 ktoe
Grid Ventilation
Electricity
&0 Other BHS

Tenants Misc G5t

(a) (b)

Figure 5: Primary energy consumption (a) and final use of energy vectors (b) of the airport in
2019. Primary energy consumption was computed using the conversion factors provided by
ARERA [57].

The majority of the purchased natural gas was used for heating and for the generation of hot
water. Most of the diesel was burned for heating purposes, while a minor share served to fuel the
airport cars, for operations both on land and airside, and runway maintenance vehicles, such as
de-icers.

The Figure 6 illustrates the distribution of airport consumption through the year, for each
energy vector. Driven by colder temperatures, the consumption of natural gas and diesel is higher
in winter, especially in January. The peak electricity consumption is reached in the summer
months, when the cooling system is switched on, implying a high dependency of energy demand
on weather conditions. The lowest energy demand is registered in May, when both the heating
and cooling systems are off.

As can be expected by the extension of the airport complex, the heating, cooling and air
conditioning system is quite articulated. Figure 7 gives a high-level representation of the HVAC
system. The main heating network distributes hot water to a group of buildings, including the
terminal. The hot water is generated in a technical building by three large boilers, fed by natural
gas. The terminal serving private flights has its own heating system, still fed by natural gas.
Conversely, several isolated buildings, mainly located on the airside, are served by boilers fed by
diesel.
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Figure 6: Distribution of airport consumption through the year (2019 data).

The cooling and ventilation loads are fulfilled by Air Handling Units (AHU) and cooling units
serving a single or a small group of buildings. The cooling units serving the terminal are of the
water-cooled type, whereas those serving smaller buildings are air-cooled. The cooling load is
provided by screw compression chillers powered by electricity. Table 2 reports the installed
power of the HVAC equipment.

Table 2: Installed capacity of the HVAC equipment. The capacity of the boiler is expressed in kW
thermal. The capacity of compression chillers is expressed in KW cooling.

Equipment Installed Capacity (kW)
Natural gas boiler (district network) 8’835
Natural gas boiler (other) 1420
Diesel boiler 2’879

Compression chillers 7°944
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3. Results and Discussion

3.1. Turin airport energy system as modelled in 0SeMOSYS
The airportis a complex and highly articulated energy system. Modelling its evolution over several
decades would entail a major computational burden. Therefore, a certain level of aggregation of

the airport energy demand and technologies has been necessary. For the scope of this work, the
RES of the airport was represented as in Figure 8.

- <

Heating Gas Oil

Ra

@)

0 Heating Load Boiler

O Cooling Load Compression chiller
O Ventilation Load Air Handling Unit

Figure 7: High-level representation of the HVAC system of the airport.

The heating system was divided on the basis of the three main types identified in Subsection
2.3: a separate heating demand was defined for the buildings served by the main thermal network
(MAIN), for the second terminal (SECONDARY) and for the ancillary buildings, mainly located on
the airside (ANCILLARY). This articulation has been necessary as the thermal loads are satisfied

by different technologies and infrastructures, i.e., the thermal demand of the second terminal
cannot be satisfied by the thermal network.
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The electric system of the airport does not present particular complexity or specific
bottlenecks, and therefore the copperplate approach can be justified. However, the electricity
consumption related to the different services was segregated from the various energy demand.
This enables the study of the impact of energy efficiency measures on the energy demand of
particular services and appliances (lighting, cooling, PC, electric motors, etc.). Given the scope of
this paper, only the lighting and cooling services were segregated but results can be generalised
to other services, such as AHU and electric motors.

On-site

Imports )
generation

Appliances Demand

v
'I

He!

>m— M

Figure 8: RES of the existing airport energy system.

Finally, the demand of fossil fuel for automotive purposes was separated in light duty vehicles, like
cars, and heavy-duty vehicles, like those apt to the maintenance of the runway. The former are
likely to be substituted by electric vehicles in the near future. Therefore, it makes sense to
represent alternative conversion technologies able to satisfy the demand. Conversely, the
electrification of heavy-duty vehicles is less likely. Therefore, the only noticeable measure that
could be undertaken would be switching to an alternative fuel, like biodiesel. This intervention
does not require the representation of the technology in the model.

The data used for the calibration of the model are reported in the following tables. Table 3
reports the demand for the different energy vectors and services used in the model. Table 4
reports the conversion coefficients of the aggregated technologies, as modelled in this work. The

10
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aggregated conversion coefficients were computed as the average of the efficiencies of single
technologies, weighted over their annual contribution to the satisfaction of the demand. Finally,
Table 6 and 5 reports respectively the emission factors and costs associated with each energy
vector entering the system.

The historical data on energy consumption and the technical data on heating, cooling and other
equipment were extracted from the documents prepared by the airport for the ISO 50001
certification. The prices of the different energy vectors were taken from airport’s bills. For the
emissions factors of the various energy vectors and the grid electricity, the values were derived
from the national emissions inventory hosted on the ISPRA website!.

3.2. Model calibration
This section reports the results of the calibration of the model over the operative period 2019-
2021.

Table 3: Demand for the different energy vectors and services represented in the model.

Demand 2019 2020 2021 Units

Various electricity 10.8 730 7.76 GWh

Lighting 0.51 050 0.51 TImh

Cooling 3.77 2.85 391 GWh (cooling)
Main Heating 6.71 6.05 7.23 GWh (thermal)
Secondary Heating 0.66 0.68 050 GWh (thermal)
Ancillary Heating 0.89 098 1.03 GWh (thermal)

Maintenance Vehicles 0.30 0.24 0.23  GWh (fuel)
Light-duty Vehicles 436 342 337 100000 km

Table 4: Conversion coefficient of the different technologies represented in the model.

Technology Conversion coefficient  Units

Light bulbs 87.6 Im/W

Compression chillers 5.02 kW (cooling) /kW (electric)
Boiler (Main) 0.923 kW (thermal) /kW (fuel)
Boiler (Secondary) 0.930 kW (thermal) /kW (fuel)
Boiler (Ancillary) 0.916 kW (thermal) /kW (fuel)
Light-duty vehicles  40.4 kWh (fuel)/100 km

L http://emissioni.sina.isprambiente.it/inventario-nazionale/

11
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Table 5: Costs of the different energy vectors imported in the model (in c€/kWh).

Energy vector 2019 2020 2021
Grid electricity 13.6 127 209
Natural Gas 382 323 3.69

Diesel (Automotive) 13.6 12.1 13.7

Diesel (Heating) 7.9 6.9 7.8
Table 6: Emission factors of the different energy vectors imported in the model (in
gCOZ'eq/kWh).

Energy vector 2019 2020 2021

Grid electricity 321 285 285

Natural Gas 194

Diesel (Automotive) 269

Diesel (Heating) 266

The Figure 9a and 9b show respectively the consumption for each energy vector and the
associated costs for the modelled period. The error of the model in reproducing the real quantities
is reported as percent variation from the real value. As can be seen by the comparison of the
simulated and real data, the dispatch and economic patterns were correctly represented by the
model, the percent variation being always well below 2.5%. The largest deviation was registered
for the electricity vector in 2021. This error can be traced back to the approximation of the
installed power of LED bulbs, which was not available for the year 2021. Figure 9c shows that also
the emissions associated to each energy vector were accurately reproduced by the model.

[t is interesting to notice that, despite the lower consumption of electricity due the trail of
the Covid-19 pandemic, the costs registered in 2021 are higher than in 2019, mainly due to the
increased electricity price (Table 5).

The consumption of electricity makes up the largest share of energy used by the airport.
Moreover, it has to be noticed that, for what concerns both emissions and costs, the contribution
of electricity is even more pronounced due to the higher price and emission factor.
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Figure 9: Comparison of modelled and real data. The percentage error (right-axis) is reported as
percent deviation from real value. (a) Energy consumption, (b) costs, (c) emissions.

3.3. Perspective and future work

In this paper, the existing energy system of Turin Airport has been first characterised and then
modeled by means of the 0SeMOSYS framework. The ability of the model to reproduce emissions
and costs patterns of the system was assessed through the comparison with some reference years
of operation of the airport.

Having completed the calibration of the model, on the existing system, future studies will
focus on the introduction of innovative technologies, and solutions for the future airport
infrastructure.

Figure 10 provides an overview of the measures which will be implemented in future
developments of the model. In line with the plan laid out by Turin Airport, the integration of a
smart-grid concept will be investigated. The smart-grid will feature advanced energy components,
such as batteries and hydrogen storage, as well as a fuel-cell based CCHP system. Additionally, the
feasibility of heat pump systems and the implementation of a package of efficiency measures will
be studied with the specific aim to develop a long-term roadmap to support the energy transition
of Turin Airport.
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Figure 10: RES of the potential expansion of the airport energy system.

Preliminary estimates show that the measures which will be included in the model have a great
potential to reduce the airport’s carbon footprint. For the emission savings reported in Figure
11, we assumed a system composed by a 3 MW photovoltaic plant, a 250 kWe Solid Oxide Fuel
Cell, the complete substitution of conventional light bulbs with LED and the full electrification of
the heating segment. The fuel cell was assumed to be fed with a 70-30 %vol blend of hydrogen
and biomethane.

Despite the necessarily preliminary nature of these estimates, it clearly results that,
being these measures adopted, the airport could cope with the rise of emissions deriving from
Increased airport activities, achieving nearly a reduction of 2.0 kt CO2.q with respect to present
levels. The model implemented in the 0SeMOSYS framework will enable to investigate how and
when these measures should be implemented in a such a way to achieve economic optimality.
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Figure 11: Potential emission savings with respect to present levels. Emissions savings were

estimated assuming a 3 MW PV plant, a 250 kWe Solid Oxide Fuel Cell fueled by a 70-30 %vol

blend of hydrogen and biomethane the complete substitution of conventional light bulbs with
LED and the full electrification of the heating segment.

4. Conclusions

The sustainable transition of airports is a key part of the decarbonisation of the civil aviation
sector. The transition will require substantial investments in innovative technologies which will
shape the future airport energy system. The implementation of these disruptive changes should
be carefully evaluated, also by means of a specifically designed roadmap, based on a long-term
approach. In this view, energy system models could offer a valuable support to the planning
process.

In this work, an energy system optimisation approach was proposed for the case-study of Turin
Airport. The existing energy system of the airport was analysed and implemented in the
0SeMOSYS framework. The model has been calibrated on three known years of operation of the
airport. The results of the simulations showed that the realised model was able to reproduce the
consumption, emissions and costs patterns of the airport.

The set up model, based on the existing energy system, allows for defining future studies
focusing on the development of a long-term transition roadmap for the airport. The modelled
system will be integrated with the smart-grid concept foreseen by Turin Airport, featuring solar
power, hydrogen and CCHP fuel cell unit. Additionally, the model will be enriched by a range of
energy efficiency measures, relating to the lighting and HVAC services. The final system will be
studied under various scenarios, in order to identify the optimal development pathways.
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Abbreviations
ACI Airport Council International

AHU Air Handling Unit

BHS Baggage Handling System

CHP Combined Heat and Power

CCHP Combined Cooling Heat and Power

GPU Ground Power Unit

GSE Ground Support Equipment

ICAO International Civil Aviation Organization
RES Reference Energy System
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