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1 Executive Summary

Structure of this report

This deliverable is a joint product by four airports with strong commitments to the climate goals and
sustainable operation: Schiphol Airport working together with TNO as a knowledge partner, Torino
Airport with SAGAT working with POLITO as a knowledge partner, Stavanger Airport with AVINOR
working with SINTEF as a knowledge partner and Larnaca Airport with HERMES working together
with EGIS as a knowledge partner.

Chapter 1 is a joint introductory chapter. Chapters 2 to 5 are airport specific. In these chapters the
methodology, the scenarios and solution pathways, the modelling results and the smart airport
energy hub solutions are described for Schiphol Airport, Torino Airport, Stavanger Airport and
Larnaca Airport respectively. The eight partners worked together in defining scenarios, modelling
future developments and sustainable strategies, exchanging ideas and results and drafting
pathways to zero emissions for the Airports involved. In this process, the Airports identified
differences, commonalities and key elements of the future sustainable airport energy hub, which

are listed in Chapter 6.

The transition of airports from traditional fossil-based energy sources to more sustainable energy
solutions implies the transformation of all energy demanding units such as buildings, vehicles and
airside supporting equipment. This transformation will inevitably affect the energy demand requiring
a modification on the existing energy grid also considering that intermittent renewable energy
sources will be more and more present inside airports. The creation of a smart energy hub enables
the airport to efficiently utilize renewable energy sources produced on site and coming from the
external grid and to optimise the infrastructure through load-shifting, sector-coupling and storage.
This system should encompass all generation assets, infrastructure and energy needs such as

electricity, heat and cold, hydrogen, biogas and other fuels.

Differences between airports

The four different airports analysed in this study differ in the context in which they operate. This
imposes boundary constraints and enables or disables the adoption of specific technological
pathways. In the following paragraphs the main factors affecting the technological choices are
highlighted.

Geographical context. The latitude at which the airport is located affects significantly first of all
the composition of the primary energy demand of the airport. As easily predictable, for northern
airportsdé the weight of heating i s s,amdhesametineevant
the cooling demand has a behaviour that is opposite. Since cooling demand synchronizes quite

well with solar PV production but heat demand during winter periods does not, the airports specific
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energy need has a strong impact on the potential of certain technological solutions. Consequently
this implies an easier access to electrification enablers for southern airports and a need of a wider

range of options needed for airports with a significant heating demand.

National energy context. The availability of renewable resources can differ largely between the
regions where the different airports operate in. In southern regions the PV plants are a more viable
option both for on-site production (thanks to the high amount of equivalent hours) and for the
purchase of green electricity from the grid, for northern airports a wider range of choices is present
in particular thanks to the larger availability of wind plants and in some cases to the presence of

larger amounts of biomass resources (both solid and through transformation in biomethane).

Size of the airport. The composition and scale of airport operations are crucial to the design of a
smart energy hub. The presence of a large share of short haul flights combined with the possibility
to operate smaller commercial aircrafts in northern regions implies the concrete possibility of having
in the short term a large amount electric flights, thus implicating the need to supply and manage
larger amounts of electricity at high power rates. For other airports the electrification of flights could
be slower and less impacting, while at the same time the demand of hydrogen over time could be

a variable to be taken into account.

The size of the airport also affects differently the operations, the type and amount of energy needed
to meet decarbonisation targets: larger airports encounter difficulties in electrifying entirely GSE
activities and need a wider range of options, while for smaller regional airports thank to a more
compact geometry of the terminal the electrification of ground operations could be easier to be

achieved.

Commonalities between airports

Although the smart energy concept introduced in the four studies differ in scope, all successfully
employ smart grid strategies to meet energy demand and supply. Some common strategies have

been identified and summarised below.

Energy efficiency. The reduction of primary energy supply is a cornerstone to achieve net zero
targets and optimise the use of energy inside complex energy systems as airports are. Even if the
increasing of energy efficiency is a pathway that has been followed by all the airports through the
last years, there is still room for improvement and optimisation of the energy demand thus reducing
the impact of the increasing demand of energy related to the transformations needed. At the same
time reduction of primary energy demand releases part of the power used on existing electrical

cabinets, reducing the need of new installations.

Electrification. From the analysis conducted, electrification of the energy demand is considered
one of the most effective and resilient pathways to reach the net zero target. This can be developed

both on the heating demand when lower grade renewable sources are not available and on airside
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operations with the effect of reducing the demand of fossil fuels and increasing the electricity
demand accordingly. This phenomenon is already taking place at a faster rate than expected, but
is currently slowed down by limitations of the availablegridcapaci ty from DSO/ TS0O6s (
at most airports involved. The future airport smart energy hub is expected to be complex and
demanding to manage. Airports expect that to do this properly each airport needs to have the full

ownership of the airport grid infrastructure.

On site production and storage.  All airports introduce electricity generation on site, mostly in the
form of solar PV: this is considered as a feasible way to decarbonise and at the same time to reduce
grid dependency. In order to match the internal demand with the production and reduce as much
as possible the export of energy exported to the external grid, all airports will consider different
storage solutions. Other actions in this direction regard load shifting and peak shavings at cabinet
level in order to match demand and renewable electricity production and to reduce congestions on
the internal distribution grid. Another possibility proposed is related to smart charging devices that
can enable airports to shift demand to periods of high renewable electricity production or alleviate

infrastructural requirements.

Diversification of energy resources. A complex problem has to be faced with different solutions
concurring to achieve the common goal of decarbonisation: diversification of energy streams (as
for example hydrogen or biomass) can decrease infrastructural limitations even if at the same time

can increase the airports dependency on external partners.

The regional energy infrastructure is often the limiting factor for the rate at which the transition of
the airport is possible. Hydrogen, as a particular instance of external energy supply, will require the
establishment of a dedicated infrastructure connecting the airport to hydrogen producers. The
volume of hydrogen required by the airport for power generation purposes alone would likely be
too small to justify significant investments in transport infrastructures over long distances. For a
transition to a hydrogen infrastructure a concerted effort of the airport with local stakeholders
towards the realization of a local hydrogen economy would be needed. Based on the studies, the

depl oyment of H2 is not expected before 2030, pote

Strateqgic cornerstones in the development towards Airports as a Smart Enerqgy hub

The following cornerstones of the development towards a smart and sustainable airport energy hub

were identified:

Increased self -sufficiency. Independently on the chosen technological pathway, a radical shift of
the airport from the current energy consumerto energy i p r 0 s woha & expected and should be
a pivotal part of the Airport energy strategy. This will allow to increase the resiliency of the energy

system and at the same time to reduce the local based emissions.
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Diversification of resources and sector coupling. Another constant of each strategy
investigated lies in the increased complexity of the energy system. Under the current configuration
of the airport, different energy sectors are compartmentalised and associated with specific energy
carriers. The transformation required implies the creation of a sustainable, integrated energy
system. The right energy mix will include: deployment of sustainable resources, energy storage
systems to match supply and demand, smart charging and discharging facilities with Hz as possible

back-up system, for large scale vehicles.

Deployment of new technologies requires long-term strategic approach . New safety
requirements (from an operational and permit standpoint) and risk based analysis need to be
considered. Critical success factors like energy markets (size), geographic aspects, supply chain
factors, workforce (availability of workforce with critical skills) need to be included, a human capital
agenda is needed. The choice between on-site generation and market-based solutions needs
strategic planning. Managing and operation of the local grid can be very demanding, especially
when electric planes are introduced. To support the long-term strategy, dynamic modelling of
energy needs can be useful, as it helps identifying the correct energy demand, how improved
energy efficiency can impact the energy requirements, where and how electricity demand can be
met by PV plants, and when and how much battery capacity is needed. These models can guide

the decision making.

Need for external green energy supplies. Even if increasing the self-sufficiency of the airport s
is one of the milestones of all energy strategies adopted, the analysis revealed that the realisation
of an energetically autarchic system would be hard to achieve from an economic perspective.
External supplies of green gases, either biomethane or hydrogen, and decarbonisation of the

regional electricity grid represent a fundamental enabler of the energy transition of the airport.
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2 Introduction

2.1 The TULIPS project

In 2019 the European Commission launched the European Green Deal strategy to overcome

climate change challenges [1]. Complementary to this the Sustainable and Smart Mobility Strategy

was published in December 2020. Greening transport is one of the key objectives of the Green

Deal . Transport accounts for 25% of [2.Ameolfectidbes gr een
of the Green Deal is to reduce the GHG emissions of transport by 90% by 2050.

In this context, airports will play a major role in boosting the use of cleaner technologies, green
energy carriers and smart logistics concepts in air transport, ground operations and road transport
to and from Schiphol, both for passengers and freight, with the aim to reduce GHG emissions. The
TULIPS consortium, formed by 29 partners across Europe and supported by an external advisory
board, will develop innovations that facilitate the transition to low-carbon mobility and enhance
sustainability at airports for the next four years. The goal is to accelerate the implementation of
innovative and sustainable technologies towards lower emissions at airports, aiming to zero-

emissions and zero-waste airports by 2030 and climate neutral aviation by 2050

2.2 Airports as Smart Energy Hubs

A Smart Energy Hub is a location where different functionalities of an energy system, such as
production, storage and consumption, and different carriers of energy, such as liquid and gaseous
fuels and electricity, are combined to achieve cost-effective, efficient and flexible means of supply
of energy and energy related services in a highly integrated manner. When the system must deal
with a certain degree of volatility in supply or demand, for example because of a dependency on
weather conditions or human behaviour, a smart control system can assist in improved operations
of the system, which can lead to a more efficient design and operations of the system on many

fronts.

Airports are locations where many different activities are concentrated on one site. While the
primary function (and business model) of an airport is to facilitate air travel of passengers and
cargo, many buildings can be found on an airport premise. This includes both buildings required
for the core process, such as terminals and piers, maintenance hangars, freight handling buildings,
catering and others, as well as buildings used for secondary activity, such as offices, hotels, bars

and restaurants. All in all, the built environment is well represented at an airport.

Additionally, a lot of mobility is taking place on and around the airport. On landside, trucks and
lorries are driving on and off to pick-up and drop-off air cargo and supplies for the buildings. Cars,

buses and taxis drive on and off to transport passengers, crew, airport staff and office employees.
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On airside, vehicles are used to push around aircraft, to transport luggage, supplies, fuels and

people to and from the aircraft and to supply electricity, conditioned air to the aircraft.

Today, many of these activities are fuelled by fossil energy carriers like diesel, petrol, kerosine and
natural gas, resulting in significant emissions of carbon dioxide, nitrogen and particular matter. As
each of these sectors have their individual challenges in their transition towards clean energy,

airports are faced with the combination of these challenges.

But there are also opportunities. Airports require a lot of surface area, and typically have a lot of
land available which can be used for development of large assets. Just think of the large-scale
development of solar power on parking lots, roofs of utility buildings and open fields. Utility-sized
facilities can be considered for (co)generation of electricity, heat and cooling and large-scale
storage of energy. The airport may also be owner of the local energy infrastructure, which gives it
a responsibility to provide energy to the local parties, but also gives the airport the position to
develop the infrastructure in coordination with all other developments within the local energy
transition. Finally, the airport operator is almost always connected to each stakeholder active on its
site: ground operators, airlines, tenants, (..), providing the airport with a central position to organize
and orchestrate the energy transition on its site: in many cases a must for a successful energy

transition, and especially when trying to realize a Smart Energy Hub.

The extend to which the wide range of activities on an airport should be included in the Smart
Energy Hub is not predetermined. For some cases, this may mean that every single energy
consuming asset is in some way connected, for other cases it may be better to include only a subset
of activities. What matters is that in due time airports set and achieve their climate goals and have
a positive impact on the local and global transition towards clean energy and circularity. The
concept of an airport as a Smart Energy Hub concept should help achieve this goal, in whatever

way it can.
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2.3 Key parameters airports

The different airports considered in this study strongly differ in size and the context where the
operate. Error! Reference source not found.  gives an overview of the characteristic parameters
of each airport in terms of air transport related parameters, real estate, energy use and associated

CO; emission.

Table 1: Airport key figures. Numbers refer to 2019.

Indicator Airport

Schiphol Torino Stavanger Larnaca
Passenger movements (PAX, x 1000) 80652 3®52 4310 8622¢
[#/annum]
Cargo (x 1,000 tonnes) 165%7 0| 4.95 29.26
o Aircraft movements (landing and take- 554691430629]75&07 66043
§ off) [#/annum]
(air transport movements)
Total gross floor area real estate [m2] 673066(173060/(60800 9860¢(
Final energy demand [GWh/a] 250.7 22.7 18.092 2473
Total GHG emission [ton CO2 eq] 11906%{606590]516° 15620(
(Scope 1 and 27 location-based)

A comprehensive description of each Airport is given in Annex A.

As the airports differ in context, the scenarios studied and interventions considered are different.

An overview is given in Table 2.2 for the scenarios and Table 2.3 for the interventions.

1 Schiphol Group: Amsterdam Airport Schiphol, Rotterdam The Hague Airport and Eindhoven Airport

2 Schiphol Group: Amsterdam Airport Schiphol

3 Schiphol Group: Amsterdam Airport Schiphol, Rotterdam The Hague Airport and Eindhoven Airport

4 Commercial real estate at Amsterdam Airport Schiphol. Total m2 at Amsterdam Airport Schiphol is more than 1800®00m2

5 Schiphol Group: Amsterdam Airport Schiphol

6 Stavanger: Low CO2 emissions (Scope 1+2) due to very high share of hydropower in the domestic electricity generation mix
and use of biomass for space heating.
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Table 2 This table shows the different uncertainties that were considered in the scenarios studies as indicated by

each airport team. @ means included , Identified as relevant uncertainty

Developments in airport business
Passengers processed at airport
Cargo processed at airport

Flight movements at airport
Government mandated cap on flights

Building stock on airport premise

Developments in the energy sector
Development of energy prices
Availability of electricity grid capacity
Availability of importable biomethane

Availability of importable hydrogen gas

Developments in energy technology
Renewable energy technologies
Electrolyser and fuel cell technology

Energy storage technologies

Developments in transport technologies
(Indirect) electrification of aircraft
Electrification of vehicles

Electric and hydrogen-fuelled ground support equipment

TULIPS Public
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Developments in airport climate

Developments in outdoor temperature and solar irradiance ¢

Table 3 This table indicates the possible interventions considered in this scenario study as indicated by each airport
team. Identified as possible intervention

Airport

Schiphol
Torino
Stavanger
Larnaca

Deployment of renewable energy technologies

Solar PV ¢ | ¢ | ¢ ¢
Wind power (offshore/onshore) X2 X2
Hydrogen (import/onsite production) X X
Biogas/biomethane X X2

Waste heat 2

Deployment of charging infrastructure

For passenger EVs $

For buses ¥

For aircraft X

For ground support equipment X

Deployment of energy storage

Electricity storage systems X X X
Hydrogen storage systems 2

Heat storage systems ¢

Implementing energy management  (tactics)

Smart grid energy management system $ ¢ ¢
Load shedding X2 X2

Smart charging/Vehicle to grid $

Local energy market $ $
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Improvement of building energy  efficiency

Solar protection and insulation ¢

Improve operational
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3 Amsterdam Airport Schiphol 1 scenario study and system

design concepts

3.1 Methodology

In this section, the methodological framework and applied models are presented. In this study, the
solution space method was used to perform a scenario analysis for different technological

pathways.

3.1.1 Methodological framework used for the scenario analysis

The transition towards a sustainable airport calls for changes in energy system of the airport. This
transition introduces renewable energy generation and a shift towards greener transport options
both airside as well as landside. Airports are complex infrastructures that have intertwined
dependencies of various stakeholders. Thus, airport operators will need to make robust decisions

under these high degrees of uncertainty.

The solution space methodology is a structured approach to tackle complex decision-making in
which one or multiple stakeholders need to make individual or shared decisions while dealing with
external uncertainties. The solution space methodology can be applied on decision problems

where there are a large number of possible technological pathways and external uncertainties.

The solution space as shown in Figure 1Figure 1 Schematic representation of the Solution Space
methodology is defined by matching the scenarios and development concepts. Both likely and less
likely matches may emerge that, together, represent the complete solution space. Main objective
of the methodology i s t o wunderstand the 6éSolution Spaced a
devel opment concept i s robust i . e. is feasible it
prioritizing resources and efforts that will be required to decide on the selection of an optimum

development concept.
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Figure 1 Schematic representation of the Solution Space methodology

The term 6Solution Spaced may be portrayed by the
concepts (decisions inside the sphere of influence of the airport) and on the other axis the scenarios

(uncertainties outside the sphere of influence of the airport).

The combination of a development concept and a scenario results in case. Each case is evaluated

guantitatively.

3.1.2 Models and other tooling

Energy system models provide a quantitative description of how energy is supplied, converted,
transported and consumed within the airport. The effects of intermittent supply and demand and
other technical and physical constraints on the airport can be assessed by formulating such an

energy model as and optimisation problem.

Calliope is an open-source energy system modelling framework. It is designed to analyse systems
with an arbitrary spatial and temporal resolution. The structure, functioning as well as the
mathematical description of Calliope are described in the documentation [3]. Calliope consists of
linear equation that are optimized by minimizing the annualized total system cost. The amount of

storage and usage of energy is included in the optimisation process.

Calliope is a nodal description of an energy network as shown in Figure 2. A dodebis a specific
combination of a dechnology6and a docationd A dechnologydis an asset type that produces,
consumes, converts, stores or transports energy. A docationdis a site which can contain multiple

technologies. A 6carrierd is an energy carrier t Fiaally, groups
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a O0r esaurswoad cies or sink of energy that can be used

to the system.

The system as shown in Figure 2 Schematic representation of the nodal model used to represent

an energy system in CalliopeFigure 2 could utilise a desource6 a@amt as a source for |
natur al gas. This is introduce @&LNGyterndnaldAsthesardey t ec hn
01 océ@nemptygas fieldoraLNGtankcoul d be used as atosimetnaturahge t ec
gas.Theécarrierdé natural gas is transported oy a o6tr a
di fferent o6l ocationé. At the other |l ocation the 6
6carrierdbesuchcady t hr ough sacha@sapowerplantsd Toenc it reaclhngil eosy
at the same | odédariaan poagt & tshd cobrmatet to the same network such

as the O0suppl yod6 andFigirsa3 Foirmaglel y etchhen od coagryrdéi eérnd6 el ectr
throughanotherét r a n s p o r t forexample H\d trawsmigsion lines to another location where

a @emand technologyd f or exampl &has &idepmamtd technol ogy6 uti

as a sink for the o6carrierd electricity.

Conversion

Demand

. Storage

Supply

Figure 2 Schematic representation of the nodal model used to represent an energy system in
Calliope

Figure 3 presents a high-level description of the in- and outputs of the Calliope model. The technical
and economic parameters are used to defResowcet he di f
availability is typically a time series used to define the source or sink of adsuppl yé6 or oOder
t echnatadgigpg/step. The o6l ocati onsdé ar e def thimdefiheshvhicht he s pe
6technol ogi esd are | ocat constraint lare added to the mdded to limitd e | . M c
the solution of the model. For example, a constraint can be used to define the installed capacity of

a certain 6technologybd.
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Technical parameters ————
Installed capacities
Economic parameters

Calliope

Cost breakdown
Framework

Resource availability ———

Spatial definition
Time series
Model constraints ————

Figure 3 Schematic representation of the in- and outputs of the Calliope model

3.2 Scenarios and solution pathways

This section introduces the energy system at Schiphol Airport and describes the scenarios and

development concepts assessed in this study.

3.2.1 Introduction to the airport energy system

3.2.2

3.2.1.1 Introduction to the airport energy management system

As mentioned above the long term goals for the Royal Schiphol Group are to become Net Zero by

&7

2030 and Energy Positive in 2050. Zero-e mi ssi ons airports Schiphol Gr ot

are on track to become zero emissions airports by 2030. The Energy Management System (EnMS)

of the Royal Schiphol Group is ISO 50001 (Energy Management) certified since 2021. The scope

of the EnMS encompasses the airports of Amsterdam Schiphol, including the commercial real

estate, Rotterdam the Hague Airport, commercial real estate of Rotterdam Airport, Eindhoven

Airport and Lelystad Airport’.

The EnMS of RSG facilitates the improvement of the energy performance of our airport. The scope

of the EnMS is applicable for the airport activities that fall under the responsibility of the RSG

organisation.

Energy system scenarios

The aviation background scenarios that were provided by the used AEOLUS model (Aeolus 2022)

as outlined in section 3.3, were used as explorative scenarios in this study. None of the scenarios

analysed by the AEOLUS model contained a case where the number of flights is reduced. Even if

policies restricting the number of flights at Schiphol have not yet been implemented in policy, it has

been discussed to lower the number of flights to 460.000 flight movement per year. To highlight the

“For a detailed description of the Ener
Energi emanagement systeem SNBV 2.2, 20230
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awareness of this study on the potential decrease in number of flights, the low case in the AEOLUS

model is referred to as a mid-case for the remaining part of this study.

This study works with two milestone years: 2030 and 2050. Not only are these years used to set
deadlines to goals, these two years also provide two different perspectives: a short-term
perspective and a long term perspective. The short-term perspective is important, as decisions
need to be made now, or as soon as possible, to stay on track. This limits the option space, but
also reduces the uncertainty of key developments relevant to Schiphol, such as the development
of aviation or the price of electricity. The longer term is more uncertain but provides more time for
Schiphol as well as the rest of the world to develop. Both perspectives have their added value and

should be used as such.

Table 1 Scenarios for Flight movements, PAX and Freight for 2030 and 2050

Mid High
2030 Flight movements: 500,000 Flight movements: 665,839
PAX: 99,693,629 PAX: 119,490,122

Freighter movements: 28,376  Freighter movements: 18153

Freight: 1,529,873 mt/a Freight: 1,585,252 mt/a
2050 Flight movements: 500,000 Flight movements: 903,120
PAX: 99,693,629 PAX: 188,998,792

Freighter movements: 24,077  Freighter movements: 6,324

Freight: 1,574,185 mt/a Freight: 2,339,047 mt/a

3.2.3 Technological and non-technological solution pathways

To explore different configurations, four development concepts have been developed. Namely,
current policy, solar, wind and hydrogen. Current policy aims to capture the current direction but is
in no way reflective of Schiphol Groups current strategy. Table 2 presents the technological
solutions available to the different development concepts for electricity generation. For current
policy 21 MWp of solar will be deployed in 2030 either on rooftop or in-field. Towards 2050 this will
be increased to 200 MWp. The remaining electricity demand will be procured on the market. The
solar development concept reflects an increased deployment of solar PV. The wind development
concept reflects a wider portfolio where offshore wind is more directly contracted. The hydrogen
development concepts does not deploy any renewables and instead relies on a hydrogen-fired

CHP and the grid for electricity demand.
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Table 2 Selected electricity generation technologies for each development concept in different
scenarios, - = not applicable

Current Policy Solar Wind Hydrogen
Technology 2030 2050 2030 2050 2030 2050 2030 2050

Utility-scale 21 200 75 MWp 300 21 MWp 100
solar PV MWp MWp MWp MWp

Rooftop solar
PV

Offshore 100 MW > 200
Wind MW

Hydrogen 100 300
CHP MW MW

Import 150 150 150 MW 100 50MW OMW 50MW 0MW
gridmix MW MW MW

Table 3 presents the available technologies for heat generation. Current policy mostly provides heat
through the deployment of building-based heat-pumps supported by some e-boilers for peak
capacity. The solar development concepts reflects a more centralized conversion through utility-
scale heat pumps and e-boilers. Besides, the conversion of electricity to heat, the solar
development concept deploys utility-scale solar thermal. The hydrogen development concept does
not have any power-to-heat technology and instead relies on hydrogen-fired boilers. All
development concepts allow for the deployment of gas-fired boilers at third-parties and the

deployment of building-based heatpumps (and e-boilers) at centrum.

Table 3: Selected heat generation technologies for each development concept in different scenarios,
= not applicable, - technology available, $- technology only available at selected locations.

Current Policy Solar wind Hydrogen
Technology 2030 2050 2030 2050 2030 2050 2030 2050

Utility-scale X X

heat pump
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Building-
based heat
pump

Utility-scale
heat pump

(water-based)

Utility-scale

solar thermal

Rooftop solar

thermal

Utility-scale e-
boiler

Building-
based e-

boiler

Utility-scale
hydrogen-
fired boilers
Building-
based
hydrogen fire

boilers

Gas-fired

boilers

Table 4 presents the technologies available in the development concepts at airside. Current policy
has fixed power units at the gate and eGPUs at remote positions. Towing is envisioned to be
powered through hydrogen. In the solar concept all airside demand, including towing is electrified.
In the wind concept gate positions are also serviced by eGPUs. In contrast, in the hydrogen concept

all airside technologies are hydrogen-powered.
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Table 4 Selected airside technologies for each development concept in different scenarios,
= technology available, @ = technology only available at selected locations

Technology

eGPU at
remote

positions

eGPU at gate

positions

FPU at gate

positions

H2GPU at
remote

position

H2GPU at
gate position

e-towing

H2-towing

Table 5 presents the infrastructure available in the different development concepts. Current policy

Current Policy

2030 2050
A4 A4
¢ 32
A4 A4

Solar

2030
¥

2050
A4

Wind
2030
¢

2050

¢

= not applicable, \9

Hydrogen

2030

A4

2050

¢

allows for the deployment of additional electrical infrastructure and the introduction of hydrogen.

The solar concept deploys more centralized power-to-heat technologies, hence heat grid are
required to transport the heat to the location of demand. In the hydrogen concept, heat grids are

also available to transport the heat from the CHP to the location of demand.
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Table 5 Selected infrastructure technologies for each development concept in different scenarios, = not
applicable, @ = technology available, Qf = technology only available at selected locations.

Current Policy Solar wind Hydrogen

Technology 2030 2050 2030 2050 2030 2050 2030 2050

Electrical X'} X' ¢ 4 X ¢ ¢ s 2
Heat grid ¢ X2 ¢ . 2
Hydrogen 4 2 ¢ 2

Table 6 presents the different storage technologies available to the different development concepts.
Current policy does not deploy any storage technologies. In the solar case, electrical storage is
deployed in tandem with solar PV, but the kind of storage is not set. In addition, thermal storage is
deployed in tandem with solar thermal. The wind concept allows all storage technologies, but does

not set the capacity. In the hydrogen case, only storage of heat is allowed.

Table 6 Selected storage technologies for each development concept in different scenarios, - =
not applicable, = technology available, L technology only available at selected locations.

Current Policy Solar wind Hydrogen

Technology 2030 2050 2030 2050 2030 2050 2030 2050

Lithium ion > 75 > 75 @ X

Redox flow MWeq MWeq . 2 2

Thermal > 25 > 25 @ X L X
energy MWeq MW eq

storage

3.3 Modelling framework implementation

This subsection describes how a set of models combined in a workflow have been used to perform
the study. First an overview of the model workflow is given and how these models work together.
Then the models are shortly discussed individually, after which the implementation development
concepts and scenarios as in the Calliope model are discussed. Finally, a subsection on model

uncertainties describes how the chosen approach should address model uncertainties.
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3.3.1 Modelling framework description

At the heart of the model workflow is the Calliope model. This is an energy system model ideally
suited for simulating the developments within an energy system in a complex, sector coupled
environment such as Schiphol. The model can work with a high temporal resolution, can handle
problems with a spatial dimension and is flexible to handle a wide range of technologies. Calliope
is an optimization model and is able to optimize both the operations of the system (when to activate
which technology) as well as the configuration of the system (which technology to install) based on
capital and operation costs.

3.3.1.1 Calliope as central model

Calliope is a techno-economic model that combines technical aspects of an energy system, namely
the provision of energy, with the economic aspects. As outlined in Section 3.1 the Calliope model
requires technical and economic parameters, resource availability, spatial definition, and model
constraints. The resource availability sets both the energy availability as well as the energy demand

in the Calliope model.

For Schiphol, developments in two areas have most impact on the overall energy demand. In the
reference year, buildings at Schiphol have the highest energy demand in the form of heat and
electricity (and cooling, which is not modelled explicitly but is part of the electrical load) and will
remain significant in the future. Over time though, the largest change in energy demand is expected
to take place in airside operations. The Aeolus model provides insight in the development of the
number of PAX and flight movements. Figure 4 presents a high-level overview of the model
workflow to translate the output of Aeolus model to input of the Calliope model. In this figure, solid
arrows indicate a direct dependency whereas striped arrows indicate indirect dependency. Here,

an indirect dependency describes a non-linear dependency.

The Aeolus model was used to determine the number of PAX and flight movement based on Dutch
policy and economic developments. The Calliope model requires energy demand as an input. Thus,
the number of PAX and flight movements need to be converted to foreground scenarios, which are
a set of energy demand time series which can be used to the Calliope model. To limit the number
of test cases, for all other uncertainties a single reference scenario was defined for each year 2030
and 2050. Developments in the field of landside mobility (most notably charging of electric vehicles

and trucks of passenger and freight handlers) was left outside of the modelling scope.
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Background scenarios Aeolus Foreground scenarios Calliope

Dutch flight cap
policy

PAX and flight
movements

Airside energy
demand

Energy system

Dutch economic
developments

configuration and
operation

Building energy
demand

Building stock

Schiphol Group forecasts

Figure 4 High level description of the modelling workflow
3.3.1.2 Airport Model

To support quantification of the foreground scenarios (energy demand in future moments in time
and at each location) based on these background scenarios, a conversion is needed. This
conversion is done by the Airport model. This Excel sheet can translate the change in number of
flight movements and passengers at Schiphol available from the Aeolus dataset into growth
numbers of the energy demand for future years for each scenario. Because of the significant
difference in capacity and energy demand, two aircraft types were distinguished: narrow and wide
bodies. Based on the total number of annual passengers and flight movements, typical narrow body
and wide body pax capacities and historic occupancy rates, the ratio between nabo and wibo
aircraft was derived. Then, using the flight schedule of the reference year, these annual totals were
converted to high resolution time profiles at each location. Similarly, the development in building
stock was combined with historic metered gas and electricity profiles to generate location specific
demand profiles. The anticipated developments in the built environment were quantified in terms

of change in gross floor area (m2) and this data was provided by Schiphol for 2030 and 2050.

3.3.1.3 Technical and economical parameters

Besides resource availability (and demand), the Calliope model requires technological and
economic parameters. Firstly, costs are incurred by the model through investments when
determining the optimal configuration of the system quantified by CAPEX and fixed annual OPEX
of a technology. Secondly, costs are incurred by the model during operation of the system
quantified by variable (V)OPEX, which typically represents procurement costs of energy. The

modelling workflow is described in Figure 5 Schematic representation for the modelling workflow.
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Figure 5 Schematic representation for the modelling workflow

The technology cost data was obtained from online sources. While some of these sources provide
different cost indications for different years, it was decided to adopt only the cost data for 2030 to
reduce the uncertainty that is related to such assumptions. All assumptions can be found in several

assumption sheets added in Appendix.

3.3.1.4 Energy prices

Five energy carriers are relevant to the Schiphol case: natural gas, diesel, kerosine, hydrogen and
electricity. As assets running on diesel and kerosine are assumed to be phased out by 2030, only
historic price data is required for the reference year. For natural gas and hydrogen, price
assumptions are made reflecting annual average values for 2030 and 2050 based on TNO
expertise. In the reference year, Schiphol procured its gas with long term contracts, and it is
assumed that gas supply will remain under long term contracts until 2030. The same construction
is assumed for hydrogen procurement; hence a fixed average hydrogen price is assumed for 2030
and 2050.

3.3.1.5 Electricity prices

On electricity markets, price volatility can be observed on an hourly basis, and it is expected to
increase in the next decades with increasing penetration of renewables. While Schiphol is currently
still under contract with an energy supplier, considering the development potential of electricity
production and storage, in this study it is assumed that Schiphol becomes an electricity market
player with direct access to electricity market trading. This provides the opportunity to evaluate the
value of flexibility on Schiphol in terms of electricity procurement, and the value of supply of any

(residual) electricity production back to the grid.
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To obtain these hourly electricity prices, the TNO inhouse electricity market model EYE was used.
This model simulates the Dutch electricity spot market, calculating the clearing price of electricity
based on supply and demand at each hour in a year. For consistency, the same assumptions for
gas and hydrogen prices were used in the EYE model as in the Calliope model. The weather

profiles for offshore wind were aligned as well.

Besides energy prices, EYE requires the installed capacities of participating assets on the electricity
market. For 2030 existing scenarios were used based on the Dutch Climate Agreement readily
available within TNO. These assumptions include increasing installed capacities of onshore and
offshore wind farms, solar panels (both roof-top and utility scale farms), storage facilities, and
hydrogen-fired thermal power plants, as well as reduction of fossil fuel based thermal power plants

running on gas and coal.

For 2050, a scenario was drafted based on TNO expertise assuming further development of wind,
solar and flexible demand like power-2-heat, as well as introduction of hydrogen-based electricity
production as replacement for existing natural gas plants. While the uncertainty of the electricity
prices for 2030 is deemed quite low, the uncertainty for 2050 is very high. The path towards a fully
renewable electricity system is not yet defined by the Dutch government and several (emerging)
technologies can have significant impact once deployed, while the chance of deployment is difficult
to predict.

Since significant production of electricity by Schiphol is part of any development concept in 2050,
thereby reducing the dependency on the electricity grid, the uncertainty of the 2050 electricity
market scenario is deemed to be acceptable. Concerning sales of electricity to the market, we have
observed that this impact can be much more significant, for example when investment decisions
are made purely to sell to the grid. For this reason, any revenue from electricity sales to the market
is accounted for in the model but does not contribute to the optimization. In other words, there is

no incentive for the model to base investment decisions on the electricity price.

Similarly to the revenue, CO2 emissions are accounted for in the model, but do not contribute to
the cost objective function. Typically this is the case using a CO2 (ETS) price, but given the goal
formulated by Schiphol to phase out emissions from their airside, with the result that the only
modelled emissions are those of gas boilers in 2030, with many different parties involved of whom
it is uncertain whether they will fall under the ETS by then, it was decided to leave CO2 cost out of
the equation. In the EYE model, the ETS price is included for 2030.

3.3.2 Airport energy system model implementation

As outlined previously, each individual combination of a development concept and a scenarios

forms a case. All cases combine outline the solution space.
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3.3.2.1 Implementation of development concepts in Calliope

The development concepts were implemented in Calliope by selectively changing the constraints
around the key technologies that define each concept, for example whether airside assets are
hydrogen or electricity powered, or whether renewable electricity is mostly produced from wind
turbines or solar panels. These constraints are tailored for each year to introduce implicit
constraints. Most notable implicit constraints are the limited capacities of renewables and storage
assets in 2030 to prevent infeasible amounts of deployment considering typical lead times of wind
and solar projects and the state of the stationary battery supply chain which currently (2024) would
not be able to supply GWhs of electricity storage systems. Another notable implicit constraint is the
complete absence of any fossil fuel-based airside asset in 2030, reflecting the policy goal of

Schiphol to phase such assets fully out from their airport.
Concerning the explicit constraints, three types are used:

1 Fixed at specific capacity (can also be zero), typically used for technologies that
define a development concept.

1 Minimum or maximum capacity: force a minimum or maximum capacity but leave it to
the model to adjust this capacity below or above this threshold, typically used when
unwanted behaviour is expected, such as too high or too low capacities.

1 Completely open: leave it to the model to decide,

For area intensive technologies like PV, area constraints were used to make sure that the maximum
area available at a location is not exceeded. This is especially important for e.g. building roofs, but
also relevant for open fields. These area constraints are the same for each development concept
but differ per scenario year. By combining the node specific area constraint (telling the model to
install no more than X ha at a specific location) with the system generic capacity constraint (telling
the model to install X MW at Schiphol), the model is allowed to distribute the PV capacity over
several locations as optimally as possible. This trade-off may include choosing between cheaper
deployment on land, or deployment on roof where the distance to the consumer is shorter, saving
infrastructure cost. Similarly, buildings with cooling electricity demand may be preferred over
buildings with a more baseload profile.

To accommodate new utility scale energy technologies, some new locations are assumed. These
so-called energy hotspots represent areas or facilities that currently do not make up any part of the
Schiphol energy infrastructure, but would need to be developed by Schiphol when deploying utility
scale PV farms with centralized electricity storage, heat grids with centralized heat production and
storage or cogeneration with CHP plants. Especially PV farms require large plots of lands, but also
MW scale energy facilities will require significant space. Three on-site locations have been selected
in the clusters Schiphol Noord, Zuid-Oost and Oost (airside) with open fields that show sufficient
potential for development of such centralized facilities. The Airside energy hotspot represents all
available plots of land around and in between landing strips. The energy hotspot on Noord also

includes all parking areas that are suitable for carport PV development (most notably long-term
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parking lot P3). These locations are assumed to become available for 2030 and 2050. To increase
the maximum potential of PV for 2050 even further, an offsite solar farm location is defined with
additional space for solar power deployment for the Solar concept only. This location represents
neighbouring farmland that may be leased by Schiphol. Deployment of PV on this location requires

an additional fee for the land lease and is therefore more expensive than onsite deployment.

3.3.2.2 Implementation of scenarios in Calliope

Scenarios are implemented by varying the growth rate of demand at each location in each year as
calculated with the Airport model. This growth rate is a multiplier of the timeseries profiles obtained
from historic data. This implicitly assumes that the distribution of energy does not change over time
and is scaled linearly with the growth rate. Example factors that could alter this distribution, but
again was not included in this study, is insulation of buildings or more equal distribution of flights

over the day.

See scenario sheets in Appendix for more details on scenarios.

3.3.2.3 Mobile assets definition, operations and charging in Calliope

One of the challenging aspects of implementation of the Schiphol case was including BEV mobile
energy assets such as tow trucks, GPUs, PCUs and GSE. Calliope cannot deal with varying
capacities during a single simulation, such as assets that can either move between two locations,
or assets that are disconnected from the energy grid when used in operations. Also, the number of
BEV units may change depending on scenario or optimization by Calliope, so the number of assets
cannot be individually implemented. This would also blow up the number of nodes required. Lastly,
the charging capacity may differ from the discharge capacity, whereas in Calliope an asset can

only have one capacity (both for input and output).

To overcome these issues, mobile units were split up into two separate assets: one for the battery
and with a capacity equal to its charge capacity, and one for the engine with a capacity equal to
the discharge power of the relevant activity (e.g. towing, ground power etc). Then, manual

constraints were added to the numerical model to ensure the following.

Firstly, when an asset is being charged, it cannot be used (discharge) in operations, and vice versa.
This was done by constraining the input power of the battery according to the output power of the
battery at each timestep. For example, when 10 E-GPUs are deployed and 7 are in use, the input

power to the battery can be no more than the equivalent of 3 E-GPUs.

Secondly, the ratio between the storage (battery) and conversion tech (engine or convertor) is fixed
according to the power required for an activity and the power with which the asset can charge. For

example, 50 kW chargers were assumed for Nabo E-GPUs, each of which can provide a single of
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28.8 kW of power. The ratio will be kept equal, so if Calliope wants to install more than the minimum

required to supply the demand, this ratio is maintained.

Thirdly, all electricity that is supplied by the charger to a location needs to be consumed by the EV
battery first. Only then, the battery may supply the power as demand, obeying the constraints
described above. This is to prevent Calliope from bypassing the batteries and directly supplying
power from the charger to the demand technology, circumventing the need for batteries but

simulating a non-realistic situation.

To implement these constraints, each activity (towing / ground power / preconditioned air / other
GSE) was assigned its own location per aircraft type. Calliope is allowed to freely invest in charger
capacity, allowing the option to choose the ratio of chargers versus battery vehicles as it sees

economically fit.

Handling of model uncertainties

Known issue with optimization is the coin-flip effect: completely different solutions that are only
marginally less cost-optimal than the calculated optimal solution, but which are missed in the
modelling exercise because the modelers only calculate a single optimal solution. By working with
different development concepts, forcing technologies to be absent or present, a range of
technological solutions is guaranteed to be part of the solution space. This allows for better
understanding why certain choices are better than others based on their relevance within the

context of Schiphol.
Remaining uncertainties:

1 Use of single reference year
0o Weather
o Demand
1 Extrapolation of energy demand in reference year
o0 New buildings same characteristics as current building stock.
o Building stock scenarios not well tailored to fit aviation scenarios, mostly applicable to
2050.
o Distribution of flights during day scaled up linearly with increasing flight movements.
o Future aircraft assumed to be of same type with similar energy demand and similar
average occupation (pax per aircraft) as today.
0 Note that a shift in aircraft type was correctly included.
1 Prices and costs
o Hydrogen price.
0 Technology cost no learning curve assumed.

o Highly uncertain electricity market in 2050.
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1 Simplifications
o All gas demand assumed to represent energy demand for space heating. In terms of
energy volumes, this assumption seems reasonable, but for capacity estimations in
hotels this is probably inaccurate; similarly, process heat at Schiphol Oost is not
included correctly, but adverse impact of this assumption on overall system is deemed
insignificant.

3.4 Robust smart energy hub concept(s)

In this section, the results of the scenario study for Schiphol Airport are presented. In this study,
different development concepts were evaluated for two milestone years: 2030 and 2050.

When interpreting the results, the reader should always keep in mind the fact that when
comparing the reference case of 2019 with any future case, multiple things change at the same
time. On one hand, we vary the solution space which may impact things like infrastructural
requirements (think of onsite solar power versus offsite wind power technology, for example). On
the other hand, considering the seemingly unavoidable growth, even if no particular energy

solutions are considered, chances are that many aspects of the grid would need to be revised.

Presentation of modelling results

In this chapter the modelling results are presented. To make this result section more readable, the

whole energy system is broken up in the following components:

- Electricity subsystem.

- Heat subsystem.

- Airside assets and infrastructure.
- Storage facilities.

- Energy infrastructure.

Ultimately, the results of the integral system are presented. In each subsection, the output of the
different development concepts is compared to one another for each year. The scenarios provide
a comparison what happens when airside demand increases drastically and can be used to
investigate the sensitivity of the concepts with airside demand.

The performance of the development concepts is compared based on the following energy
parameters:

- The primary energy consumption: all energy required to provide Schiphol its activities with
energy, including external system losses.

- Imported and harvested energy consumption; primary energy consumption of Schiphol,
excluding the external losses.

- Total produced energy: all energy produced or converted on Schiphol.

- Final energy demand: all energy that is used effectively by activities on Schiphol.

The following cost parameters are presented:
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- Levelized cost of energy.

- Total annual system cost.
3.4.1.1 Electricity

Figure 6 Breakdown of the annual electricity demand for each scenario and development concept
presents the electricity demand at the airport for the various development concepts. Most of the
electricity demand stems from buildings. This largely encompasses the existing demand from
terminals to operate shops, check-in desks, conveyor belts, escalators, lighting, etc. The growth in
electricity demand by buildings is most notable in 2030 versus 2019. The key difference in electricity
demand is largely made in the electrification of airside activities. Both the solar and wind
development concepts introduce e-GPUs and employ electrified taxibots to taxi the aircraft to the
runaway and/or gate. Power-to-heat has a lesser contribution to the overall electricity demand. The
building demand includes power-to-heat technologies currently already deployed at Schiphol
Airport. Hence, the power-to-heat category only includes additional deployment of power-to-heat.
The electricity demand differs for each case, this is due to a difference in installed capacity of heat

pumps and e-boilers. Load shedding is negligible across all development concepts.
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Figure 6 Breakdown of the annual electricity demand for each scenario and development concept
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Figure 7 Breakdown of the installed capacity electricity generation assets per asset type for each
scenario and development concept

To meet electricity demand in the different development concepts, the electricity is either generated
on-site or imported through procurement on the market. Figure 7 shows the installed capacity of
generation assets on-site and the import capacity, in Figure 8 the electricity generated with these

assets is shown.

Installed capacities of generation assets have largely been defined by the constraints of the
development concepts. In the solar cases, 75 MWp of utility-scale solar PV is deployed in 2030
and 300 MW in 2050. Likewise, the 2030 wind case, 100 MW offshore wind is deployed in tandem
with 21 MWp of solar PV. In the 2030 wind case, the cost optimisation is able to select where to
deploy the PV panels.Inboth6avi ati on mi dd& a s thiwedults inamut H4avW\Np
deployed on utility-scale and 7 MWp on rooftops. In the 2050 wind case a similar distribution can

be observed.

The difference in the aviation high and aviation mid scenarios is most notable in the wind
development concept, stretching the installed capacity from 550 MW to 800 MW. In the aviation

high scenario almost 200 MW of storage is required.

A significant amount of storage is required in both the solar case and the wind case in 2050. In the
both the wind and solar concepts this is a constraint and deployed in a set ratio. The cost

optimisation results almost predominantly in the deployment of redox flow batteries.
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In the optimal case, the model opts for the deployment of 90 MW utility-scale PV in tandem with 7
to 8 MW of rooftop PV in 2030. In 2050, the optimal case opts for a similar range of assets with 200
to 220 MWp utility-scale PV, 16 to 18 MWp of rooftop PV but with the addition of 55-63 MW of
offshore wind and a hydrogen cogeneration unit of 50 to 55 MW.
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Figure 8 Breakdown of the electricity generated per asset type for each scenario and development
concept

Figure 9 presents the levelized cost of electricity in all cases. Both the levelized cost on the supply
side as well as the demand side is presented. A difference in these levelized costs indicated losses
in the system. Figure 10 presents the breakdown of the annual cost for electricity, which provides
insides in the main cost constituents of the levelized cost. Table 7 provides the average LCOE for
the most relevant assets in 2030 and 2050. In 2030, the cost of utility-scale solar and offshore wind
is lower than the average market cost. The cost of rooftop PV is similar to the average market cost

and would need to benefit from reduced infrastructure costs to warrant deployment.

Table 7 Average levelized cost for generation assets in the different development concepts

Asset 2030 2050
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Utility-scale PV 52.6 EUR/MWh 52.6 EUR/MWh
Rooftop PV 73.1 EUR/MWh 73.1 EUR/MWh
Offshore wind 52.6 EUR/MWh 52.6 EUR/MWh
Market 70.5 EUR/MWh 105.1 EUR/MWh

For the solar development concept in 2030 only a limited amount of power is generated through
solar PV. Hence the overall cost of electricity is largely determined by the cost of electricity on the
market. The overall levelized cost is higher than the market cost due to the cost of storage and
infrastructure, as shown in the annual cost breakdown. In 2050, a similar trend can be observed

although the cost of storage is more dominant.

For the wind development concept in 2030 the majority of the electricity is generated by offshore
wind. Although the levelized cost of wind is lower than the grid mix, infrastructure and storage
requirements increase the annual cost. In 2050, the airport is operated only on wind, the main

constituent of the overall cost besides generation is the cost of storage.

The hydrogen cases in 2030 operate the hydrogen fired CHP only a few moments in the year. Most
electricity is imported from the grid where gas-fired powerplants still operate. The use of the
hydrogen-fired CHP substantially increases in 2050 where the cost of hydrogen is assumed to have

fallen and the grid is decarbonised (only hydrogen-fired dispatchable assets remain).

The optimal case in 2030 relies strongly on the market to provide electricity whereas in 2050 it
relies on a portfolio of offshore wind and solar PV. In addition, the cost optimisation result in the
deployment of a hydrogen-fired CHP to produce electricity during periods of low renewable

electricity production instead of storage solutions.
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Figure 9: Levelized cost of electricity for each scenario and development concept
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Figure 10: Breakdown of annual costs for electricity production for each scenario and development
concept

3.4.1.2 Heat

Figure 11 presents the heat demand at the airport for the various development concepts. The
majority of the heat demand stems from buildings. This building based demand covers heat

demand for space heating, tap water heating and some process activities.
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Figure 11: Breakdown of the annual heat demand for each scenario and development concept

Figure 12 shows the installed capacity of heat production assets. The solar cases, especially in
2050, have the largest installed capacity. This is largely due to a combination of solar thermal of
150 MW and an equivalent amount of thermal energy storage. This installed capacity is set by the
constraints of the solar development concept. Likewise the installed capacity for the hydrogen co-
generation is set by the constraints of the hydrogen development concepts. The installed capacity
of heat pumps and eboilers is determined by Calliope. These assets should be considered as
operating in tandem, where eboilers provide flexibility to provide demand during peak moments
and heat pumps supply the baseload. Typically, the installed capacity of heat pumps is larger than
the installed capacity of eboilers. Exceptions provide heat through other assets such as solar
thermal with thermal energy storage. The total installed capacity increases almost all development
concepts in comparison to business as usual in 2019. This is due to a lower capacity factor for the

total heating system. The amount of load-shedding is negligible for all development concepts.
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Figure 12: Breakdown of the installed capacity for heat generation assets per asset type for each
scenario and development concept

Figure 13 shows the heat production for all development concepts. Most development concepts
meet the heat demand with little curtailment. However, curtailment is very significant in the 2050
hydrogen case and to a lesser extend in solar 2050 case. In the hydrogen case, a large part of the
heat production is curtailed. The heat produced by the co-generation unit is largely curtailed and
hence the co-generation is mostly utilised to produce electricity only. The hydrogen case in 2040
differs in the amount of curtailment as very little electricity is generated with the co-generation unit.
Some curtailment of solar thermal heat is present in the 2050 solar case during periods of heat
production but little heat demand with thermal energy storage assets largely filled. In the other
development concepts most heat is provided sustainably through heat pumps with the exception
of the wind 2050 case.
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Figure 13: Breakdown of the heat generated per asset type for each scenario and development
concept

TULIPS Public 35



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

Figure 14 shows the primary energy demand for the various development concepts. All
development concepts with heat pumps indicates that heat pumps contribute significantly to the
reduction of primary energy demand. In contrast, hydrogen use increases the primary energy
demand significantly.
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Figure 14: Breakdown of the primary energy demand per asset type for each scenario and
development concept

Figure 15 shows the levelized cost of heat for the different development concepts whereas Figure
16 presents a breakdown of the annual cost. In 2030, the wind case and the hydrogen case result
in higher levelized cost of heat in comparison to the solar and optimal case. The wind case relies
on larger installed capacity of heat pumps which collectively have a lower capacity factor than in
the solar case. Together with the higher levelized cost of electricity this results in an overall higher
cost of heat. Likewise, the optimal case results in a LCOH since the LCOE is lower in comparison
to the other cases in 2030. The hydrogen case results in higher cost due to the relatively costly
feedstock, especially in 2030. Overall the 2030 result in higher LCOH in comparison to business
as usual case in 2019. The replacement of natural gas by other more costly feedstocks (electricity
and hydrogen) results in higher levelized costs. Similar trends can be observed in 2050. The LCOH
of supplying heat is relatively low for the hydrogen 2050 case. However, curtailing a large amount
of heat does lead to comparatively costly LCOH.
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Figure 15: Levelized cost of heat for each scenario and development concept

annual

Total

- II I II ||
.- ----..—- II I

Hi st oMi ¢ Hi gh Mid Hi gh Mid Hi ghMid Hi ghMid HighMid H\ghM\d H\ghM\d Hi gh Mi d H|ghM|d Hi gh
BU CP Sol ar Wi nd Opti mal H2 CP Sol ar Wi nd Opti mal
2019 2030 2050

®| mpomRenewab#lersf &t or amee at pumMmBGas cog€as boimHgds ogen bBHiHeirMEydrogen cogen

Figure 16: Breakdown of annual costs for heat production for each scenario and development
concept

3.4.1.3 Airside

The airside activities modelled in Calliope can be subdivided in the towing of aircraft, ground power
equipment and general service equipment. Figure 17 presents the amount of tow trucks and the

maximum amount of aircraft for both WiBo and NaBo aircraft.

Calliope structurally under deploys hydrogen tow trucks, i.e. too few trucks for the maximum
required according to the flight schedule. This is a numerical characteristic of cost optimization and
the value of lost load; at some point deploying additional tow truck capacity which is used only once
per year is more expensive than accepting that some load cannot be supplied. The model does not
account for back up units. For E tows, overcapacity is deployed in 2030 resulting from a different
trade-off. The results for the high scenario wind cases have been omitted, as the model was too
constrained such that it was not possible to install sufficient tow trucks. This resulted in
unacceptable quantities of unmet demand on one hand, and overly well utilized tow trucks resulting

in too low LCOE values. The same holds for the optimal cases.
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Figure 17: Breakdown of number of deployed tow truck for each scenario and development concept

Figure 18 presents the levelized cost for tow trucking in the different cases. Supply LCOE indicates
all cost up to and including the tow truck, including CAPEX and OPEX of tow trucks and supporting
infrastructure (chargers and hydrogen compression and fueling station), and the levelized cost of
the energy carrier (hydrogen or electricity). Demand LCOE then shows the cost per unit of towing
and reflects the efficiency at which the tow truck is operated. In this study, the costs for a hydrogen
unit and a battery unit were assumed to be equal since cost data for hydrogen powered tow trucking
was not available in literature. Hence, to reduce the effect of the cost assumption on the outcome,
these costs were assumed equal. For E tows, the cost drivers are on one hand the higher energy
efficiency and the potential to access low cost renewable electricity, and on the other hand the time
required to charge the tow trucks, thereby possibly keeping them out of service for some time, and
the need to store electricity if charging needs to be done at times that renewable electricity is not
available. For hydrogen powered tows, the cost drivers are the relative low energy efficiency, and
the continuous operation and hydrogen readily available form the grid on the other hand. Thus, this
analysis basically compares the following cost drivers: total required energy to power the tow
trucks, the cost at which this energy is available (electricity versus hydrogen, including

infrastructure to supply this energy), and the number of tow trucks that need to be installed.

In the base case, the costs of the aircraft engines were ignored and the cost of kerosine is relatively
low, leading to a relatively low supply LCOE. But jet engines running at low load is incredibly

inefficient, assumed to be 10%, pushing up the cost of towing with a factor of 10.
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In this analysis, any form of alternative towing has the potential to greatly reduce cost. For 2030,
the towing was found to be most cost effective when E tows were combined with a grid connection.
This way, the benefits of smart charging was utilized, while keeping the number of required tow
trucks at a minimum. This is a typical display of high CAPEX, low OPEX solution. The towing costs
of E tows for the wind case is on par with those of H2 tows in the CP and H2 cases. This picture

changes significantly for 2050, where the assumed drop in hydrogen price becomes decisive.
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Figure 18: Breakdown of levelized cost of energetic cost for towing for each scenario and
development concept

Figure 19 shows the levelized cost for ground power for the various development concepts. The
hydrogen case employs hydrogen mobile units everywhere; Current policy employs H2 mobile units
at remote locations only. Similarly, solar allows a combination of fixed units at A - H gates and E-
GPUs at the R and S platforms, whilst the wind case only allows E-GPUs.

The cost for electricity procurement includes storage at utility level. It should be noted that flexibility
of electricity supply in the current policy and solar cases is mostly supplied by the grid. Some cases
show a slight drop in cost for the high scenarios with regards to the mid scenario. This is the result
of the relative size of freight transportation at Schiphol: energy demand of passenger aircraft,
handled at gates with fixed GPUs, is much higher for the high scenarios, diminishing the impact of

the cost necessary to supply ground power at the R and S platforms where freight is handled.

The effect of these choices is clear. For both 2030 and 2050 the lowest cost is achieved by

deploying fixed ground power units in combination with near baseload electricity supply from the
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grid (current policy and solar cases). Electricity storage in E-GPUs instead of utility scale RF battery
systems seems unwise. Note that remote buffer and parking locations such as U platform was not
included. Hydrogen GPUs seems like an unwise choice, except for remote locations in 2050. The

option of installing fixed units at remote locations should be further investigated.
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Figure 19: Breakdown of levelized cost of ground power for each scenario and development
concept

3.4.1.4 Storage

Error! Reference source not found.  shows the installed capacity for storage systems in the
various development concepts. In the case of electricity storage, the model almost solely install
redox flow storage systems. The installed storage capacity of thermal storage systems is
significantly higher. The installed capacity for both the solar and wind case is due to the imposed
constraints of the development concept. In the optimal case, the model only deploys heat storage
and no electricity storage.
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The levelized cost of storage is shown inFigure 21, electricity storage is quite costly due to the

CAPEX cost and the lower than ideal amount of cycles as shown Figure 22.
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Figure 21: Levelized cost of storage for each scenario and development concept
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Figure 22: The number of cycles per storage type for each scenario and development concept
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Figure 23: Breakdown of the installed storage capacity per location for each scenario and
development concept

Figure 23 shows the installed electricity storage capacity at the demand side. In the wind
development concept the storage capacity is fixed to the demand side whereas in the solar case
the storage capacity deployment is not tied to a specific location
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3.4.1.5 Infrastructure

The power distance for infrastructure is shown in Figure 24. The power distance is the installed
capacity multiplied by the distance. The highest power distance is in the wind case because the
connection to the wind park is explicitly modelled.
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Figure 24: Breakdown of total power distance for infrastructure for each scenario and
development concept
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3.4.2 Evaluation of modelling results

The result section shows the output of the different model runs. In this section, an interpretation of

the results will be given.
Aviation scenario impact on energy system configuration is limited

Even in extreme growth scenarios, impact on system configuration is limited. This can be
considered a positive outcome, as this reduces the risks related to the uncertainty in aviation on
Schiphol to the decisions that need to be made related to the Schiphol energy system. Impact of
aviation demand decrease could not be analysed due to a lack of data, so no conclusions can be
drawn for this case. Similarly, data for development of the built environment was not available for
future years, so impact of building stock that matches the aviation growth scenarios as well as
impact of new building designs was not incorporated. Most notably, effects of energy efficiency and
insulation of buildings resulting in decreased heat demand, increased cooling demand and

suitability for heat pumps are missing.
Subsidies and cost of capital

In this study, no subsidies were considered. Furthermore for the cost of capital, an interest rate of
10% was assumed. This interest rate has a great impact on the results presented in this chapter
and may be a conservative estimation. Loan schemes with lower interest rate may significantly
reduce the cost of capital, and as a result improve the levelized cost of any capital intensive asset,
such as electric tow trucks, heat pumps, PV systems, wind turbines, energy infrastructure and
storage systems, and as a result the price of electricity. Assets that can be assumed to be
independent of the interest rate are boilers of any type, gas engines and the price of hydrogen.
Table 8 shows the impact of the assumption of interest rate on the cost of capital. This effect should

be considered when interpreting the results.

Table 8: Annual cost of capital [%/year] for different interest rates and different economic lifetimes.

Economic 7 10
lifetime )
(years)

Interest rate 26.38%
10%

Interest rate 22.15% 16.35% 12.02% 8.68% 7.04% 6.07% 5.44% 4.26%
3.5%

CAPEX 16% 20% 26% 34% 40% 45% 49% 58%
reduction

This table shows the impact of more favourable loan conditions for in investment. In this study, all
interest rates were assumed to be 10%. For an asset with an economic lifetime of 30 years, cost
of capital can be reduced by 49% when an interest rate of 3.5% can be applied instead.

20.54% 16.27% 13.15% 11.75% 11.02% 10.61% 10.09%
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Deployment of tow trucks is a no -regret with most impact in abating Schiphol CO2

emissions while saving money

- Kerosine use for aircraft taxiing is both biggest source of emissions and largest cost
component

- Deployment of tow trucks can potentially abate an estimated 250 kton of emissions per
year, even more when considering growth of aviation, while saving tens of millions of euros
each year. While these costs currently belong to airline operators, this unlocks a business
case for KLM Equipment Services and Schiphol to deploy tow trucks and the required
energy infrastructure, offering a service to airline operators that saves them in fuel costs.
This result includes all investments in tow trucks, chargers or hydrogen infrastructure and
production or procurement of electricity or hydrogen. This analysis excludes the economic
wear of aircraft engines, as well as adjustments to the airport infrastructure such as tarmac,
parking lots of the tow trucks. To the authors, it is unknown what the airside infrastructural
implications are. Assessment of single engine taxiing with sustainable aviation fuel (SAF),
which increases the efficiency of the engines and uses a carbon-neutral fuel, was not
included in the analysis for 2030 as carbon-neutral SAFs will not be available at sufficient
volumes to provide a realistic alternative.

- For 2030 E tows were found to be most economic, while hydrogen tow trucks also have
significant economic and environmental benefits. This study assumes hydrogen available
to Schiphol through the gas grid for 150 euro/MWh by 2030, but it is highly uncertain if this
is realistic. The latest Hydrogen market development is facing significant challenges today,
Despite the challenges in rolling out the electric infrastructure, it seems that the required
charger capacity could fit in the existing infrastructure plans of Schiphol.

- For 2050, results show that costs of hydrogen and electric tow trucks are on par with one
another, although it must be added that while for hydrogen a price decrease of 50% was
assumed for 2050 with respect to 2030, capital costs for both the electricity and charging
infrastructure and the tow trucks were kept constant. This means it is likely that the costs
for electric tow trucks are overestimated, which would put electric tow trucks at an

advantage.
Fixed power and preconditioned air units where possible, mobile units where necessary

- In this study, ground power and preconditioned air were found to have near baseload
profiles, also at night time, especially so when the increasing number of flights are more
evenly distributed over the day.

- Battery units have a charge time that naturally restricts their capacity factor, making them
unsuited for a baseload type of demand

- Fixed units turned out to be much more economic in every case, recommended to

investigate whether fixed units are also possible at remote locations
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- No reason to believe that storage functionality of EGPUs have value compared to grid
solutions because of their high CAPEX

- Phase out of diesel GPUs mostly interesting for improvement of air quality, impact on CO2
emission is limited

- Only consider as temporary measure to speed up phase out of diesel units and further
reduce APU use

- Take whatever measure is possible to avoid APU usage
Smart charging of airside equipment has limited potential at Schiphol

Smart charging is a great way of avoiding the need for stationary storage solutions, as electricity
production from renewable sources can be directly consumed by the vehicle battery. This unlocks

the low levelized cost of electricity from renewables sources.

We observe that the potential for smart charging with airside assets is very limited. This seems to
be a direct effect of the high unit cost of airside battery vehicles, in particular E tows and E GPUs,
which discourages creating flexibility by having spare units. The consequence is that electric tow
trucks follow the day-night cycle typical for aircraft taxi activity: in operation during the day, parked
and charging at night. Whenever an E tow is not used, it should be parked at a charging station so
that charging can take place during the day as much as possible, but charging of tow trucks at night

cannot be avoided from an economical and logistical perspective.

With respect to ground power, installation of fixed power units was found to be a superior solution
for gate positions in each scenario. When mobile GPUs were used, for example at remote locations,
the load profile of docked aircraft was observed to be of a near baseload nature, so generally GPUs
are charged as soon as they are empty and put to use as soon as they are charged to alleviate

other, almost depleted GPUs. This * limits the potential of smart charging.

Smart charging of passenger EVs was not included in this scope. Still, it is expected that EV smart
charging, in particular of EVS on long term and employee parking lots, has great potential at
Schiphol because of the predictability of the availability of EVs and the scale of cars. It is strongly

recommended to look further into this topic to see how PV at Schiphol can be utilized better.
Direct market access unlocks lower electricity prices

Currently Schiphol has a flat rate contract for its electricity. On one hand, this removes any financial
incentive for Schiphol to coordinate its energy use as the price is always the same. On the other
hand, Schiphol its energy supplier needs to mitigate any risks through the flat rate. Simulations
show, in particular the Current Policy 2030 cases, that direct access to the electricity market can
already reduce cost of electricity significantly with200 / MWh o n . @here areatwoeaspects to
consider. Firstly, the simulations represent a system with a smart control system that can optimally

trade-off electricity procurement and load shifting. Secondly, Schiphol will need to carry the financial
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risk of extraordinary high electricity prices. But considering the existing backup power generators
of Schiphol, this does not necessarily have to be an issue as Schiphol would be able to provide
part of its own electricity at times that prices are very high. Also, this would unlock the potential

electricity storage that flexible procurement
Electricity storage is still very expensive

Energy storage was investigated by including storage capacity as a prerequisite for deployment of
renewable electricity production in the wind and solar cases. The model had the choice between
deploying lithium-ion systems and redox flow systems. The power capacity and the storage
capacity of the redox flow system can be scaled separately, while for lithium-ion this ratio was fixed
at a factor of 4 MWh/MW. Under the current cost assumptions the model always went for a redox

flow system. The impact of storage cost on levelized electricity cost is shown in Figure 25

Please be aware that also in terms of storage limitations apply. Firstly, only li-ion and vanadium
redox flow battery systems were considered, while upcoming technologies like Na-ion, which are

based on the much cheaper electrolyte Na, were not. Also, learning curve cost reductions were not

considered.
Electricity import [] Renewables [] Renewables with storage
€/MWh 250
€/MWh 200
o
€MWh 150 L
€/MWh 100

€/MWh 50 —%—

€/MWh -

Figure 25: Levelized cost of electricity for all 17 cases that were simulated, where each dot
represents a single case.

Not every case had access to renewables or storage assets, so fewer points may be shown for
these categories. What is shown here is that in almost every case the levelized cost of electricity
from the market is higher than of electricity from a renewable source (both wind and solar, excluding
curtailment). This is only a valid comparison when all renewable electricity is consumed directly.
Whenever storage assets are considered as part of the investments of the renewable system, costs

increase dramatically.
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Contracting offshore  wind

- Actual wind power without Certificates of Origin

- LCOE of 58 euro/MWh, with much higher capacity factor than solar, very effective to reduce
electricity costs

- Increasing requirements in tenders for offshore wind park developers to consider system
integration, creating interest in partnership or PPAs

- From current results it is difficult to say what is optimal share of wind, but results suggest
that at least 100 MW should fit in portfolio as well as in, providing more than 400 GWh

renewable electricity without needing to expand interconnection capacity

Solar power can cut back effective demand of Schiphol, overproduction should be avoided

PV is a low cost source of electricity when used directly, however, it becomes very expensive when
combined with batteries. Figure 26 shows the levelized cost of storage (LCOS) of batteries as
simulated in this study for all cases with battery storage. The costs are determined by the fixed
CAPEX and OPEX and their productivity as was realised in the simulation. This provides an
improved estimation of the LCOS compared to the theoretical potential (also shown in the graph),

which assumes maximum use of the battery system.

The developments in battery technology should be monitored to see if assumed CAPEX costs drop
with at least a factor of two, which would put a PV system with a well designed battery storage
system with a full cycle per day in the right cost range. For batteries with a realised productivity as

calculated in the simulations, costs would need to drop by a factor of 107 40.

Realized @ Theoretical potential

€/MWh 2,500
€/MWh 2,000
€/MWh 1,500

€/MWh 1,000

€/MWh 100
€/MWh 500

* ] o e
50 100 150 200 250 300 350 400
Number of cycles per year

€MWh -

Levelized cost of storage of simulated
batteries

Figure 26: Levelized cost of storage of Vanadium Redox Flow battery systems versus the number
of cycles as realized in the simulations and in theory, assuming maximum productivity of the battery
system.
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The variation in theoretical number of cycles is the result of the varying storage duration [MWh/MW].
For example, systems with a ratio of 24 can only achieve 180 cycles per year, as they require a full
day to charge and a full day to discharge.

Rooftop PV should be used to reduce demand of buildings and maximize self-consumption, utilize
natural simultaneity of day-night rhythm of PV and e.g. electricity use in offices and cooling, but
avoid converting buildings into power plants, avoid increasing grid capacity for PV. The impact of

alternative PV systems, such as vertical panels or North-West orientated systems not investigated
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Figure 27: Distribution of capacities between field and roof-mounted PV in the solutions that allowed
optimization by the model.

Below the figure are the calculated values in units of MW. For the Current Policy cases, the optimal

distribution is dependent on the year.
Autarchy is currently an economic utopia, interconnectivity of electricity remains important

From the analysis, there is no reason to believe that Schiphol can become energy-neutral, let alone
autarchic (isolated from the national electricity grid). While autarchy was never a clearly formulated
goal, there was the question as to what degree self-provision of energy for airside operations and
buildings was possible. The amount of solar panels required to provide Schiphol with its energy
would amount to GWSs, with incredible amounts of storage to buffer all this energy, which is
produced in only 10% of the time. When considering electricity market independence, reflected by
the Wind and Hydrogen 2050 cases through contracted wind turbines or onsite electricity
production from hydrogen, the results show that technically it is possible, but the system costs for
electricity are driven up intensely compared to cases where interconnections remain part of the
solution. This does not mean that smart energy hub solutions like storage and onsite production

cannot reduce the dependency on the external grid.
Exceptions:
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- When market independence is a strategic goal, storage is required;

- When storage is used for short term balancing purposes as a result of forecasting errors;
in the current modelling exercise all demand was foreseeable. Electricity market prices can
and will significantly increase when supply or demand are mismatched;

- When interconnection reinforcement is not possible for reasons other than economic ones,
such as limitations at the DSO/TSO.

The planned interconnectivity capacity expansions is likely to accommodate full
electrification with support of a smart control system

According to the DNV ANetstructuurplano wri

2026, at least 150 MW installed interconnection capacity should be available to Schiphol. As shown
in the left graph in Figure 28 with calculated contract capacities, the results indicate that this should
be sufficient to accommodate even heavy electrification on Schiphol. Please note that in the model
contracted capacity were used, and that these values do not represent installed connection

capacities, which may be higher. Also note that capacities for passenger EV charging infrastructure
is not included.

BU mCP mSol mwind mH2 mOpt BU mCP mSol mwind mH2 mOpt

250 250
:
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Figure 28: Cumulative contract capacities of electricity interconnection with TenneT/Alliander (left)
and of end point consumers on Schiphol (buildings and airside charging stations, right figure).

in the right figure, the cumulative end point contract capacity is shown, which shows that the
demand side capacity is structurally higher than the import capacity. This shows that
interconnection capacity can be reduced in the following two ways. Firstly, many cases assume
onsite power production capacity and storage which increases the self-consumption of electricity

onsite and reduces the need of import capacity. The ultimate example of this is the 2050 hydrogen
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case where all electricity is produced onsite. Secondly, the optimization model assumes a smart
control system which can coordinate the operations of all assets within the system. This unlocks
optimal use of the electricity grid as the control system can balance supply and demand locally,

avoiding net congestion and uncontrolled peak loads, both in supply and demand.

Some aspects of the modelling approach may provide limitations when putting the modelled
configurations into practice. Firstly, the model assumes perfect foresight, meaning that there is no
error in its forecasting of supply and demand. In practice, forecasting error requires redundancy to
deal with unexpectedly high supply or demand. This can be addressed by increasing the grid
capacities of the system with a safety margin, as well as installing back up power supply. On the
supply side, Schiphol can consider introducing a limit on the connection capacity for PV installations
up to 30%-50% of the installed capacity of the PV system. This prevents intense peak loads of PV

systems, while limiting the loss of the annual renewable energy production.

Secondly, the modelling approach ignores any organisational boundaries, assuming as much
control over the heat pumps of third party consumers as over batteries installed on airside. In
practice, this can be implemented by setting up a local electricity market. Some examples of local
markets can already be found in the Netherlands where consumers try to deal with limited grid
capacity by coordinating their activities with one another. Similarly, this could align the interests of
all stakeholders of the Schiphol electricity and gas grid. The legal and organisational aspects of

such a market were not investigated in this study.

Based on these results, a better picture should be obtained of the required physical connection

capacities of the different electrification options.
Electrification of heat has most economic potential

After decades of having access to cheap natural gas, building owners should expect that the costs
of heat increase when decarbonization is pursued. Whether through electrification of the production
of heat through heat pumps and e-boilers or by replacement of gas with hydrogen, the levelized
cost increases. This does not mean that all options are equally good or bad, though. The calculated
costs for all cases are compared in Figure 29. These values reflect the total cost of ownership of
an asset, including CAPEX, OPEX, economic lifetime, interest rate and fuel cost as applicable for

each case. The dotted line (--) indicates the reference value for 2019 based on a gas boiler.

When interpreting these results, the following limitations of the modelling approach should be
considered. Firstly, no insulation measures were considered that may be required for the
deployment of heat pumps for existing buildings, nor were improved efficiency standards
considered for new buildings. This means costs for deployment of heat pumps may be
underestimated. Secondly, cooling demand was not included, neither existing cooling demand nor
additional cooling demand resulting from insulation of existing buildings. Insulation reduces total

energy demand and shifts the heating/cooling load more towards the summer periods, improving
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the simultaneity of building energy demand and PV/ST production and improving the economics of
heat pumps. Thirdly, the demand profiles for space heating were based on historic profiles
assuming gas boiler heating systems. This means these profiles show high volatility in demand,
which adversely affect the performance of heat pumps and benefits that of boilers (both E and
hydrogen fuelled). Finally, no technology learning curves were assumed for any of the assets, while
hydrogen price reductions were assumed. Learning curves reflect the reduction of fixed costs of a
technology over time as a result of innovations, economies of scale, improvements in the supply
chain etc. As a result, especially the cost of CAPEX heavy equipment like heat pumps can be

expected to be overestimated in this work.

The [ owest cost of heat was found in the 2019 refe
a boiler efficiency of 85%. For 2030, replacing gas with hydrogen dramatically increases this cost,
with a factor 4-6 and heavily dependent on the price of hydrogen. Electrification through a
combination of heat pumps and E boilers is the most economic and energy efficient option. Heat
pumps supply the baseload heat demand very efficiently, while E boilers is a relatively cheap
solution for peak demand and flexibility. Note that this is deemed a conservative cost estimation as
historic heat demand profiles were used based gas boiler installations. These are less suitable for
heat pumps, so by considering a more baseload heat supply profile, more of the heat could be

supplied with heat pumps, reducing the LCOE even further than presented here.

Towards 2050, the increasing cost of electricity drives up the cost of electrification, improving the
economic potential of solar thermal power with storage and heat grids. This may be a signal to
further investigate how solar thermal power could be integrated in the existing heat infrastructure,
as it simultaneously may alleviate the load put on the electricity grid by PV. Hydrogen is still not
considered a good decarbonization strategy for heat, although the assumed reduction in hydrogen

price reduces the gap somewhat.

2030 2050

[ Gas boilers E boilers + heat pumps E boilers + heat pumps [ H boilers + cogen

[ H boilers + cogen O ST + heat grid O ST + heat grid
€/MWh 300 _ €/MWh 300
€/MWh 250 b4 €/MWh 250
€/MWh 200 €/MWh 200
€/MWh 150 €/MWh 150 Ead
€/MWHh 100 —— €/MWh 100 >

€/MWh 50 2019 —— €/MWh 50 2019
€/MWh - costofheat 36 EUR/MWh €/MWh - costofheat 36 EUR/MWh

Figure 29: Box plots with a comparison of the levelized cost of production of gas boilers, E boilers
combined with heat pumps, hydrogen (H) cogeneration combined with H boilers and Solar Thermal
collectors with pit thermal energy storage and heat grids for all simulated cases.
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To showcase the positive economic impact of the high energy efficiency of heat pumps, the
levelized cost of production of heat pumps combined with E boilers in shown in the graph below
Figure 30. Because heat pumps are so much more CAPEX intensive than boilers (both E and
hydrogen), it can be challenging to get a feel for the cost reduction effect during its economic
lifetime. In the graph, the LCOH of heat pumps with E boilers are shown against the levelized cost
of electricity that was found for each case. Naturally, with higher costs of electricity, the cost of heat
increases as well. What is more is that heat pumps perform so efficiently that, despite their high
CAPEX, they perform economically equal or better a free of charge E boiler for which only the
electricity bill needs to be paid. In other words, the cost savings on electricity during its lifetime

make up for the investment cost up front.

® CP Optimal
® Solar ® Wind
— — — CAPEX free E hoiler (85% efficient)

CAPEX free E boiler (100% efficient)
€/MWh 400

€/MWh 350
€/MWh 300
€/MWh 250
€/MWh 200
€/MWh 150
€/MWh 100

Levelized cost of heat

€/MWh 50

£€/MWh -
€/MWh - €/IMWh 40 €/MWh 80 €/MWh 120 €/MWh 160 €/MWh 200

Levelized cost of electricity

Figure 30: Levelized costs of energy for electrification of heat for all cases with heat pumps for all
scenarios (mid/high and 2030/2050 i coloured markers) compared to the marginal cost of
production of heat with e-boilers (lines).

Heat storage is cheap

With around 56 euro/MWh per unit of stored energy for seasonal storage and as low as 17
euro/MWh for monthly storage, pit thermal energy storage was found to be a very affordable way
of storage compared to electricity. Basically being a large body of water, this technology only works
at scale and requires a heat grid to provide buildings with access. In the model, a fixed ratio
between the power and the storage capacity was assumed. An even lower cost of storage may be
achieved when the design is further optimized. Pit thermal energy storage should be combined with
solar thermal power to provide a cost competitive alternative to e.g. heat pumps or combined with

hydrogen cogeneration to buffer the heat and get more value out of the cogeneration.
Hydrogen -based cogeneration could be an option for backup
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From the results, cogeneration with hydrogen as main source of supply of electricity and heat was
shown to be a very expensive pathway. In the 2050 optimal case, where import of electricity was
not allowed, some cogeneration was deployed as a cheaper alternative to back-up battery packs.
Cogeneration in combination with adsorption cooling was not included. This may result in better
use for the heat produced in summer periods, as the heat produced in summer is too expensive to
be stored for winter. Using this heat for cooling may improve the business case. Still, it is not
expected that this makes hydrogen fired cogeneration a competitive technology as primary source

of energy.

For flexibility and back up, cogeneration, in particular gas engines, can be more valuable.
Technologies with a low CAPEX compared to their fuel costs are well suited for backup
applications, as their LCOE will be dominated by this CAPEX cost. In the case that hydrogen
infrastructure will not be developed at Schiphol, SAF could be considered as well. The value of

flexibility was not quantified in this work and should be studied in more detail.

2050
€MWh 600
€MWh 500

€/MWh 400

€/MWh 300

€/MWh 200

€/MWh 100 I I
€MWh -

Mid High Mid High
Opt H2

Levelized cost of energy from
hydrogen gas engines

electricity mheat &combined
Figure 31: Levelized cost of energy of cogenerated heat and electricity from hydrogen fired
engines in 2050.
Electricity is the main energy product, so the LCOE of heat varies based on the effective use of this
heat. In the hydrogen cases, much of the heat needs to be vented into the atmosphere as there is
no direct use for the heat, driving up the LCOE. The combined value indicates the average between
the two and quantifies the LCOE when costs would be split over the two carriers equally.

3.4.3 Robust smart energy hub concept(s)

Some general design considerations for a renewable energy system.
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- Diversification is key. One returning element that can be observed in well-designed
systems is diversification of technologies, in particular when technologies with a high
efficiency/low OPEX and high CAPEX but are mixed with low efficiency/high OPEX and
low CAPEX technologies. Ideally, high CAPEX technologies are run consistently,
maximizing the output to justify their high investment costs. Low CAPEX, high OPEX
technologies are great for flexibility purposes, as keeping the asset on standby is not so
financially impactful as for high CAPEX assets. Typically, these assets also have better

response times.

High efficiency High flexibility
Heat production Heat pump E-boiler
Electricity production Combined-Cycle gas turbine  Open cycle gas turbine
Mobility Battery EVs Fuel cell EVs

- Not every kW of installed renewable capacity can be utilized. As renewables have
intermittent, weather dependent profiles, the output of an installation varies over time:
sometimes the output is closer to zero, sometimes closer to 100%, but mostly somewhere
in between. When designing a system for 100% of the capacity of renewables, the system
becomes expensive very quickly. For example, for a 1 MW, solar installation, it is better to
design the distribution grid and any storage assets at less than 100%, for example at
around 0.7 MW electrical capacity, or combine the renewable asset with other assets that
have peak loads at different times of the day (called cable pooling). This will save up to
several tenths of % of CAPEX, which would have only be used a small number of hours in
the year.

- Levelized cost of electricity from the market is higher than of electricity from a renewable
source (both wind and solar, excluding curtailment). This is only a valid comparison when
all renewable electricity is consumed directly. Whenever storage assets are considered
as part of the investments of the renewable system, costs increase dramatically. This is in
particular the case with PV, which is a low cost source of electricity when used directly,

however, it becomes very expensive when it needs to be combined with battery storage.

3.5 Conclusion

Schiphol Group's ambition is to operate the world's most sustainable, high-quality airports. Schiphol

Group wants its operations to be zero-emissions and zero-waste by 2030 and to function as an
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energy-positive and fully circular organisation by 2050. Equally important, Schiphol Group will
continue to play a leadership role in driving sustainability across the aviation sector, aiming for net-

zero carbon emissions aviation by 2050.
The current study explores possible pathways to achieve these goals.

The methodol ogy applied in this stThdmwethodsdeptoysl | ed t h
scenariobs (sets of unknown parameters external to
(sets of technological measures that may be chosen by the decision makers). The Solution Space

is a matrix with the scenarios on one axis and the concepts on the other axis.

This method is very well suitable to align with all the stakeholders on a high level on the scenarios

and concepts that will be involved in the study. Due to this selection, the number of options that

need to be studied is reduced. As a consequence, this is not an optimization study that delivers the

best possible concept. Not every technology combination is studied, and the level of detail is limited.

The method supports robust decision making at the strategic level.

As the future is unknown, an explorative scenario approach was used to address the uncertainty
in demand for aviation and the building stock at Schiphol. The scenarios involved in the study are
airport business scenarios based on the AEOLUS aviation reference forecast for the development
of aviation in the Netherlands. The reference forecast differ in terms of the development of the
amount of air traffic towards 20230 and 2050. This chapter does not attempt to provide detailed
predictions of the future, nor providesanswer s to questions as fAhow muc
have deployed by 2050?0. Certainly, 2030 is approa

soon in order to achieve the goals set for this year. But the world is changing rapidly.

Four devel opment concepts have been wused. Namel vy,
6hydrogend. Current policy aims to capture the cur.i
Groups current strategy. Table 2.5 presents the technological solutions available to the different

development concepts for electricity generation.

For current policy 21 MWp of solar will be deployed in 2030 either on rooftop or in-field. Towards

2050 this will be increased to 200 MWp. The remaining electricity demand will be procured on the

mar ket. The 6sol ardé devel opdhedepkoypymept okfselas R
development concept reflects a wider portfolio where offshore wind is more directly contracted. The
6hydrogend devel opment concepts does not depl oy
hydrogen-fired CHP and the grid for electricity demand.

Table 9 (repeated) : Selected electricity generation technologies for each development concept in
different scenarios, ~ = technology unavailable, = technology available

Current Policy Solar Wind Hydrogen

Technology 2030 2050 2030 2050 2030 2050 2030 2050
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Utility-scale 21 200 75 MWp 300 21 MWp 100
solar PV MWp MWp MWp MWp

Rooftop solar

PV

Offshore 100 MW > 200

Wind

MW

Hydrogen 100 300

CHP

Import

MW MW

150 150 150 MW 100 50MW OMW 50MW O0MW

gridmix MW MW MW

For each development concept shown in Table 2.5, a set of heat generation assets and airside

technology assets are selected. Every development concept consists therefore of a combination of

a highe

r power of a specific sustainable power supply together with a set of assets that matches

that specific supply best.

A number of important conclusions from the study are:

TULIPS

&7

A 6l ow hanging fruité that scores very well

demand.

Application of solar PV is cost effective up to the level that the green electricity that is
produced can be utilized instantly and preferably also locally at the building where it is
produced. Utilizing excess PV at a later time quickly reduces the cost-effectiveness.
Electrification of Tow Trucks scores very good in terms of emission reduction and cost
effectiveness but is complicated to implement because it requires grid reinforcement and
charging infrastructure. The total number of trucks on the airport increases significantly,
and the logistics of returning trucks from the airstrip is a complicating factor.

The same conclusion applies to electrifi
The most cost-effective way to solve the intermittency issue and the supply-demand issue
of intermittent green power is at the level of the grid operator and not on the airport itself.
However, this is only a valid choice when the grid operator takes care of this issue in a
timely and costly manner. Deferring this task to the grid operator creates an uncertainty in
achieving the airport's sustainability goals and a strategic dependence on the grid operator.
This conclusion holds for both an external power grid and a hydrogen supply grid. The
airport needs to make a strategic decision for dependency on third parties at a potentially

lower cost, or achieving their goals independently of third parties at a higher cost.
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Grid reinforcement costs are a relatively small amount of total cost. Saving on grid
infrastructure may be counterproductive.
spaced (spare power) is availabl e on stelge
electrification of buildings vs electrifi

The limitations of the current study are:

TULIPS

Electrification of e.g. Tow Trucks and GPUs is considered only from a CO> reduction
perspective. Reduction of other emissions e.g. dust particles, NOx and diesel fumes might
be important and increase the relative priority of these electrification options.

Smart chargi ng o-fhobiwdleft o of scope.t her e

The cooling demand of the buildings is left out of scope. A low-cost cooling distribution grid
connecting ATES to buildings to avoid electrical chillers may lower the electricity demand
of the buildings.

A scenario with lower air traffic is not considered.

Scenarios are based on the Aeolus model and a projection from SNBV for the number of
buildings; these scenarios are not coupled and not necessarily consistent.

A historic flight schedule is used, and scaled linearly to the future, without replanning the
flight schedules; optimisation of flight schedules is possible and will lower the peak demand.
For buildings a historic energy demand profile is used; this is not yet an optimised profile
for heat pumps.

Any exposure on the imbalance market is not included in the results.

The calculation of the electricity price is based on assumptions for the electricity mix in
2050.
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4 Torino Airport T scenario study and system design concepts

411

4.1 Methodology

The ambition for a net-zero energy system will require radical changes in the way energy is sourced
and consumed at Torino Airport. A well-pondered plan will be fundamental to avoid regrettable
investments, but informed planning is hindered by the complexities inherent to renewable-based
systems and by the unavoidable uncertainties surrounding the long-term evolution of energy and
technology markets. Inside Annex 1 a more detailed general overview of the context in which the
airport is located together with an overall framework of the carbon footprint and ambitions is
summarized. The following sections describe instead how such complexities were dealt with to

support the development of a robust energy strategy for the airport.

Methodological framework used for the scenario analysis

The breadth of the energy transition will embrace all the aspects of the energy system of the airport,
from the way energy is source or produced on-site to that in which this energy is consumed to
satisfy the countless services offered by the airport to passengers and airlines. In order for the
analysis to deliver an integrated development plan, all the relevant aspects must be properly
accounted for.

The extent of such a modelling activity introduces several layers of complexity with respect to
traditional methodologies employed by industries for energy planning. Three main complexities

which can be early identified are:

1 A wide pool of innovative technologies and solutions must be scrutinised, and their impact
must be evaluated at the system level, taking in account of their interactions, especially in
the view of a fully integrated energy hub.

1 The extension of the timeframe of the energy planning activity is unprecedented. The need
of planning over several decades is a relatively new trend, prompted by the worries around
climate change and the related burgeoning of net-zero commitments. Traditional analysis
methods, often focused on a shorter timeframe (single-year or few years analysis), could
fall short in delivering insights on the progressive evolution of the energy system.

1 Finally, a longer timeframe also entails broader uncertainties, in particular concerning the
evolution of the energy and technology markets. Although the quantification of these
uncertainties can be cumbersome, the representation of potentially different futures is

fundamental for the definition of a robust energy system.

The last point of the list is often addressed by businesses through a scenario analysis [4, 5, 6]. Itis
worth spending some words to provide a proper definition of scenario, as intended in this work. As

shown in Figure 1, the decision-making process is influenced by a number of factors affecting
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different elements of the energy system: from the decarbonisation objectives set by the airport itself
to the trends in energy and technology markets. Some of these factors can be defined as micro, as
they fall within the area of influence of the airport, whereas macro-factors are largely not influenced
by the airport but, in turn, can play a maj
micro factors can be controlled as part of the airportd development strategy, while macro factors

are uncontrollable and thus are a major source of uncertainty.

In the methodological framework adopted for this analysis, a scenario is defined as a coordinated
set of assumptions concerning the evolution of the above-mentioned factors. Aim of a scenario is
to describe a future in which the airport will have to take decisions about the configuration of its
energy system.

Airport

Micro-factors

Decarbonisation Objectives
Air traffic growth

Airport Energy System

.
Geopolitical tensions Ha _Q

Present

g £ Budget
o 444
> 'h > @

Decision Making

Infrastructure expansion

Future

Technological innovations
and breakthroughs

International/National Plans

and Policies

Macro-factors Regional/National/International
Surroundings

Figure 1 - Micro- and macro- scenario factors affecting the decision-making process of the airport.

The methodological framework adopted for this analysis, outlined in Figure 2 aims at addressing
the complexities listed above through a scenario study. The analysis revolves around a techno-
economic model of the energy system of the airport. This model provides an integrated
mathematical description of the physics and economics of the present energy system, as well as

of the alternative technologies which could come into play in the future.

The model embeds simplified mechanisms of the decision-making process, properly calibrated on
the specific case of Torino Airport. Based on an optimization methodology, and building on the
present assets and on the pool of alternative technologies provided, the model determines the
least-cost configuration of the system satisfying the economic and environmental objectives set by

the airport. The model, whose rationale is better described in section 4.1.2, fully addresses the list
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of complexities discussed above. It creates an integrated framework for the assessment at the
system level of a large number of alternative solutions, evaluating the economic, technical and
environmental aspects. Moreover, it is worth stressing that the assessment of the model is not
limited to a snapshot in the future. The analysis is based on a multi-year approach, determining the

optimal development pathway of the airport over the whole modelled horizon.

The main model acts as a computer-based energy planner, determining which solutions to invest
in, the timing of the investment, the decommissioning of old technologies, and computing the
energy balances and cash flows related to a configuration of the system. Such comprehensive
modelling can provide important insights to the real planning activity, but it requires a significant

effort in providing the input data, of which a comprehensive list is provided in section 4.2.

The methodology followed for the definition and use of the of the main airport model leans on four
building blocks (Figure 2) the description of the current airport energy system, culminating with the
realisation of a base airport model; the expansion of the energy system to include a pool of potential
innovative technologies; the design of future scenarios and the exploration of the optimal
development strategies and, finally, the assessment of the risks through the exploration of
alternative future scenarios. This last step will not be part of this deliverable, and will be realised in

a later stage of the TULIPS project.

Scenarios design

Baseline scenario Alternative scenario

1. Base Airport model ’ 2. Technological alternatives 3. Development strategies . 4, Risks assessment

Figure 2 - Outline of the methodology adopted to study the optimal development pathway of the energy system of
Torino Airport.

The first step of the methodology envisages the description of the current energy assets,
consumption and infrastructure of the airport. The aim of this stage of the analysis is to get a
comprehensive picture of the present structure of the airport energy system, its historical evolution
and its relationship with the regional surroundings. This step is fundamental in order identify the
main sources of energy consumption and emissions and consequently draw the boundaries of the
study. Moreover, the analysis allows to spot the element of the systems for which there is room for
improvement. The results of the first stage of the methodology are conveyed in a base airport

model, able to reproduce the physical an economic flows of the current airport energy system.

Based on the identification of the airportés need
solutions can be derived. The pool of potentially alternative technologies is derived from an
assessment of the market of established and emerging technologies, appositely selected based on

the peculiarities of the airportés site. The selec
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base airport model, defining the set of alternatives which could be adopted to reach the desired

targets.

The last two steps of the model involve the design of future scenarios. In the third step, a baseline
scenario is defined for the macro/uncontrollable factors of the energy system and the investment
optimisation model is used to derive the optimal development pathways of the airport under
alternative airport strategies (or micro/controllable factors). In this study, two main strategical

dimensions were selected for the analysis: the Technology and the Ambition dimensions.

The first dimension, Technology, expresses the will of the airport to pursue the development of its
energy system counting on specific technology, restricting the initial pool. For example, one
strategy could foresee the adoption of electrification measures alone, whereas another possibility
would be to rely primarily on hydrogen-based technologies. This dimension allows to compare the
advantages and disadvantages of different technological pathways. The second dimension,
Ambition, regards the extent of the decarbonisation effort of the airport. The investment optimisation
model is used to derive insights on the measures needed to deal with decarbonisation targets of
growing ambition, investigating the additional costs and changes in the optimal system
configuration implied. Combining the two scenario dimensions can also provide insights on the

suitability of certain technological pathways to deliver more ambitious targets.

The last step of the methodology concerns the evaluation of model uncertainties through the
investigation of alternative scenarios for uncontrollable elements. As stressed above, the main
source of uncertainties when planning in the long-term is the necessity to make arbitrary
assumptions on the development of elements of the local, national and international energy system

surrounding the airport. The optimality of the development pathways identified in the previous step

(@)

is therefore limited to the validity of the underlying assumptions defining the evolution ofthea i r por t
surroundings in the baseline scenario. In other words, each development pathway identified by the

model as optimal could be suboptimal under a different future scenario.

In order to evaluate the risks associated with the choice of a specific development pathway, a set
of alternative future scenarios (depicting, for instance, different energy and technology price
trajectories) were designed. The performance of selected development pathways in each of these
alternative scenarios will be evaluated in a later stage of the TULIPS project, assessing the risks

to incur into additional costs and emissions.

4.1.2 Models and other tooling

The implementation of the methodology described in the previous section relied on a series of
modelling activities, involving different tools. Lying at the core of the modelling activity is the well-
established Open Source energy MOdelling SYStem (OSeMOSYS) framework [7], appositely

expanded in order to reflect the peculiarities of the airport. 0SeMOSYS belongs to the wide family
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of Energy System Optimization Models (ESOM). A common trait of all ESOM is the use of
mathematical programming?® to determine the optimal energy system configuration which satisfies
the given technical, economic and environment al CC
an economic objective, most often as the minimization of Total System Discounted Costs (TSDC),
although other criteria can be taken into account [8]. Due to their ability to handle complex decision-
making processes, ESOM are frequently employed in the field of energy planning and policy
exploration at various system scales [9, 10]. An in-depth description of the specific features of

0SeMOSYS, together with a list of its input and output parameters, is provided in [7].

Beside the main OSeMOSYS model, several ancillary models were employed to build the
necessary inputs. The variety of the models employed reflect the need to consider different aspects,
both technical and economic, of the energy system. For this reason, they range from models
describing the physical behaviour of technologies (like photovoltaic plants, fuel cell and storage) to
simplified representations of the energy markets (such as the national utility grid, hydrogen and
biomethane market). A non-exhaustive representation of the modelling chain is illustrated in Figure
3.

*r— — o
—@ *—

o—

— o

[ *— [ o *—

Figure 3 - Unexhaustive illustration of the modelling chain employed for the study.

8 Mathematical programming comprises a range of techniques aimed at building models for planning purposes. In
the words of Pr ofThecdhmonReaturé thatWinathématecahmgragramiming models have is that they
all involve optimization. We wish to maximize something or minimize something. The quantity that we wish to
maximize or minimize is known as an objective functiono[64].
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4.2 Scenarios and solution pathways

Energy demand of the airport

Amoredet ai l ed description of the airportodés energy
consumptions during the last years can be found in Annex 1, below a more strict focus on the

repartition of the energy demand is shown.

In 2019, the airport consumed nearly 17 GWh of electricity (Figure 4). More than a half of the overall
consumption is associated to internal and external lighting (about 30%) and for cooling/heating and
ventilation loads (30%). Another relevant share is related to the companies that conduct their
activities within the airport borders (Tenants), such as bars, restaurants and shops (12%).

Automotive/Mainenance
Petrol

Lighti
. PG Heating ighting
Diesel 0.006%

(Internal)
2, 0.03 '
Natural Gas ‘ - Lighting

17% Heating Diesel, 1.47 (External)
GWh
Cooling
4.00 ktoe
Grid Ventilation
Electricity
B0 Other __BHS
Tenants Misc GSE
(a) (b)

Figure 4 - 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.

The majority of the purchased natural gas was used 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 and for

operations both on land and airside.

Figure 5 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.
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Monthly energy consumption by vector and final use
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Figure 5 - Distribution of airport consumption through the year (2019 data).
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4.2.2 Energy system key performance indicators
The KPlIs taken into consideration to evaluate the configurations provided by the model are:

1) Energy balance for specific years of interest (2030, 2040, 2050) and thus the consumption
breakdown according to the different categories of use;

2) Primary energy supply for specific years of interest (2030, 2040, 2050) subdivided into the
different energy vectors available;

3) Installed capacities of technologies and storages in specific years of interest (2030, 2040, 2050)
and internal energy configuration proposed by the model to meet the airport energy demand,

4) Share of renewable generation in final energy demand for specific years of interest (2030, 2040,

2050) to check not only the impact of the specific measures implemented but also the
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independency of the system from the national grid and the resilience to the possible energy
prices fluctuations;

5) Annual emissions, broken down by emission source, for the whole modelled period.

6) Cash flows for the entire modelled period. Breakdown of cash flows by type (fixed costs, capital
costs, etc.) and by energy vector/technology with analysis on the variation in the balance
between the two.

4.2.3 Energy system scenarios

Modelling the evolution of an energy system for several decades into the future requires to make
assumptions on the development of its activities and surroundings. These assumptions are
necessarily arbitrary, due to the unpredictability of future events, in the long- as well as in the
medium-term. To deliver a sound energy strategy, it is therefore important to consider both the
evolution of key elements of the surrounding energy system, from energy and technology markets

to the increase of air traffic, as well as the inherent uncertainties.

In order to explore the optimal development pathway of the airport, a Baseline scenario, depicting
a likely evolution of the uncontrollable elements of the energy system (e.g., energy and technology
price) was designed. This required to make assumptions on the evolution of a number of energy
system elements, of which a non-exhaustive listis reported in Table 1 Key elements of the Baseline

scenario are thoroughly described in the scenario description section.

Table 1 - List of the element of the energy system, and corresponding model parameters, for which a Baseline
scenario was designed.

Domains Influencing Factors Model parameters
Aviation # passengers Electricity demand
Built environment Airfield lighting Electricity demand
Mobility GSE electrification Electricity demand
Energy Electricity market Electricity price
Gas market Gas price
Diesel market Diesel price
Biomethane market Biomethane price
Biomethane availability
H2 market andhfrastructure Availability H2 external supply
H2 price
Technology H2-related technology marke'  pye| cell (CAPEX/OPEX/stack lifetime
Electrolyser (CAPEX/lifetime/efficiency
Li-ion Batteries market Battery price
PV market PV (CAPEX)
Griddecarbonisation Grid carbon intensity
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This Baseline scenario was fed to the model in order to derive optimal development pathways of
the airport under different strategical choices. In particular, two strategic dimensions were explored:
the Technology and the Ambition ones (Table 2). The Technology dimensions describes three
technological pathways. In the Electrification pathway (ELECTR) only investments in PV and
electrification measures are allowed (no hydrogen-related technologies. The purchase of
biomethane is allowed only until 2045. Natural gas and diesel must be phased out by the same
year. In the Hydrogen (H2) and Hydrogen Import (H2_IMP) scenarios there are no restriction on
the choice of technologies, so that also hydrogen-related technologies can be selected by the
model, if found convenient. The only difference between the two technological pathways is that in
the H2_IMP scenario it is assumed that a supply of hydrogen will be available at the airport starting
2040.

Table 2 - Combination of Technology and Ambiton pat hways si mul at ed. The #AXO0
combination was simulated.
58H GHRqRYU Ambitious Accelerated
sHNIHG U 55%emissions reduction in 2030.  55% emissions reduction in 2030.
62% reduction in 2040. 90% reduction in 2040.
Netzero in 2050. Netzero in 2050.
ELECTR Only investment in PV and

electrification measures
allowed. Biomethane can be X X
used until 2045Phase out of

diesel and natural gas by 204&

H2 Possibility to invest in hydroge
technologies. No external
supply of hydrogehimited X X
investment in batteries for

electricity storage.

H2 IMP Possibility to invest in hydroge
B technologies. Availability of
external hydrogen supply from
2040.

Limited investment in batteries

for electricity storage.

The Ambition dimension describes the commitment of the airport to decarbonise its energy system.
Torino Airport has set ambitious decarbonisation targets for 2030 (-55%) ad 2050 (net-zero).
However, these targets could be achieved following different decarbonisation trajectories. In order

to understand how the speed of the decarbonisation would affect the overall system costs, two
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decarbonisation trajectories were explored: an Ambitious and an Accelerated. The two trajectories
are represented in Figure 6.

The Ambitious target envisages a linear decarbonisation trajectory between 2030 and 2050, with
an intermediate 78% reduction in 2040. The Accelerated scenario assumes that a 90% reduction
of emissions will be reached already in 2040. It is noted that a small amount (3%) of residual
emissions is allowed in 2050, mainly to avoid to over-constrain the optimisation model and allow

the use of renewable fuels with residual lifecycle emissions, e.g., HVO for maintenance vehicles.

Decarbonisation trajectories (annual Scope 1&2 emissions)
kt CO,, 11.0 .

9.0

7.0

55%
5.0 4

78%

3.0 Ambitious \r

1.0 Accelerated \ =
. 90% Y v

-1.0 % reduction
(2010)

-3.0
2010 2020 2030 2040 2050

Figure 6 1 Ambitious and Accelerated scenarios for decarbonisation trajectories.
4.2.4 Technological and non-technological solution pathways

Taking the example from the methodological approach spread by ACI Europe through the analysis
of the Roadmaps that have been already uploaded in the common repository [11], the solution

pathways adopted can be ranked under 7 different categories that can be seen in below Figure 7.

On-site thermal decarbonisation

Thermal plant and emergency generators (and fuel switching)

Negative emissions technologies @ g
Carbon removal (nature-based and CCS-based solutions)
@ \
07 ’
® ﬂ) 03 |
\o7 ‘ "\ /

Energy efficiency measures

Lighting, HVAC and smart controls, including Al

Figure 7 - Classification of interventions according to ACI roadmaps.
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In the following paragraphs the main solutions adopted and considered inside the model will be
described. The perimeter of the analysis carried on insists on the Scope 1 and 2

emissions/consumptions of the airport.
On-site thermal decarbonisation
Different solutions have been modelled to reduce the impact of fossil fuel on thermal demand:

- Heat pumps: it has been considered the possibility of replacing currently installed boilers
with heat pumps in order to move some of thermal load to electrical and exploit better the
presence of RES on site. This solution is particularly useful also in buildings that at the
moment are far away from the main terminal and thus still fuelled with diesel oil;

- Fuel cell: the airport has begun some years ago reasoning on the installation of a
trigeneration system that could be flexible in terms of fuel inlet and with higher electrical
efficiencies if compared to the state-of-the-art trigenerations systems based on internal
combustion engines. This element has been comprised in the analysis with the study of a
SOFC based Fuel Cell with small modules of 250 kWe. This solution allows in medium time
to pave the way to decarbonisation of thermal consumptions, considering that can be fed

not only with methane but also with increasing blends of H2-CH4 until 100% H2 of fuel inlet.
Vehicle fleet decarbonisation

The airport has already started a pathway for the switch of the vehicles present inside the airport
premises form fossil based to electrical vehicles or hybrid. Inside the model it has been considered
the full electrification of the current demand related to fossil fuel for ground transportation. The
same consideration has also been made on vehicles related to handling purposes, even if this

energy demand would not be strictly inside Scope 1 and 2.
On-site renewables

One of the focuses of the airport targets to 2030 is the increase in the self-consumption of
renewable energy produced on site. For what concerns renewable energy systems the only
technology considered is solar. The considerations made have started from the availabilities in

terms of surfaces present at the airport.

In particular, two kinds of availabilities are present: rooftop surfaces for rooftop installations and

ground areas for larger installations. The overall installation can arrive to a power of about 6 MWp.

Considering the current legislation in Italy that strongly affects the energy produced but not
consumed locally (its remuneration is around 40% of full price usually purchased from the grid)
inside the model it has also been considered the possibility to store electrical energy during peak

hours inside batteries to maximise self-consumption.

Energy efficiency measures
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For the airport energy efficiency has been the first pillar on which has been based the
decarbonisation strategy, and even if the major impact solutions have already been carried on
during the last decade reduction of primary energy demand is still one of the main focuses of the

airport strategy to reach 2030 objectives internally set.
In this framework different solutions have been considered inside the analysis:

- LED lighting: the airport has already provided to the substitution of the most profitable old
technology lighting reaching the 60% of LED coverage in terms of energy consumption for
lighting needs, but it is still possible to gradually proceed with the goal of getting nearer and
nearer to 100% LED lighting;

- HVAC: air conditioning is one of the main consumptions of the Terminal both in terms of
electricity and in terms of thermal needs. Some optimisations in terms of management have
already been carried on during the last years but there are still some margins in the
improvement of the performances of the HVAC systems. In particular there are some units
that have been installed in the early ®0s and that can be revamped installing high efficiency
motors and verifying the flow rates currently needed for the ventilation of the areas. This
intervention could lead both to higher thermal and electrical efficiencies;

- Thermal boilers: it has been considered the substitution of the main boilers with newer ones
and higher efficiencies in the production of hot water. Another possible efficiency is related
to the lowering of the temperature of the circuit that will allow both to increase the efficiency
during the production of hot water (exploiting better the characteristics of condensing
boilers) and to reduce the overall thermal demand of the areas;

- Electrical grid optimisations: with the technology evolutions that have occurred inside the
airport premises some optimisation possibilities can emerge in terms of load balance of the
different electrical cabinets present. In particular exploiting the requests emerged by the
distributor it could be lowered the medium voltage ring that distributes electrical energy
through the airport. This will imply the substitution of transformers with the opportunity to
increase the transforming efficiency of the machines installed;

- Fuel cell based trigeneration: the solution analysed and previously explained allows not
only the reduction of emissions introducing the possibility to use hydrogen, but also implies
an higher efficiency thanks to the very high electrical efficiencies and the combined
production of heat and power (in winter supplying the waste heat to the hot water loop and
in summer thanks to the absorption chiller contributing to the chilled water demand of the

terminal).
Grid decarbonisation

Considering the historical trend on decarbonisation deriving from data provided by ISPRA [12] an

estimation of future grid carbon intensity can be made, assuming that the emissions are linearly

TULIPS Public 70

&7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR KL/

VARIOUS SCENARIOS

correlated to the amount of electricity generated by the thermal park. These calculations have been

used inside the model to account for emissions related to electrical purchase from the grid.
Renewable energy purchases
Different considerations have been made on renewable energy purchases.

For what concerns fuels, different considerations have been made according to the scenarios

analyzed:

- Biomethane: it has been considered as a viable solution in accordance with the biomethane
potential present in Italy through the purchase of Guarantees of Origin. At the moment,
legislation is still in progress at national level, but considering the targets set for 2030 it has
been supposed an availability of biomethane on the market and purchasable by the airport
comparable to the economic size of the management company. The reasoning behind this
assumption is related to the fact that not only airports will aim to acquire biomethane, but
also for other companies it will be an easy way to decarbonize the thermal demand
(particularly for industry);

- Hydrogen: presently, there is no market nor infrastructure for importing hydrogen from
outside the airport boundaries. For this reason, different assumptions have been made for
regarding its availability. A more strict focus will be made inside the scenarios analysis but
different considerations have been made on the availability of hydrogen both for what
concerns self-production through the use of electrolysers during peak hours of electrical
production form the PV plants installed and for what concerns external supply from the grid
(in the medium term). The birth of the Piedmont Hydrogen Valley (seven projects eligible,
with three receiving immediate financing) represents an opportunity to produce hydrogen.
Initially, the renewabl e hydrogen produced

industrial processes, but the future holds broader applications
Negative emissions technologies

Negative emissions technologies have not been considered inside this analysis.

4.3 Modelling framework implementation

This section of the report deepens on the features of the modelling framework used and describes
the modelling choices made to translate the real energy system of the airport in a simplified
mathematical representation. The main modelling assumptions, concer ni ng model 6s
and temporal, spatial and technological aggregation, are discussed. In the last subsection, the way

in which uncertainties were handles is described.
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4.3.1 Modelling framework description

The methodology, amply discussed in section 4.1, relies on an integrated mathematical
representation of the airport energy system, which was implemented in the OSeMOSYS
framework. OSeMOSYS is a fully open-source energy system optimization model, developed by
the KTH institute of technologies together with other institutions [13, 14, 15]. Since its launch in
2010, the modelling framework has witnessed a growing popularity and has been enriched with
innovative features (e.g., advanced storage modelling [16], elements of smart grid [14]), as testified
by the large number of branches maintained on GitHub [17]. In these years, OSeMOSYS has
demonstrated a great versatility, being used for energy planning at the national [18], urban [19] and
village scale [20].

The OSeMOSYS framework has been developed in the algebraic programming language GNU
MathProg, although other versions have been developed in the Python (Pyomo) and GAMS
programming environments. The GNU MathProg relies on the python-based otoole [21] utility for
the management of input/output routines. The model is compatible with a variety of linear

optimisation solvers, from the free GLPK tool to commercial solvers such as Gurobi and CPLEX.

The choice of the OSeMOSYS framework was underpinned by a solid review of available energy
system models [22]. OSeMOSYS presents a large set of features which makes it a valid instrument
for energy planning, also at the airport-scale. The key aspects which influenced the choice were its
ability to represent the complex interactions of a multi-energy system, the possibility to model long-
term transition pathways and the flexibility of its open-source code, which can be moulded on the

specificities of the case under study with relative ease.

From a methodological perspective, OSeMOSYS is formulated as a mixed-integer linear
programming model (MILP). Given a set of alternative technologies that concur to the satisfaction
of various energy demands, it finds the optimal configuration of the system, that is the configuration
which minimises the total system discounted costs, over the entire modelling horizon, under a set
of technical, economic and environmental constraints. Thus, from an economic standpoint, the
analysis performed by OSeMOSYS is of the Present Worth (PW) or Present Value or Net Present
Value (NPV) type. The TSDC can be defined, in a simplified way, as in the following equation:
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In simpler terms, the OSeMOSYS model acts as a computer-based decision maker. Typical

decisions made by the model include:
1. Investment in new technologies.
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2. Operational decisions concerning the dispatch of energy, such as scheduling of generation,

conversion and storage technologies.

Therefore, the decision-making process of the OSeMOSYS model is performed on two different
time scales: investment decisions are made on a yearly basis, over the whole modelled horizon;
operational decisions are made for each time step. In order to reduce the computational burden
inherent to the modelling of several decades with a high temporal resolution (e.g., hourly), the

0SeMOSYS model represents a year as a set of representative days.

In order to determine the optimal development pathway, the model needs information on several
economic and technical parameters of the energy system, over the entire modelled horizon. In

particular, some fundamental inputs are:

1. The exogenously determined demand for energy services (e.g., lighting, cooling, heating,
various electric appliances).

2. The technical description of present and alternative technologies, such as conversion
efficiencies, emission factors and operational features.

3. Topological description of the energy system, describing energy infrastructures and energy
flows.
Capital and operational costs of technologies and their evolution.

Energy prices and their evolution.

Moreover, the optimality of the energy system is subjected to the satisfaction of a set of technical
and environmental constraints. As a fundamental constraint, the selected configuration of the
system must be able to satisfy the energy demand in each time step, taking in account of the
operational constraints of the technologies. In the base OSeMOSYS code, such technical
constraints concern conversion efficiencies, capacity factors for intermittent renewable generation

and availability factors to account for annual maintenance.
In addition, the OSeMOSYS model allows to impose environmental constraints, such as:

1. Emission limits. These can be set both on an annual basis, to simulate decarbonization
pathways, and on a model-period basis, allocating an overall carbon budget.
Renewable targets.

3. Limits on the use of resources. For instance, to limit the availability of local resources, such

as biomethane.

The OSeMOSYS model provides as output the optimal development pathway of the energy system
for the whole modelled period, specifying the investment decisions for each year and the capital
and operational costs needed to implement these decisions. Moreover, it computes the energy
balances for each time step of each year, the annual emission and the cash flows relative to the

selected configuration of the system. These outputs can be further elaborated outside of the model
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to derive additional KPIs, such as payback time, renewable shares, primary energy consumption

etc.

The OSeMOSYS model was initially developed to model large energy systems, at the national and
international level. However, its open-source nature and the flexibility of its code enabled to quickly
adapt its formulation to the scale and the specificities of the airport energy system. Among the

modifications which were made to the source-code of the model, it is worth highlighting:

1. Improved representation of constraints limiting the operation of technologies, with the
introduction of ramping constraints, minimum stable load, limits on the amount of curtailed
renewable energy and scheduled maintenance periods.

2. Improved representation of storage technologies, with the differentiation of daily, seasonal
and long-term storage types.

3. Introduction of a framework for the optimisation of CHP technologies under the incentive

scheme for high-efficiency cogeneration.

Airport energy system model implementation

This section describes the assumptions made to translate the energy system of the airport into the
0SeMOSYS framework. The scope of the work is introduced, delineating the airport activities
included in the model, the technological options considered and their techno-economic modelling

and the temporal coverage and resolution of the analysis.

4.3.2.1 Model boundaries

As described in section 4, the commitment of Torino Airport is to abate the CO, emissions in its
Scope 1 and Scope 2 activities, till the achievement of the net-zero target by 2050. Therefore, the
boundaries of the analysis were primary selected to include all those activities under direct control
of the airport, according to the ACA definition. A list of the major activities included is depicted in
Figure 8, according to the Scope they belong to. Only energy-related activities were considered.

Most of the activities included fall under the Scope 1 and Scope 2 category.

Activities in Scope 1 include emissions from the on-site combustion of diesel oil and natural gas for
space heating and generation of sanitary water, as well as the consumption of diesel for company
cars. Gasoline consumption, for cars, and LPG, for cooking, consumption was considered
negligible and excluded from the analysis. The Scope 1 category also includes potential on-site
power generation plants, such as the foreseen CCHP unit. Activities in Scope 2 include the
purchase of electricity from the grid for the satisfaction of a variety of services, from space cooling

and lighting to the handling of baggage (BHS) and the provision of electricity to landed aircrafts.

A selected subset of Scope 3 activities was included in the model. These include the consumption

of electricity by tenants operating on the airport site and the handling of GSE. This because,
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although these activities do not directly fall under the control of the airport, they could benefit from
the generation of on-site renewable electricity in the airport network. As a legal entity, Torino Airport
distributes electricity to the external organisation operating in its premises. Tenants represent a
relevant 10% of total electricity consumption, whereas the electrification of GSE could open to a
similar interaction with airside operators. This could lead to synergies between different
stakeholders, with the airport making available green electricity directly to tenants and the latter

providing a consumption margin for the integration of further renewable capacity.
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Figure 8 - Classification of airport activities by emission Scope, according to ACA definition. Black rectangles show
the activities included in the analysis. These mostly belong to Scope 1 and 2. However, selected activities in Scope
3 were included in the model when potential interactions with activities within airport control could emerge.

4.3.2.2 Energy system representation

Figure 9 shows the representation of Torino Airport energy system in the OSeMOSYS framework.
The scheme includes all the technological options and energy carriers presented in section 4.2.
Icons in boxes representt ec hnol ogi cal solutions already,
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whereas icons without boxes stand for investment options which the model could decide to

implement in future years.

The diagram describes all the energy flows of the system, from the import of energy carriers (on
the left) to their transformation into the final energy vectors satisfying a demand for a specific
service (on the right). The articulated energy system of Torino Airport was simplified in order to
enable its representation in the optimisation model. In particular, it was necessary to aggregate
portion of the energy system. As shown by the figure, most of the electricity demands were
aggregated into Various Electricity consumption. Only those demands which are concerned by the
implementation of energy efficiency or other technological solutions were separated, such as

demand for lighting, cooling, GSE etc.

The heating system was subdivided in three sectors: Main, Secondary and Auxiliary, according to
the heat source and infrastructure in place. The Main sector include all those equipment and users
served by the air plheheabissuppledby threeghaturat gaswboilerk, producing
hot water at 90°C, locatedintheai r por t 6 s t The Mamiheatn sedor is @rone to the
potential integration of the CCHP system, so that part of the heating (and cooling) demand could
be satisfied bythe S OF C6 s w dhetinkasttuatueetfor the distribution of chill water would
be the same of that used for hot water. The Secondary heating sector represents buildings served
by independent heating systems, still powered by natural gas boilers (such as the private flights
terminal). The Ancillary heating sector represents building served by independent heating systems

fuelled by diesel oil boilers (such as hangars).

The transport activities of the airport were subdivided in company cars, heavy maintenance
vehicles and GSE. All the fleet is prominently made by diesel vehicles at present, although a
growing share of company cars is being electrified. The subdivision was made relatively to the
possibility to electrify vehicles and to the scope of the activity. Company cars, whose activity falls
in Scope 1, and GSE, in Scope 3, will be prone to electrification in the coming years. Conversely,
the implementation of an electric alternatives for heavy maintenance vehicles, such as snow plows,

is more difficult to realise, given the current state of technology.

At the core of the energy system lies a micro-grid concept for the combined generation of electricity,
heating and cooling. On-site renewable electricity generation can be achieved though the
installation of photovoltaic panels within the airport premises, both rooftop and ground mounted
PV. Excess electricity generation can be stored by either electrochemical storage or used to
produce hydrogen through an electrolyser. 0.25C Li-ion batteries were selected for electrochemical
storage. For the electrolyser, a PEM type was selected, in order to provide flexible start-up/shut-
down times, enabling the production of hydrogen from fluctuating solar generation. Hydrogen is

compressed and stored at 300 bars in a steel vessel.
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The hydrogen produced on-site can be used by another important constituent of the micro-grid: a
Solid Oxide Fuel Cell (SOFC). The SOFC can run on different blends of natural gas (or biomethane)
and hydrogen, up to a 100% share of hydrogen. The SOFC has a high electric efficiency (62%),
but also produces high temperature waste heat which can be exploited for space heating or, by
mean of an absorption chiller, cooling. The absorption chiller was assumed to be of the single-

stage, water-LiBr type.

Excess renewable electricity production which cannot be stored on-site can be sold back to the
utility grid. However, a constraint was imposed on self-consumption of generated electricity, in
agreement with ENAC regulation on PV generation on airport sites [23]. Electricity can also be sold

to tenants | ocat ed wriusethtochargeifutune electricdGSE.pr e mi s e s

Another pack of measures concerns the electrification of heating and transport activities. Currently,
space heating demand is satisfied by natural gas and diesel boilers. For these cases, heat pumps
were included in the model as potential technological options to electrify the heating sector. Air-to-
Water (A2W) heat pumps were selected for this assessment, since this type is already compatible
with Torino Airportd s  h e at i n gandedqes hop regeire imajor infrastructural expenses [24].
The el ectrifi c afleetmicompdny dark, @lready ongoimg, is 8l included in the
model.

The only energy efficiency measure considered is the conversion of conventional light bulbs to
LED. This because Torino Airport has already undergone an intensive period of efficiency
improvement, as testified by the drop of its energy consumption since 2006, so that only minor
interventions remain on that side. Measures targeting building envelop of smart energy
management systems were not included in this stage of the analysis, due to the complexity of
modelling a complex building environment such as that of an airport. These should be investigated

in a future work.

Finally, the supply of alternative energy carriers was considered. These include biomethane,
biodiesel and hydrogen. Biomethane was assumed to virtually enter the system through the
purchase of Guarantees of Origin, as envisaged by the Italian Ministerial Decree 15/09/2022 and
in line with ACA market-based approach. Using this approach the airport would purchase natural
gas from the existing grid and an energy equivalent biomethane GO from the dedicated market
[25]. In this way, it could claim the use of renewable biomethane, injected in the gas grid at whatever
location, in substitution of its natural gas consumption. The establishment of a dedicated supply
line from local producers, which could provide an alternative access to this resource, was not
considered because of difficulties in quantifying the infrastructural costs needed to secure a

relevant biomethane supply.

The availability of an external hydrogen supply was envisaged to simulate a scenario in which the

Torino Airport is involved in a local Hydrogen Valley project, whose development is foreseen by the
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Italian national energy plan [26, 27]. Several Hydrogen Valley projects are foreseen in the Piedmont

region for the future years [28], which justify the consideration of an external hydrogen supply.

Green diesel is only foreseen as a substitute of fossil diesel for the operation of heavy vehicles
(such as snow plows) whose electrification appear, at present, infeasible. An HYO made from used
cooking oil was considered.
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Figure 9 - Simplified representation of Torino Airport's energy system within the OSeMOSY'S framework. Boxed
icons represent technological assets already existing in 2019.
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4.3.2.3 Temporal coverage and resolution

Two temporal dimensions exist in the OSeMOSYS framework: operational and investment. The
investment dimension defines the temporal parameters over which investment decisions are made.
Important criteria in this dimension are the model horizon, that is the period over which investment
decisions are optimised (e.g., 2030, 2040, 2050), and the length of investment cycles (e.g., one,
three, five years). This latter parameter defines the resolution with which the model makes
investment decisions. The operational dimension concerns the time step over which decisions are
made on the dispatch of energy and the operation of storage technologies. Important criteria in this
dimension are the choice of the number and type of typical days used to represent a full operational
year of the airport and the choice of the time step, that is, the time unit over which dispatch decisions

are made.

A summary of the temporal parameters used in the analysis is provided in Table 3.

Table 3 - Summary of the parameter defining the temporal dimension of the model.

Temporal dimension Parameter Definition Value
Investment Validation years Years of known airport operations, used to valic 20192023
the model
Horizon Period over which investment decisions are me 20242050
Investment cycles Resolution of the investment decisions 1 year
Operational Typical days Number of days used to represent a full operati 9!
year
Time step Time unibver which dispatch decisions are mac 1 hout

Tone typical day for each month from March to October, one typical day for winter months

2Closing hours of the airport (00800) were aggregated in a single time step.

4.4 Robust smart energy hub concept(s)

This final section describes the outcome of the study, presenting the most relevant results extracted
from the numerical campaigns conducted for the project. The section opens with some preliminary
considerations made on selected technological options, PV, SOFC and hydrogen production,
providing the reader with a background on the economic and environmental performance of these
solutions. Then, the optimal configurations of the system under stated targets (Ambitious
decarbonisation scenario) are presented for the three technological pathways explored (H2,
H2_IMP, ELCTR). Subsequently, the results relative to the Accelerated target scenarios are
showed, highlighting the variation of the energy system configurations and costs necessary to
achieve a steeper decarbonisation trajectory. Finally, the economic risks associated with each
development pathway are assessed by testing their performance in alternative future scenarios. In
conclusion, the main outcomes of the study are discussed, evaluating the risks and benefits
inherent to specific technological pathways, and a concept for a robust energy hub for Torino Airport

is developed.
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4.4.1 Presentation of modelling results

4411 Preliminary evaluation of technological options

Before delving deep into the results of the numerical campaigns conducted with the energy
planning model, it is useful to introduce a preliminary technical, economic and environmental
assessment of the core technologies of the energy system. To this aim, this section presents a
discounted pay-back time analysis and environmental assessment of the SOFC and PV system.
Moreover, some reflections are presented on the feasibility of hydrogen production within the airport

premises.

SOFC. The pay-back time and environmental assessment of the CCHP system based on the SOFC
are presented in Figure 10. A 0.25 MW fuel cell was considered, and it was assumed that it would
be installed in 2027. The fuel cell is assumed to be fuelled by a 100% natural gas blend. The
payback time is calculated for three energy price scenarios taking in account of the monetary
savings with respect to separate generation of heating and cooling and purchase of electricity from
the grid. The calculation of emission savings is also calculated comparing the CCHP system to
separate generation. A reduction of electricity grid carbon intensity is assumed as described in

Annex Error! Reference source not found.

Despite the high initial investment, the SOFC-based system appears to repay itself in 4 to 7 years,
depending on the energy price scenario. In particular, the higher the cost of energy, the quicker the
investment is repaid, thanks to the high electrical efficiency of the fuel cell, which allows to attain
significant monetary savings also under high natural gas prices. This is valid under the assumption,

made in section that electricity and natural gas markets remain coupled (see Annex A).

From an environmental perspective, it is noted that, despite the high efficiency of the fuel cell, a
solution based on 100% natural gas blend does not produce, already in 2027 any environmental
advantage. Operating a 0.25 MW SOFC would raise emissions by nearly 0.2 '® in 2027 with
respect to separate production, with this figure ramping to nearly 0.5 '® after 2040, as the

electricity grid decarbonises.

Therefore, the CCHP system based on SOFC fuelled by natural gas presents itself as a solution
having high economic performance but poor environmental benefits, also in the short-term. The
integration of alternative fuels, such as biomethane and hydrogen, should thus begin very early in
order to avoid additional emissions. However, this would entail additional costs related to the price
of these alternative energy carriers, which could weaken the economic feasibility of the CCHP

system.
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Payback time (discounted) - 0.25 MW Fuel cell Additional emissions - 0.25 MW Fuel cell
Under different energy price scenarios considering future grid decarbonisation and 100% natural gas blend
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Figure 107 Payback time (a) and additional emissions with respect to separate generation (b) of the CCHP system
with SOFC.

PV. A similar analysis has been conducted fora p 0 @ rooftop PV system (Figure 11).For this size
of the system, it is possible to assume that all the electricity produced will be consumed by the
ai rport ds .dsnassdmeption, whkich does not hold for higher power installations, can
handled by the energy system optimisation model. The savings are calculated with respect to the

counterfactual case in which the electricity is withdrawn from the grid.

It can be noted that, from an economic perspective, the PV system appears less attractive than the
CCHP, with payback times ranging from 5 to 10 years, depending on the energy price scenario.
Nevertheless, the solution can still be considered economically viable in the long-term, especially

for high energy price scenarios, due to the long lifetime of the selected PV panels (25 years).

Contrarily to the CCHP system, the PV demonstrates high potential for emission savings in the
short and medium term, when compared to the electricity from the grid. However, it is important to
notice that, as the electricity grid gets decarbonised, the ability of the PV to deliver emission savings
decrease (from nearly & Q008 in 2027 to practically T/QoU5 in 2050). This means that, in the
future years, it will be necessary to install more PV power to obtain the same emission savings that
solar power can deliver in these days, so that purchasing grid electricity might become more

convenient.

It must be underlined how for the PV system, the economic and environmental objectives can be

pursued with the same technological option, contrarily to the CCHP system fuelled by natural gas.
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Payback time (discounted) - 1 MW rooftop PV Annual Emission Savings - 1 MW rooftop PV

under different energy price scenarios considering future grid decarbonisation
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Figure 11 - Payback time (a) and emission savings with respect to grid electricity purchase (b) of a p0 0 rooftop
PV system.

On-site hydrogen production. In the developed model, hydrogen can be made available to the
airport either by on-site electrolysis absorbing excess PV generation or through an external supply.
While the feasibility of the latter options strongly depends on the development of the local energy
system, as well as on the national and international establishment of a hydrogen economy, the
production of hydrogen on-site could be independently implemented by the airport. Nevertheless,
the amount of hydrogen whichcan be produced within the ai
availability of space for renewable installations [29], whereas the economic viability could be

challenged by the relatively low power-to-power conversion efficiency of this pathway.

Figure 12 shows a summary of back-of-the-envelope calculations made to assess the feasibility of
on-site hydrogen production. The left figure shows the load curve of excess renewable generation
fora p ™ w PV system, which is the maximum installable size due to space limitations. The
excess renewable generation does not account for the increase in electricity demand induced by
electrification measures, nor considers batteries or export of electricity. It thus represents a
maximum technical potential for hydrogen production at the airport. The left figure also shows the
hours of operation and the relative hydrogen production for different electrolyser sizes (in 0 w ). It
can be observed that, also assuming a 0.5 0 @ electrolyser, this would work for slightly more than
2500 hours per year at full load. As the size grows, the full-load hours decrease swiftly, being less

than 1000 for a o810 w electrolyser.
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The green line shows the load curve of the excess PV generation
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Figure 12 - Estimation of hydrogen production potential at the airport site during one year of operation.

Left figure shows the load curve of the excess renewable generation of a 10 MWp PV system (maximum size
considered, due to space availability). The figure also shows hours of operation of electrolysers of various sizes
and the respective hydrogen production. Bottom right figure shows maximum hydrogen production potential for
di fferent electrolysers sizes, whereas top right fi

be covered by the hydrogen produced on -site.

The right figures illustrate on-site hydrogen production potential. The bottom one reports the
absolute value of hydrogen produced in one year for electrolysers of various sizes. Moving from a
™ to a o810 @ electrolyser, hydrogen production moves from about p "OuQto nearly o® "0OwQ
The top-right figure shows the portion of fuel cell blend (as percentage of energy content) which
can be covered by such hydrogen production. Despite the simplified nature of these preliminary
calculations, it appears clear that to sustain a small-size fuel cell (& W w ) entirely with on-site
production of hydrogen would require an investment in an electrolyser of at least ¢& 0 @ , which
would work for approximately 1000 hours per year. As the size of the fuel cell increases, on-site
hydrogen could cover less than 60% of the fuel cell blend, in face of significant investment in

underutilised electrolyser capacity.

From these preliminary calculations, it appears that hydrogen economy entirely based on
production at the airport site would be unfeasible, especially for large fuel cell sizes. It can be
expected that external hydrogen supply, together with the availability of biomethane as an

intermediate energy carrier, would be key enablers for a successful hydrogen economy.
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4.4.1.2 Technological pathways

This section presents three different technological pathways through which Torino Airport could
achieve its stated decarbonisation objectives. The three technological pathways, denominated
ELECTR, H2 and H2_IMP, aim to describe the optimal evolution of the airport energy system under
different strategical choices (for details, see section 4.2). All the pathways were simulated under

the Baseline scenario assumptions (see Annex A), with the Ambitious decarbonisation trajectory.

Emissions reduction. Before delving into the description of the configuration of the energy system,

it is useful to look at the performance of the different technological pathway under the emissions
perspective. This because emissions reduction is supposed to drive investment in sustainable

technologies in the model, being thus the main driver of the development of the energy system.

The emissions reduction trajectories are shown in Figure 13. The reader is invited to notice that, in
agreement with the implementation of the optimisation model, all the development pathways are
constrained to deliver an emissions reduction equal or higher than the imposed trajectory (black
dotted line).

The way decarbonisation targets are achieved differs significantly in the three technological
pathways. For the ELCTR scenario, the decarbonisation trajectory is steadily downward and always
well below the imposed trajectory. Although after 2040 this trend is determined by the imposed
phase out of fossil fuels, this also indicates the synergy, in this pathway, between the economic
and the environmental objectives: investment decisions are not taken solely to reduce the carbon

footprint of the airport, but to pursue an economic benefit as well.

For hydrogen-based pathways the trend is quite similar to the ELCTR one until 2030. However,
decarbonisation trajectories stall in the first half of the 2031-2040 period, and only begin to fall
again when they meet, in the second half of the period, the imposed decarbonisation trajectory. As
it will be shown later, this trend is due to the installation of the fuel cell, which is able to deliver
significant economic savings when fuelled by natural gas, but which at the same time implies
additional emissions (Figure 22). This determines an opposite situation with respect to the ELCTR
scenario, since to ensure a low carbon intensity blend for the fuel cell it is necessary to invest in
more costly fuels (hydrogen and biomethane) from the second half of the 2031-2040 period, which

decreases its economic benefits.
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Figure 13 - Emissions reduction trajectories (with respect to 2010) of the three technological pathways under the
Ambitious decarbonisation scenario.

Figure 14 provides an overview of how different clusters of measures contribute to the emissions
reduction, calculated with respect to 2019 situation. For the ELCTR pathway, the PV plays an
important role since the beginning of the modelled period. Switching to alternative fuels, like
biomethane for heating, plays a relevant role in only in the second half of the 2031-2040 period;
then, electrification gains momentum, in agreement with the imposed phase-out of fossil and non-
fossil fuels. Towards 2050, about two third of emissions reduction are delivered by PV and
electrification. However, the airport relies significantly on the decarbonisation of the electricity grid

to achieve its targets.

For the H2 and H2_IMP pathways the emissions reduction patterns are similar and show a richer
diversification of measures with respect to the ELCTR one. The PV system continues to play a
significant role in the decarbonisation. Conversely, the role of electrification measures is taken by
the switch to biomethane for heating and, partly, by the exploitation of waste heat from the CCHP
system. The latter brings a growing contribution to the decarbonisation starting from the second
half of the 2031-2040 period, especially for the H2_IMP scenario in which, we will see, the

penetration of the fuel cell is larger.
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Figure 14 - Contribution of cluster of measures to the reduction of emissions. Electrification: electrification of
transport and heating; Fuel Switching: substitution of fossil fuels with HVO and biomethane (except the share
used for CHP); PV: renewable electricity generation, comprising battery discharge; Efficiency: efficiency
measures (lighting); CHP: fuel cell cogeneration system, including use of green fuels (biomethane and hydrogen);
Grid decarbonisation: reduction of carbon intensity of the electricity grid.

Configuration of the energy system. It is interesting to observe how the configuration of the energy

system and the provision of energy to the airport change under different technological pathways.
Error! Reference source not found. to Figure 17 show the energy balance for several energy

carriers of interest: electricity, main and ancillary heating, biomethane and hydrogen.

With reference to Figure 15, all the technological pathways see a significant penetration of PV
capacity. The installations begin in the 2024-2030 period, reaching around @& 0 w already in
2030. No storage technologies are installed in this period, and excess electricity generation is sold
to the grid, up to 30%, or sold to tenants. Still in the 2024-2030 period, the model installs a & W @

SOFC for both the H2 and H2_IMP pathways.

In the 2031-2040 period major differences emerge between the technological pathways. In the
ELECTR pathway investments in PV capacity continue steeply, reaching the maximum available
capacity (p ™ w ) already in 2035. The increased renewable generation is partially absorbed by
the higher electricity demand dictated by increased airport activities and electrification, especially

at the end of the period (Figure 15). However, this would not be sufficient to absorb the increased
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renewable output, so up to 5.0 MWh of Li-ion battery capacity (1.25 MW in power capacity) is
installed shortly after 2030. In 2040, nearly half of the a i r p a@ectticityslemand is covered by the
PV and battery system.

In the same 2031-2040 period, the H2 and H2_IMP pathways see further investment in the SOFC
system, due to the drop in fuel cell capital costs. In the H2 pathway the total SOFC size reaches
™ T0 @ , whereas T W @ are installed in the H2_IMP one. This difference will be better
explained in the following paragraphs, when describing the 2041-2050 period. In both the hydrogen
pathways, PV capacity grows slower, stopping at around x& 0 w in 2040. This because the
baseload provided by the fuel cell makes it harder to absorb additional renewable generation. In
parallel, ¢80 wQbattery capacity is early installed at the beginning of the period. Conversely,
moderate hydrogen production only starts in the second half of the 2031-2040 period (Figure 17).
In the H2 pathway up to @ W w electrolyser is installed before 2040, for an annual hydrogen
production of T XOdQwhereas upto @ W w are installed in the H2_IMP pathway, for an annual
production of hydrogen of up to & 1OWQ Larger hydrogen production capacity is required in the
H2_IMP because of the larger fuel cell size, which determines more excess PV production as well
as a higher consumption of fuel for its operation, which has to be made more sustainable with larger

shares of hydrogen.

2031-2040 is also the period in which the diversification of energy sources for heating and natural
gas begins (Figure 16 and Figure 17). This is particularly evident for the Ancillary Heating segment,
presently fuelled by diesel boilers. These technologies, which are both more expensive to operate
and more carbon intensive than natural gas boilers, are completely substituted by heat pumps
before 2040 in all the technological pathways. The situation is more convoluted for the Main Heating
segment. In the ELCTR pathway, for which a phase-out trajectory was imposed for natural gas,
negligible investments in heat pumps capacity are observed before the end of the period, and the

heating sector is mainly decarbonised through the purchase of biomethane.

For the hydrogen-based scenarios, the electrification of the Main Heating segment already starts
at the beginning of the 2031-2040 period. This is due to two main causes: first, the installation of
fuel cells unlocks the possibility to generate low-cost electricity throughout the day, decreasing the
operating costs of heat pumps and making them more competitive with gas boilers; second, as it
will be discussed more in depth in the paragraph dedicated to 60 emissions, the installation of
fuel cells initially fuelled by natural gas lead to the necessity to lower emissions in other sectors of
the energy system (e.g., through electrification of heating). Moreover, in the hydrogen scenarios
the waste heat recovery contributes to the satisfaction of the main heating demand, although only
modestly: about 10% and 16% of total heating demand in 2040 for the H2 and H2_IMP pathways,

respectively.
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Figure 15 - Electricity demand and production at Torino Airport in the three technological pathways under the
Ambitious decarbonisation targets.

A significant portion of the Main Heating demand is still satisfied by natural gas boilers in 2040 for
the hydrogen-based scenarios. However, the share of biomethane increases in the natural gas mix
increases towards the second half of the period, reducing the carbon intensity of the heating sector
as well as contributing to the greening of the fuel cell blend. It is however noted that, despite the
increasing share of biomethane, in 2040 the demand for fossil natural gas is still higher than
present, due to the increased demand determined by the installation of the fuel cell. It is worth
reminding that, despite the increased natural gas demand, the hydrogen-based scenarios still

respect the emissions reduction trajectories set by the Ambitious scenario.

The 2041-2050 period sees the early electrification of the heating sector for the ELCTR pathway,
in compliance with the imposed phase-out of natural gas. As a consequence, the electricity demand
of the airport rises close to 18 GWh, a nearly 23% increase with respect to 2019. As the PV capacity

has already been saturated in the 2031-2040 period, the additional electricity demand is entirely
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covered by the grid. However, a modest increase in the self-consumption of renewable electricity,
together with a reduction in the operation of the battery, is determined by the increased electricity

demand.

As concerns the hydrogen-related pathways, a similar pattern is observed. Both pathways have
been characterised by significant investment in fuel cell capacity in the previous periods, driven by
the economic advantages deriving from the high electric efficiency and cogeneration. Nevertheless,
these economic savings are effective only when the fuel cell is fed by natural gas. Switching to
cleaner but more expensive fuels, such as biomethane and hydrogen, reduce the economic
competitivity of the fuel cell, to the point that part of the capacity is decommissioned when it reaches

its end of life (n.b., 20 years) and no further investment are made.

This holds particularly true for the H2 pathway (& w w fuel cell in 2050), in which the only way
to provide a green blend to the fuel cell is through the purchase of expensive biomethane or through
the on-site production of hydrogen. This latter solution, in particular, is not considered particularly
viable, due to the high costs entailed by the additional PV and electrolyser capacity and overall low
conversion efficiency of the power-to-power system. In 2050, total PV capacity reaches the

maximum of p 1 @ , while the electrolyser capacity rises to &) T w , for an annual hydrogen

production of less than p "OWQ

For the H2_IMP pathway, a similar pattern is observed. However, the availability of an external
hydrogen supply at an affordable price (n.b., 2.
upkeep ofaT® 10 @ fuel cell. Of course, this is strongly dependent on the availability of such low
price hydrogen, which would be strongly dependent on the modality and on the volumes of the
supply. Due to the availability of a cheaper hydrogen supply, the on-site production of hydrogen
does not see significant changes in this period and, consequently, also investment in PV capacity

stops at o810 @ .

As concerns the heating sector, electrification proceeds slower than in the ELCTR scenario (in
which the phase-out of natural gas and biomethane was imposed). Still in 2050, a mix of waste
heat, heat pumps and gas boilers fuelled by biomethane provides the best trade-off between

emissions reduction and economic performance.
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Figure 16 1 Main and Ancillary heating demand and production at Torino Airport in the three technological
pathways under the Ambitious decarbonisation targets.
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Figure 17 - Consumption of natural gas, biomethane and hydrogen at Torino Airport in the three technological
pathways under the Ambitious decarbonisation targets.

Fuel cell blend. Figure 18 reports the composition of the fuel cell blend for the two hydrogen-based
scenarios in milestone years. At the beginning, the fuel cell would be entirely fed with natural gas,
as this allows to reduce the operational costs of the system without missing on environmental
targets. In 2040, the fuel cell would still be fed with natural gas for a significant share (from 60% to
70%), but the purchase of biomethane would be needed in other to remain compliant with
emissions reduction objectives. Modest production of hydrogen would also begin in the same
period. In 2050, the challenging environmental targets would require the total greening of the blend.
In the H2 pathway this is mostly achieved through biomethane, in the H2_IMP one with imported
hydrogen. On-site production of hydrogen contributes to a smaller extent to the greening (25% and
12%). The choice of biomethane over hydrogen, or vice versa, would be clearly determined by the
price of the supply and availability of the infrastructure. However, it seems clear that an external

supply of alternative fuels is needed for the operation of the fuel cell in the long-term.

TULIPS Public 91

&7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

H2 H2_IMP

100%

75% Fuel

Biomethane

. Hydrogen

. Hydrogen (Imp.)

. Natural gas

50%

- -
0% A

2030 2040 2050 2030 2040 2050

Figure 18 - Composition of the fuel cell blend in hydrogen-based scenarios for Torino Airport.

Grid dependency. All the technological pathways imply a dramatic reduction of the dependency of

the airport on the grid for its electricity needs. From the current 100%, in 2040 the dependency falls
to 50% (ELCTR), 38% (H2) and 26% (H2_IMP) respectively. In 2050 the dependency increases
slightly, both because of the additional demand for the electrification of heating and for the

decommissioning of part of the fuel cells capacity.

Although the dependency on the grid is lower for hydrogen-based pathways, it should be underlined
that in these cases the dependency is shifted to biomethane/hydrogen imports, to a comparable
extent with respect to the present utilisation of the natural gas grid (Figure 19). Overall, all the
pathways would reduce the dependency of the airport from imports, strengthening its resilience to
fluctuation of energy prices. However, the autarchic sustenance of the airport energy system seems
unlikely, with the imports of both electricity and alternative fuels still being a significant part of its

economy and providing a valuable contribution to decarbonisation.
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Figure 19 - Dependency on the electricity grid for the three technological pathways (Torino Airport).
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The costs of transition. Finally, the costs of the transition are evaluated. It should be stressed that

these costs should not be taken as reference of a realistic transition pathways., as they strongly
rely on scenario assumptions on future trends in energy and technology markets which are difficult
to predict and lead to major uncertainties. The system costs are only shown to compare the trends

in alternative technological pathways.

Figure 20 and Figure 21 show the average annual OPEX and the total period CAPEX for the three
technological pathways. First of all, it is noted how, compared to a No Action scenario in which all
the energy is purchased from external sources, the self-production regime allows to abate the
OPEX of the airport, in all scenarios. Hydrogen-based pathways perform slightly better than the
ELCTR one. Savings are higher by 5% and 10% for the H2 and H2_IMP pathways in the 2031-
2040 period. The difference increases towards 2050 because, despite the more costly fuels needed
to reduce the environmental impact of the fuel cell, in the ELCTR pathway the expenses increase
to purchase the electricity needed for the electrification of the heating sector. The high fixed costs
of the fuel cells are effectively counterbalanced by the sales of energy efficiency certificates in the
first years of operation, reducing the OPEX of the CCHP system.

Average annual OPEX [M€/y]

2023-2030 2031-2040 2041-2050
4-
3
.
1
0-
ELCTR  H2  H2_IMP ELCTR  H2  H2IMP ELCTR  H2  H2_IMP

No Action reference

Figure 20. Operational expenditures needed for the realisation of the transition pathways under the Ambitious
decarbonisation target (Torino Airport).
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Total period CAPEX [M€]

2023-2030 2031-2040 2041-2050
10.0-
7.5-
5.0+
2.5+
0.0+
ELCTR  H2  HZIMP ELCTR  H2  H2IMP ELCTR  H2  H2_IMP

Figure 21 - Capital expenditures needed for the realisation of the transition pathways under the Ambitious
decarbonisation target (Torino Airport).

For all the pathways, significant CAPEX are required in the 2023-2030 period, where the bulk of
the PV capacity is built. For the ELCTR pathway, another major CAPEX effort would be needed in
the successive period, to build enough battery storage capacity. Throughout the period, higher
CAPEX would be required to realise the hydrogen-based pathways, due to the high initial cost of
the fuel cell and electrolyser and despite the foreseen reduction. In particular, high costs can be

expected at the turn of 2040, in order to build electrolyser capacity.

Overall, an imbalance between the OPEX of the airport and the CAPEX needed to realise the
transition can be observed. OPEX makes up most of
economically convenient to invest in high-CAPEX technologies, even with a relatively high payback
time, because of the economic savings which can be achieved in the long-term on the purchase of

energy.

44.1.3 Accelerated decarbonisation objectives

This section compares the efforts needed to accelerate the decarbonisation objectives with respect

to the Ambitious scenario for the three technological pathways.

Emissions. As could be expected from the discussion in the previous section, significant differences
can be observed in the accelerated trajectories. These are reported in Figure 22 and Figure 23 and
compared to a No Action case, in which the only contribution to emissions reduction is brought by
the decarbonisation of the electricity grid. For the ELCTR, the Accelerated target was almost
achieved without the need to impose a decarbonisation trajectory, so that minor changes are
needed. This confirms the synergy between environmentally and economically advantageous

choices in this pathway. Conversely, for hydrogen-based pathways a significant modification of the
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trajectory is needed in order to meet the target, hinting to major changes in the configuration of the

energy.
Annual emissions reduction
Percent reduction wih respect to 2010 levels
ELCTR H2 H2_IMP
-40% -
-60% -
-80% -
100% -

2020 2030 2040 20502020 2030 2040 20502020 2030 2040 2050

Target === Accelerated === Ambitious

Figure 22 - Emissions reduction trajectories in Ambitious and Accelerated scenarios. Emission trajectories of the
three technological pathways are compared with respect to a No Action case in which all the energy is purchased
from external sources, and the only mean of reducing emissions is though the decarbonisation of the grid.

Cumulated emissions

ELCTR H2 H2_IMP
7’
7
100 s
/7
5 /
8 75 7
O /
£ 504 /,
254

2020 2030 2040 20502020 2030 2040 20502020 2030 2040 2050

Target == Accelerated === Ambitious === NoAction

Figure 23 - Cumulative emissions in Ambitious and Accelerated scenarios. Cumulative emissions of the three
technological pathways are compared with respect to a No Action case in which all the energy is purchased from
external sources, and the only mean of reducing emissions is though the decarbonisation of the grid.

Accelerating the environmental targets at 2040 has a non-negligible effect on the cumulated

emissions at the end of the period for hydrogen-based pathways, which move from almost 100
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Qo6 to less than  UQOUS . However, the ELCTR pathway, compatibly with its steeper

emissions reduction trajectory, lead to even smaller cumulative emissions (about X UQOU6 ).

Fuel cell size reduction. One key difference between the Ambitious and Accelerated targets for

hydrogen-based pathways is the reduction of the size of the fuel cell, which is limited, even in the
case with external hydrogen supply to & W w . This because the decarbonisation of the blend of
a large fuel cell would be excessively costly before 2040, having to rely on large-scale on-site
production or significant purchases of biomethane for a prolonged period, so limiting the economic
benefits of cogeneration.

Electrification rate. On e ot her measur e needed t o acce

electrification of heating Figure 24. Also in the ELCTR pathway, a slight acceleration of this
measure is required before 2040. In the hydrogen-based pathways the changes is more
remarkable, with heat pumps moving from about 25% of generation for the Ambitious target to more

than 60% in case of acceleration.

Progress in the electrification of heating in different scenarios

ELCTR H2 H2_IMP
100% -
75% A
50%
25%
0% A

2030 2040 2050 2030 2040 2050 2030 2040 2050
Target Accelerated —e= Ambitious

Figure 24 - Progress in electrification of heating in the Ambitious and Accelerated decarbonisation targets for Torino
Airport.

Natural gas mix. Another significant measure needed to achieve the accelerated decarbonisation

targets is the additional purchase of biomethane Figure 25. As said for electrification of heating,
also in the ELCTR pathway a minor increase in the share of biomethane is needed in order to
support the 2040 target. However, the difference is stark for hydrogen-based pathways, which not
only see a decrease of natural gas demand because of a more pronounced electrification of heating
and reduction of the fuel cell size, but also requires the purchase of nearly 100% of biomethane in

their gas mix by 2040.
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Share of biomethane in natural gas consumption

ELCTR H2 H2_IMP

100%

75% 4

50%

25% 4

0% 1
2030 2035 2040 2045 2050 2030 2035 2040 2045 2050 2030 2035 2040 2045 2050

Target -e— Accelerated Ambitious

Figure 257 Share of biomethane in the purchase of natural gas in the Ambitious and Accelerated target (Torino
Airport).

Costs of accelerated transition. The costs of the system does not see major variations for the

ELCTR pathway in case of an acceleration of the decarbonisation targets. The differences are more
evident for hydrogen-based pathways, which see an increase of the CAPEX in the 2031-2040
period, despite the reduction of the size of the fuel cell, because large investments in electrification
are needed. However, investment expenditures are lower in the 2041-2050, since the purchase of
technology is anticipated. Overall, the total CAPEX required for the transition remain the same,
although this is valid under the assumption made on the rapid decrease of all hydrogen related
technologies, shortly after 2030. If this were not to occur, overall costs of the system would be

higher in the accelerated pathway. (Figure 26).

Also the OPEX would increases for hydrogen-based scenarios throughout the 2031-2050 period,
mainly because of the reduced size of the fuel cell and the increased share of biomethane in the

gas mix.
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Figure 26 1 Additional CAPEX and OPEX needed to Accelerated decarbonisation targets for Torino Airport in the
three technological pathways.

Evaluation of modelling results

First of all, some general considerations can be made on the different clusters of measures: in
particular there are measures that achieve both the goal to improve the economics of the system
and the overall emissions, and there are measures that can be considered by the model a good
intervention on the economic side but that when stressing the environmental targets are not able
to fulfil the requirement set. This highlights as sometimes the options selected have a good effect
on the economics but imply a downside on the environment: in particular this is quite evident with
the installation of the FC system, that implies an higher efficiency and thus positive cash flows but
at the same time moves the energy demand from the electrical side to the thermal side increasing
the demand of natural gas and then requiring to decarbonise the fuel inlet through options that are

more expensive and complex to put in place if compared to electricity decarbonisation.

Other general considerations can be made on capital costs and their impact on general costs
associated to energy: in the period considered the ratio between CAPEX and OPEX is quite similar
in the different scenarios examined and the OPEX weights from three to four times the CAPEX
required.
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It is interesting to underline that while the no action scenario would allow to achieve in any case
good results in terms of decarbonisation (-80% if compared to baseline year) thanks to the
decarbonisation of the grid, from an economic standpoint the scenarios with actions allow to reach

important savings on the overall period (about 10%).

Generally speaking, accelerating the environmental targets did not have a strong impact on the
total amount of CAPEX in our analysis, but only anticipated them on the time scale. Anyway, it
should be underlined that this consideration would be challenged if the assumed decrease of

investment costs of hydrogen-related technologies right after 2030 should not take place.

For what concerns the electrical scenario, the solutions proposed are quite flexible to the
anticipation of targets: investments and carbon trajectories are quite overlapping and to reach
targets faster the two solutions that are enhanced and anticipated in time are the use of biomethane

and the electrification of the thermal demand.

On the other hand, for the hydrogen-based scenarios, due to the conflictual impact of the
installation of SOFC fuel cells we have two effects: anticipating the environmental target implies a
strong reduction of size of the system and an earlier implementation of the electrification on thermal
demand conjugated with the purchase of biomethane and later on of green hydrogen. A single FC
is still affordable by the system thanks to the use greener fuels, but this scenario appears to be

very sensitive to more challenging commitments.

For what concerns the use of hydrogen, its impact is negligible before 2040 also due to the
supposed costs of technologies: these options require, due to the low overall transformation
efficiency, high CAPEX related to electrolysers, PV systems and infrastructure necessary to feed
the plant. On the other hand, the upside is related to an enhanced grid independency if compared

to other scenarios.

Generally speaking for all the scenarios, the electrification appears to be a necessary driver,

independently from the availability of hydrogen in the system.

Another common remark that can be made is related to the fact that anticipating the commitment

implies a more relevant role of the environmental constraint on the economical one.

In conclusion the electrification of thermal needs conjugated with the local production of electricity
with photovoltaic plants in combination with batteries to store the excess production during peak
hours is the most preferable choice, and the technologies that allow to enhance faster the
decarbonisation are the earlier electrification of the thermal demand and the purchase of

biomethane.
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Robust smart energy hub concepts

The modelling activities conducted in this study allow to draw several insights on the definition of a
robust energy strategy for Torino Airport. The following cornerstones of the development of the

airport were identified:

1. Increased s elf-sufficiency . Independently on the chosen technological pathway, a
radical shift of the airport from the current energy consumer to energy producer role should
be a pivotal part of the energy strategy. This would bring benefits under both the economic
and environmental aspects. As a large energy consumer, the overwhelming operational
expenditures of the airport justify the investment in high-cost technologies for on-site
energy generation. Moreover, the reduced dependency on energy imports would mitigate
the adverse effects of future energy crises and market fluctuations. On the environmental
side, significant emission savings can be achieved through on-site renewable generation
and highly efficient cogeneration, although the environmental convenience of the latter
will depend on the availability of green energy supplies (see the third cornerstone).
Conversely, building significant renewable PV capacity should be a priority for any
technological pathway. Significant storage capacity should be installed in order to address
the mismatch between demand and renewable supply, with batteries generally favoured
over hydrogen systems, due to the higher roundtrip efficiency. However, it would be
excessively expensive to store all the excess renewable generation on-site, so the bi-
directional exchange of electricity with the utility grid will remain an important tool to
increase the penetration of renewable generation at the airport.

2. Diversification of resources  and sector coupling . Another constant of each strategy
investigated lies in the increased complexity of the energy system. Under the current
configuration of the airport, different energy sectors are compartmentalised and
associated with specific energy carriers. This is going to change as the airport transition
to a sustainable, integrated energy system. The consumption of fossil fuels should be
flanked and eventually replaced with drop-in, renewable alternatives, such as HVO and
biomethane. The operation of conventional boilers fed with renewable fuels can support
the decarbonisation of the heating sector in the medium term, as electrification of heating
gradually gains momentum. In the long-term, the share of heating covered by electric heat
pumps is projected to increase, determining a significant increase of electricity demand.
Alternatively, a mix of electrification, conventional gas boilers fuelled by biomethane, and
cogeneration represent a valid solution to achieve net-zero targets while mitigating the
increase in electricity demand. Electrification becomes particularly appealing in
conjunction with the on-site provision of low-carbon and low-cost electricity through PV,

batteries and fuel cells.
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Need for green energy supplies. As stressed above, increasing the self-sufficiency of
the airport should be one of the cornerstones of any energy strategy. Nevertheless, the
analysis revealed that the realisation of an energetically autarchic system would be hard
to achieve from an economic perspective. Large fuel cell capacity would allow to cover a
significant electricity baseload, but the capability of the airport to sustain fuel cells
operation through on-site hydrogen production is limited by the limited space available for
PV installation. Therefore, the dependency on gaseous imports would increase. When
considering technological pathways without fuel cells, the dependency on gaseous
imports is minimised, but the reliance on grid electricity is higher, especially in view of
increased electricity demand determined by the full electrification of the heating sector. It
is therefore clear that, independently on the energy strategy selected, the airport will still
need to access significant quantities of green energy carriers from external sources.
Under this perspective, the strategy of the airport will still need to rely on the national
electricity grid and its foreseen decarbonisation. Moreover, external supplies of green
gases, either biomethane or hydrogen, represent a fundamental enabler of a strategy
based on fuel cells. Accordingly, the development of these markets represents a major
source of uncertainty for a strategy based on fuel cells.

Integration in local hydrogen economy. Hydrogen, as a particular instance of external
energy supply, is worth a separate discussion. Contrarily to biomethane, the supply of
hydrogen from external sources will require the establishment of a dedicated infrastructure
connecting the airport to hydrogen producers. If these producers were located far from
the airport, the cost required to transport hydrogen would soon cancel out the economic
feasibility of an energy strategy based on fuel cells. Moreover, the volume of hydrogen
required by the airport for power generation purposes alone would likely be too small to
justify significant investments in transport infrastructures over long distances. In order to
secure a supply of hydrogen at an affordable price, a concerted effort of the airport with
local stakeholders towards the realisation of a local hydrogen economy would be needed.
Moreover, other possible uses of hydrogen at the airport, such as for GSE operations,

should be evaluated in future studies.
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Based on the four cornerstones delineated above, two alternative concepts defining a robust

energy hub for Torino Airport are presented in Figure 27 and Figure 28.

Electrification-based concept
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Figure 27 - Electrification-based robust energy system concept for Torino Airport.

Hydrogen-based concept
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Figure 28 - Hydrogen-based robust energy system concept for Torino Airport.
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4.5 Conclusion

The creation of the airport energy model made it possible to see concisely what the main sources
of primary energy are and to evaluate their impacts in terms of emissions: this allowed in first
instance to make an assessment of the nature of the energy loads present, their contemporaneity

and their potential for optimization.

Next came the analysis and introduction of the drivers that can influence energy demand in order

to model its response over time according to variations in the inputs that can be predicted.

We then moved on to the analysis and modelling of the different technological options available to

the model, options useful for the subsequent optimization of system emissions and costs.

Consequently, the model was made to work as an optimizer by exploiting its potential in terms of
data processing, assigning it different objectives from time to time: first by simply optimizing costs,
then by inserting environmental constraints, and then by stressing its impact with the anticipation

of constraints over time.

This made it possible to analyse different scenarios based on antagonistic and complementary
technologies, and to identify the "no regret" solutions that underpin the construction of a solid and

robust strategy over time.

In particular, it emerged that for the size of the airport considered and the energy conformation of
the geographic area in which it is located, electrification of demand coupled with significant on-site

renewable production is the most effective and resilient way to achieve the goals set.

As of today, this scenario is preferable to the introduction of hydrogen also because of the nature
of the airport demand, which is highly shifted to electric, allowing for a smoother decarbonisation
by basing the strategy on a more flexible and easy-to-manage carrier such as electricity. The role
of hydrogen appears to be assessable after the @0s, where, however, the unknowns related to cost
and efficiency of the technology to date are difficult to assess. It also emerges that for this case
study, energy storage through batteries is more competitive than chemical storage thanks to the
lower plant complexity to be addressed in addition to the higher overall efficiency of the system,

with lower associated energy losses.

In any case, the basis on which to build the strategy turns out to be energy efficiency, which makes
it possible to reduce the primary energy input to the system and which therefore turns out to be the
most direct source of decarbonisation, in continuity with the path undertaken by the airport for

several years already.

Along with this fundamental pillar, other technological choices must be made to decarbonize energy
sources: in particular, the most cost-effective choice from both an economic and environmental

point of view turns out to be the self-production of energy through renewable sources and its
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storage through batteries to enable the airport's production and load curves to be as close as
possible.

In addition to the electrification of other residual uses associated to internal transport, the other key
technological choice for moving toward Net Zero and accelerating the achievement of
environmental goals turns out to be the electrification of thermal generation through heat pumps in
parallel with the purchase of biomethane.

In this sense, vital will be the evolution of these two options over time, both from an economic (and
thus price) and availability (particularly for biomethane) point of view. The reliability of these options
would be even more crucial in scenarios based on the presence of hydrogen and stationary

production, being more based on the decarbonisation of fuels entering the airport.

The analysis also shows that anticipating decarbonisation targets does not have so much
considerable impact on the amount of CAPEX involved as on their distribution over time. The
scenario with pure electrification in this sense turns out to be much more flexible, not entailing
radically different technological choices thanks to the fact that the interventions proposed by the
model have a positive impact in economic terms even before environmental ones. This will of

course depend on the rapidity with which emerging technology markets will develop.

Finally, one consideration regarding the installation of a 250 kW Fuel Cell: such an intervention
remains feasible even with ambitious environmental goals. However, its introduction increases
dependence on instruments such as biomethane and green hydrogen whose future availability and
price are difficult to predict at present. Achieving the same goal would also require considerable

complication of the system compared to the electrification-only scenario.

Key uncertainties remain to be assessed. In particular, the availability of external hydrogen and
biomethane supply at different price levels should be further investigated. In particular, different
hydrogen supply value chains should be investigated in detail. Moreover, a sensitivity to energy
price variations should be accompanied to the conservative price level scenario considered in this
study. Finally, the effect of a slower market growth of hydrogen-related technologies on hydrogen-
based scenarios should be investigated.

TULIPS Public 104

&7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

5 Stavanger Airport T scenario study and system design

concepts

5.1.1

5.1.2

5.1 Methodology

Methodological framework used for the scenario analysis

Continuous and regular contacts were maintained between Avinor and SINTEF throughout the
study. A dedicated workshop was organised in May 2022 and apart from SINTEF included
representatives from the management and operational personnel at the airport. SINTEF
participated in several meetings between Stavanger airport and potential supplier of biogas,
developer of dedicated EMS systems (internal project) and vendor of chargers for electric aircrafts.
In addition to this, the study utilised knowledge and learnings from several previous projects and

technical studies for deployment of new technologies at the airport.

Models and other tooling

SI NTEF Ener gi a fj3f](farneedy eTrdnsporte gsofavare system for the optimisation
of integrated energy systems. It can be used to optimise the development of an energy system
while considering the projections in energy demand and the different technological possibilities for
energy supply, conversion between energy carriers, distribution, storage, endues measures and

restrictions on CO2 emissions [37].

The Integrate model minimises total energy system cost of meeting predefined energy demands of
electricity, space heating and tap water heating within a geographical area over a given planning
horizon. The model includes alternative supply infrastructures for multiple energy carriers:
electricity, natural gas, liquid natural gas (LNG), oil, biomass/waste and district heating. The novelty
of Integrate is that all physical components and geographical topology for different energy
infrastructures are included in one single optimisation model for the whole energy system within
the given area [36]. Geographical details like transmission distances and alternative locations are
accounted for, and the competition between different energy types is implicitly handled by the
algorithm. The actual physical components in the studied energy system and the energy flow

between these components are modelled explicitly.
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Figure 1 Interface for Integrate tool

Integrate is separated into an operational model (energy system model) and an investment model
(see Figure 1). In the operational model, there are component libraries with sub-models for each
energy carrier and for conversion components [36]. The dataset for the particular case defines the
specific characteristics of the involved components. The operational planning horizon is relatively
short (173 days) and the model solution finds the cost-minimising operation for a given
infrastructure and for given energy loads. The typical time-step in the operational model is 1 hour,
and this is not feasible for investment analysis where the planning period can be over 20 years.
Therefore, the operational analysis is separated from the investment analysis, and annual operating
costs for different energy system designs are pre-calculated by solving the operational model
repeatedly for different seasons (e.g. peak load, low load, intermediate, etc.), periods (e.g. 5-year
intervals) and relevant system designs (states). Annual operating and environmental costs for
different periods and energy system designs are sent to the investment model that finds the

investment plan that minimises the present value of all costs over the planning horizon.

The solution methodology is a combination of Linear Programming (LP) and Dynamic Programming
(DP/SDP) (see Figure 2). The result from the model is a cost-effective development plan, as well
as a model of the operation of the system hour by hour in different seasons. Integrate is used to
study local energy systems, such as a housing association or a district. There is also an associated
model for the entire European energy system: Integrate Europe. Modularity allows to introduce new
components, which can be very specific, and refine the existing, but the model does not consider

physical constraints (e.g., congestions or/and voltage violations in electric grid).
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Figure 2 General structure of Integrate. Source: [36]

Integrate requires spatial data (e.g., system borders, location of system components), time aspects

(planning horizon), energy needs, existing energy supply, energy prices and possible investment

options. Main features of the tool include:

T

1
1
T
T

Modular structure includes components for a variety of energy vectors e.g. electricity, district
heating, hydrogen and corresponding components for energy generation, consumption and
conversion

Visual representation of input and output (GUI)

Calculates the optimal expansion plan, e.g., next 50 years

Operational optimization with hourly resolution

Considers that different energy carriers both compete and can be complementary.

As output, Integrate provides one or more expansion plans in ranked order along with the operation

of the system for the defined representative days. Integrate can thus optimize the expansion

planning of the local energy system by considering an existing system configuration.

Process, timeline and milestones

The process workflow in the activity included several steps as presented in Figure 3

1

Scenarios: Avinor and more specifically Stavanger airport have been involved in several
national research and innovation projects related to the energy sector. This allowed the project
group to rely on outcomes from these projects, as for example, results and conclusions from
the previously mentioned Elnett21 project have been used as basis for creation of target
scenario both in terms of the anticipated growth of electricity demand and selection of the
alternative solutions. In addition, knowledge, and experiences from other airport cases in
TULIPS, which were exchanged via dedicated workshops were an important inspiration for the

study.
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Figure 3 Workflow in the Norwegian case.

1 Modelling: Several previous screening studies done by Avinor were used as reference for
investment costs for different technologies. Still collection of data and its introduction into the

model has been the most time-consuming and demanding part, requiring several iterations

between collection and modelling parts.

9 Strategy: The modelling results in Integrate present several compositions of different

investment options, which are ranked according to their operational and investment costs. The

results provide a quantitative input to development of the resilient future strategies.
5.2 Scenarios and solution pathways

5.2.1 Introduction to the airport energy system

The existing configuration of the energy system at Stavanger airport is presented in Figure 4 in

simplified form.

Biomass Heat plant Heat demand  Electricity demand Cable Box /
T Switch Board 1 —@
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Figure 4 The present connection diagram at Stavanger airport (simplified).

The airport receives:
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Electricity from the conventional grid (fed by 2x2.5 MW transformers with one in reserve)
Local PV generation (880 kWp in total, producing between 0.8-0.9 GWh pr. year

Biomass-fired local district heating using shaved wood ( max 4 MW of capacity).

= =4 =4 =

560 kW Battery Energy Storage System (BESS) for peak shaving and storing excess
energy from PV.

Development of the energy mix during the recent years is presented in Figure 5.
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District heating [kWh] H Local electricity generation (PV) [kWh]

Figure 5 Energy mix at Stavanger airport Sola. Source: [31]

The figure shows gradual introduction of local electricity generation from PVs, which starts in 2022
and in 2023 reaches app. 5 % of the total energy consumption. It is also necessary to remind that
district heating (20% of the total consumption in 2023), used by the airport, is fired by biomass and

thus is also renewable.
Conventional electricity supply  (grid)

As it appears from Figure 1, the main share of the energy demand is electricity, which is delivered
through the conventional power grid (see Figure 6). The two main connections of Stavanger airport
Sola to the grid are at 15 kV level, realised via 15/50 kV transformer connecting the high voltage
distribution and regional grids (the so-called Solaringen). The latter is connected to the transmission
(300 kV) grid.

At present the substation capacity at the airport is 7.5 MW. It is feed by 3 transformers of 2.5 MW
capacity. The primary feed is by two transformers with total capacity of 5 MW. The third one is a

backup transformer.

TULIPS Public 109

&7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

Figure 6 Power grid surrounding Stavanger airport Sola. Source: [38]

According to a recent assessment of power grid in Rogaland, the area around Stavanger airport
will require grid improvement in few years due to gradually increasing electricity demand and limited

available capacity in the regional grid and transformer stations.

Jorpeland

Stavanger

Stavanger
Alfport Sandnes

Bryne

Figure 7 Indication of the capacity available in the regional grid (yellow = limited). Source: [38].

Several improvement alternatives are discussed, including increase of the voltages in the
surrounding grid and construction of the new lines and cables. These improvements are very costly
projects and lay outside scope of the present project. More interesting is suggestion for Stavanger
airport to keep the existing grid configuration but employ local electricity generation and flexible

resources to match the forthcoming increase in the energy demand.
Electricity from the local PV units

In 2022 the airport installed 1 780 bifacial PV panels with total capacity of 880 kWp. Production in
2023 was 856 000 kWh (see Figure 5), which is 60 000 more than expected. The operational
experience so far was very positive: the panels do not require any specific maintenance except

trimming of the vegetation nearby.
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Figure 8 Solar panels at Stavanger airport (2022).

The installation successfully sustained the heavy winds (up to 42 m/s) in 2023 without any
damages. It is also necessary to mention that the total available area at the airport allows
installation of app. 20 MWp of PVs.

District heating (biomass)

The airport does not use district heating in its common meaning, but rather decentralised
waterborne heat supply. The heat energy is provided from the local heating plant, which uses

biomass i.e. shaved wood.

Figure 9 Biomass-fired district heating. Source: Avinor.

The airport does not own the plant but purchases heat supply as service. The plant was established
in 2011 providing 2 MW and was expanded with 4 MW in 2022. The energy is used for space
heating of the terminals and surrounding buildings, in addition it is also used for de-icing of parking

slots for airplanes near the gates.

Energy system key performance indicators.

Norway is a part of the Nordic power system (ex-NORDEL) and has traditionally had very low
electricity prices, compared to the continental Europe. The situation has been gradually changing

during the recent years, when several new connections to the continent were opened, especially
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the recent (2022-09-10) connections of 1 400 MW to the UK (North Sea Link) and Germany (2021-
03-31) 1 400 MW (NordLink).

Figure 10 Example of power flow between Norway and other countries. Source: Statnett

These cables are connected to the same price zone in Norway (NO2), where Stavanger airport is
located. Opening these cables has significantly increased difference between the five existing price
zones in Norway and the overall price volatility, especially in NO2. During the recent energy crisis
in summer 2022, the exceptionally high electricity prices propagated to Norway. This raised once

again the question of how to mitigate the question of price uncertainty in the future.

Energy system scenarios

Designing of the future scenario for the Stavanger airport is intended to meet several strategic and
operational goal s, which are thoroughly r éseéel
[34]). More specifically it can be emphasised the Norwegian aviation sector's goal of being fossil-

free by 2050 and working according to circular economy principles.

For Stavanger airport the corporate goals can be more specifically realised via anticipated test-
implementation of electric airplanes. The aircrafts will probably be tested on a short route between

Stavanger and Bergen with 30 min flight time as it is shown in Figure 11
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Figure 11 Planned connection between Stavanger (SVG) and Bergen (BGO) for electric aircrafts.

Energy consumption for electric aircraft was modelled based on:

Coordinates for start- and endpoint

Weight, drag coefficient, drag area, wingspan, wing area, thrust force, propeller efficiency,

accessory load

1 Preferred speed, acceleration and deceleration

m/h

400 ka/h =
300 kv
00 kmyh|
3
100 kyh
o

[} 20k

40k

1L5MW

mw
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Figure 12 Estimation of energy demand per flight.

The data were further linked to specific battery types and applicable chargers. With overall
expected energy consumption of 200 kWh pr trip/plane, two planes are estimated to have a demand
of 12 MWh pr. week. The figure of 200 kWh was indicated by the vendor and later cross-checked
with data for 9Bolt airecraft [39] and appears to be close. Based on planning of realistic time

schedules for two (2025 and 2027) and four (from 2030) operational electric airplanes, this means

increasing of electric capacity with 0.6 MW and 0.9 MW accordingly.

Scenario for 2025
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It is expected that electric airplane fleet will operate in the airport in 2025 with two electric aircrafts.
The planned destination is Bergen. The flying time is around 30 minutes and the turnaround time
from landing, taxing, charging, boarding and take-off is 60 minutes. The overall energy demand for
one way travel from Stavanger to Bergen, including various losses is 216 kWh. The initial plan for
charging infrastructure is with 600 kW chargers. The schedule is assumed to be every 2 hours
starting from 6 am in the morning and until the last operational flight leaving Stavanger at 8 pm in
evening and the last landing is at 9 pm. If the first aircraft takes off at 6 am from Stavanger, it will
reach Bergen at 7 am. After one hour of turnaround time, it takes off from Bergen at 8 am and
reaches Stavanger at 9 am and charges for the next fly. Similarly, the second aircraft that leaves
at 10 am from Stavanger will come back to Stavanger at 1 pm. The total round trip for an aircraft is
3 hours. Both aircrafts will be anchored at Stavanger at night and adopt slow charging. Figure 13

shows the charging scenario for year 2025 with 2 electric aircrafts and 600 kW chargers.

Scenario 2025
e -
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Figure 13 Charging scenario in 2025 (two aircrafts)

Scenario for 2027

In 2027, there will be four electric aircrafts and the service will be scheduled every hour. 2 of the
aircrafts will be anchored at Stavanger and 2 will be anchored at Bergen at nights. Error!
Reference source not found. shows the charging scenario for year 2027 with 4 electric aircrafts
and 600 kW chargers. Plane 1 and 2 starts from Stavanger in the morning whereas Plane 1 and 4

will be anchored back at Stavanger at the end of day.

TULIPS Public 114

7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR

VARIOUS SCENARIOS

2 % Scenario 2027

f- T I I I ! I ] I Taxi + Bording Out

S ~ 400 o I Bording In + Taxi

Ly I | Available Charging time

o 200 1 |—e Landng

5 ‘ ® Takeoff

s 0 L L L I I | 1 Charging Power - 1 min sample rate

o 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 Charging Power - 1 hour sample rate

s time

= 60 T T T T I Taxi + Bording Out

% ~ 400 I Bording In + Taxi

Ly ! Available Charging time

28 200l | |—® Landing

5 ‘ ® Takeoff

s 0 L L i L i A L . Charging Power - 1 min sample rate

o 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 Charging Power - 1 hour sample rate
time

%: %00 T T T I | I Taxi + Bording Out

% © 400l =l I Bording In + Taxi

& o L " Available Charging time

g,g 200} —® Landing

B ® Takeoff

s o I I I I . . . Charging Power - 1 min sample rate

o 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 Charging Power - 1 hour sample rate

§_ time

f;‘- 600 T T T I | I Taxi + Bording Out

E < 400|- 8| I Bording In + Taxi

Le I ! Available Charging time

8’5 200 4 —® Landing

5 ® Takeoff

s o ) I L I I . Charging Power - 1 min sample rate

[§) 00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00 Charging Power - 1 hour sample rate
time

Figure 14 Charging scenario in 2027 (four aircrafts)

Scenario for 2030

In 2030, there will be 4 electric aircrafts and the service will be scheduled every hour. 2 of the
aircrafts will be anchored at Stavanger and 2 will be anchored at Bergen at nights. Here the
chargers are upgraded to 900 kW, which reduces the charging time to 10 minutes from 15 minutes.
The frequency of flights can be increased from every one hour to every 45 minutes to maximize

number of possible flights per day. Figure 15shows the charging scenario for year 2030 with 4

electric aircrafts and 900 kW chargers.
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Figure 15 Charging scenario in 2030 (four aircrafts).
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The growth of the demand is expected to continue in 2030-2040 and according to outcomes of
Elnett21 project is expected to reach the base load of 5 MW and max load level of app. 15 MW
after 2030, which exceeds capacity of the existing supply with 10 MW.

Technological and non-technological solution pathways

Deployment of electric aircrafts and corresponding increase of the electricity demand will require a
substantial update of the existing grid components with several solutions applicable, including
upgrading capacity of the existing substation from 5 MW to 15 MW by adding or replacing the
transformer or even increasing the voltage from 15 kV to 22 kV. According to the Norwegian
legislation the local DSO will require substantial compensation from the airport [40]. Therefore, the
airport searches for possibility to increase the local electricity generation and replace a part of it,
which is used for heating purposes (heating airplanes with hot air) with other sources. The following
investment options have been assessed. The new layout of the energy system is presented in

where optional investments are shown with stippled lines in Figure 16.

Biomass Heat plant Heat demand Electricity demand Cable Box /

Switch Board 1 %
@ Substations
25MWx3

1
Investment |
S option: i
GRID2 |

h 1

___________

: . r- - =
! Investment S, m 1 e PV plant 800 kW
I option: CHP /’ 1 = \| at the airport
] |‘ BiogascHp | 1
........ R Y
10

P -\ Cable Box / 1 /' options |

‘ ISWltch Board 2 1./ « BESS :

i 1 I » PV1; PV3; PV4 1

1 I . + wind 1

1 1 PN '

l Future Airplane } :

sofees s 0 NS oo 4

Figure 16 The assessed investment options (simplified).

1 Photovoltaic: PV1; PV3; PV4 - three separate installations with 2 MW max generation capacity
each.
Wind power: Wind - 4x250 kW windmills as single installation.
Combined Heat and Power: CHP - 500 kW gas (biomethane) engine, with heat as operational
model priority.

1 Additional battery covering daily deficits for charging airplanes: BESS - 300 kwWh.

9 Extension of the existing grid capacity: GRID2 - capacity increase with 10 MW

The new layout involves coupling of different energy carriers is presented in Figure 17
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Figure 17 Energy carriers in Stavanger airport.
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5.3 Modelling framework implementation

Shaping the modelling framework utilises functionality of Integrate tool, which can combine different
non-mutually excluding investment options in different time steps in order to find an optimal

solution.

Modelling framework description

The optimal investment plan is defined as the combination that minimises the discounted net
present value of all costs in the planning period, i.e. operating costs plus investment costs minus
the rest value of investments. The optimal plan will therefore identify the optimal design of the

energy system (i.e. the optimal state) in different periods.
The main data inputs into the model are defined as:

1 Stochastic data, which include two representative periods (winter and summer) each 168 hours
long (seven days with one hour resolution) for each of the three analysed periods. This type of
input is used for most of the components, both in terms of supply, demand, generation etc. This
means in practice that for example for windmills input will include six different generation
profiles with 168 hours each.

1 Investment and operational costs parameters are defined separately for each investment
alternative and include capital costs, lifetime, and operational costs.

9 Other technical inputs include more specific technology related data, as for example efficiency

ratios and heat/electricity operational priority for CHP.

Development of the electricity demand  (input data)

The Integrate model uses representative periods i.e. two weeks (2x168 hours) pr. year. Therefore,
within the given period the load development was estimated in fairly conservative way, based on
the existing load profiles with gradual increase of the demand due to stepwise electrification of the

operation and introduction of electric aircrafts. The estimated figures for the base load development
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comply with the outcomes of the Elnett21 project. The estimation shows a significant increase of
the present base load as it presented in Figure 18.

Development of the electricity load (2022-230)

LN NN GNP o

AWW

Mw
w

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101105109113117121125129133137141145149153157161165

Hours of week

—2022-2025 Summer sm—2022-2025 Winter em=2025-2027 Summer sm2025-2027 Winter em2027-2030 Summer s 2027-2030 Winter

Figure 18 Input data for development of the electricity load (representative periods).

Costs for electricity supply from the conventional grid combine the electricity prices (spot price) and
network tariffs for the high voltage connection, so-called level C (10-22 kV) from Lnett®, the local
DSO. The network tariff includes a separate capacity charge NOK/kW and energy charge
NOK/kWh. For the sake of simplicity, the study did not consider the reactive capacity charge.

Extension of the existing grid capacity

Upgrading the existing substation is also one of the investment options (GRID2). Since there is no
detailed knowledge of the final configuration for expansion of the grid, the construction charge costs
were estimated as 10 MW of additional capacity and linked to the previous estimations done at
SINTEF [41] and adjusted for the price increase. According to the existing practice, if itis necessary
to build extra network capacity, the construction charge costs can be distributed proportionally
between the main consumers [40]. Lifetime for the transformers are 45 years and suggested

discount rate is 4%.

One of the main challenges is to collect correct cost data for the different components included into

the investment options.
Installation of additional PVs

Possible generation profiles PV investment options are based on data generated by free online
tool'® for Stavanger area. Comparing data from this tool with historic load profiles showed that
predictions were very close. Representative data (one week/168 hours) were selected for summer
and winter periods (see Figure 19). It is also interesting to mention thatt he ai r port sodés el
consumption during the summer period remains to be quite high due to high demand for cooling.

This matches quite well with higher electricity outputs from the PV panels.

9 https://www.|-nett.no/nettleie/priser-og-vilkar-bedrift/
10 https://www.renewables.ninja/
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Figure 19 Expected generation profiles (winter and summer) for 2 MW solar park for Stavanger area.
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Investment costs were approximated, based on the open data. According to Avinor, the already
installed solar panels so far have not required significant maintenance and were able to sustain
very heavy winds. Based on the present operational experience, it was assumed that the PVs will
require very limited maintenance during their lifetime. Therefore the operational costs for the PV

panels were not included into the modelling.
Installation of CHP (biomethan e)

In general CHP is intended as heat sources for warming-up airplane hulls during cold periods.
Today electricity is used for this purpose and the process appears to be very energy-intensive.

Biomethane has been selected as a prioritised fuel due to its climate neutrality and as well as its
availability in the area nearby Stavanger airport. Rogaland county is one of the main agricultural
areas in Norway with a long history of biomethane production and infrastructure available. One of
the main advantages of biomethane is its technologic maturity and possibility to use biomethane

as seasonal storage.

Input data for the model were collected via a dedicated meeting between Avinor, Klepp Municipality
(producer of biomethane) and SINTEF in April 2023. In addition to this, Avinor had previously a
technical study for alternative energy supplies at Svalbard, where biomethane was one of the
options. Based on results of this study, gas engines (500 kW in total) were selected as CHP

technology and figures related to the investment costs were defined.
Installation of Wind Power

Already in 2017 Stavanger airport had a dedicated technical study of the feasibility and viability of

the installation of wind turbines in the vicinity of the airport, including:

Potential of wind production

1
1 Wake effect and interaction with air traffic
1 Shadow flickering

1

Construction methodology and cost
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In brief, the study concluded that the most suitable installation would be deployment of several 250
kW turbines with max height of 30 meters. Based on historical wind speed data the average
capacity utilization level for a 250 kW turbine would be about 21%. Limitation of the height and
selection of an appropriate location allows to operate the turbines without creating disturbances to
operation of the airport. Based on this feedback, the study considered building of four wind turbines
with total generation capacity of app. 1 MW.

The Integrate tool requires hourly data for running the optimisation. The study therefore used
Nordex N29 250 as reference turbine both in terms of generation profile and investments. For 30
meters hub height in Stavanger location the annual production for one turbine in Stavanger airport
based on generated profile for 2019 will be around 0.625 GWh pr. year with max 234 kWh pr hour
and average utilisation factor of 21.5% as it is presented in Error! Reference source not found.

which is very close to results of the above mentioned previous study.

Daily mean

P

Monthly capacity factor

Total mean capacity factor: 21.5%

Figure 20 Expected generation profiles for one 250 kW wind turbine (Nordex N29 250) in Stavanger area. Source:
https://www.renewables.ninja/

5.3.2 Airport energy system model implementation

The energy system was implemented in Integrate, resembling the main elements of the existing
topology and the alternative investment options. Figure 21 shows the final implementation of the
model, where solid lines indicate the existing infrastructure and stippled lines indicate the
investment alternatives.

TULIPS Public 120



5.3.3

TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

GRID_FEEDER2

Elload_11116 s .
{ a
\ /
\ J
/
/

Heat \Ladﬁﬂl1| + GRID_FEEDER
‘
>
(
|

Qﬁ,méajmmsg 1139

Bio supply_11108 Emleljﬂn%

Battery_11121

H_Junction|points_11112 PV_PLANT1

busbar_11106

El busbar_11122

1 “ter\uuw

|
/JV il =t N
’ L
mE= P R B ettt PV_PLANT2
| iPoduction. points_1 =
— 7 R T e = e
| - s S
Lo ik & N2 S
S S WINDMILL

Gas source_14758 CHP Plant_14760

I ~
] i .
N -
N
NEEES PV_PLAN
\\ A%
\ S
\ ~il
\
N PV_PLAN
.

Figure 21 The final implementation of the Stavanger airport in Integrate tool.

Elload_charging| plane

The model includes three time periods: 2022-2025/2025-2027/2027-2030 with gradual increase of
the electricity demand as it was described in the previous sections.

The initial idea was to create four alternative sets of scenarios with pre-define selection of technical
solutions in each of them and compare these scenarios, based on the pre-determined increase of
the load towards 2030. However, functionality of the Integrate tool allows to combine different
investment options in a more flexible manner and thus to find the optimal investment solutions.
Therefore, it was decided to define multiple investment options, which are technically applicable in
the given geographic area and can be deployed at the airport without creation of any issues
regarding technical safety requirements. As it was mentioned in the previous section, deployment

of wind power is somehow limited with max height permitted nearby operational runways.

Handling of model uncertainties
The major uncertainties in the model are related to the input data:

1 Costs related to the new components:  The assessed scenarios include adding of several
new components to the system e.g. combined heat and power (CHP), windmills, PVs, battery
energy storage (BESS) and extension of the corresponding networks with the necessary civil
engineering scope. Without a proper estimation relying on quotations from vendors, the level
of the expected capital investments is very uncertain and cannot be used for decision-making
without further refinement of the input data. Therefore, the present study creates a methodology
for comparative assessment of alternative expansion scenarios, rather than an accurate and

final investment decision. Prices for the components were estimated, based on the recent

TULIPS Public 121

&7



TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

examples whenever it was possible, while operation and maintenance costs are based on
either percentage from the capital investment e.g. prices for electric transformers or
proportionally to the electricity output e.g. windmills.

9 Prices for the energy carriers: The recent energy crisis in Europe reminded us how
challenging it can be to predict prices for conventional energy carriers. As it was mentioned
previously, Stavanger airport is in NO2 electricity spot price area, which is very exposed to
price fluctuations. This price zone also appears to have higher electricity prices, than the rest
of the country due to power cables to the continent. This is probably one of the most sensitive
inputs to the model, so several simulations were done with different price inputs, as for example
flat prices vs. gradual increase. In general, this does not seem to change the outcomes i
selection of the investment options significantly.

1 Mature technologies: In order to mitigate any potential issues related to missing technical or
legal frameworks, the study initially prioritised mature and well-established technologies as for
example selecting gas engines (biomethane) for CHP.

9 Configuration of the distribution network tariffs: This represents an additional uncertainty
in the scope of the study. The present structure and prices from the local DSO (Lnett) are
included into the optimisation. Avoiding additional investments into grid expansion by
increasing of locally produced energy also means considerable cost savings for the distribution
network tariffs, since the imported electricity volumes and max capacity will be significantly
reduced. However, the present tariff structure can be changed in the future since production
Abehind the metero stildl requires ancill ar

support. Still such a change is unlikely to happen in the close future.

5.4 Robust smart energy hub concept(s)

The model evaluates seven different investment options over three time periods or 448 operational
analyses to select the ten best combinations of the investment options (see Figure 22). The

simulation time is about 50 minutes.
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Figure 22 Initiation of the optimisation process.
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Presentation of modelling results

The simulation results present a combination of capital and operational expenditures for each
period, while the final ranking is based on the estimated annuity costs for each alternative as it is

shown in Figure 23.
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Figure 23 Presentation of the modelling results in Integrate tool.

The selected investment options have relatively small differences between them since they were
selected from several hundreds of the operational analyses, which were done. The same results

are presented in tabular form in Table 1.

Table 1 Presentation of the modelling results in tabular form (annuities only). Explanation of the investment options
in the last row.

Name 2022-2025 2025-2027 2027-2030 Total_annuity [NOK]
Rank 1 PV1, WIND PV3 PVv4 20 042 315

Rank 2 PV1, WIND PV3 Battery_aircraft_charger, PV4 20 044 354

Rank 3 PV1, WIND PV3 CHP, PV4 20 195 080

Rank 4 PV1, WIND PV3 Battery_aircarft_charger, CHP, PV4 20197 119

Rank 5 PV1, WIND PV3 20 386 268

Rank 6 PV1, WIND PV3 Battery_aircarft_charger 20 393 959

Rank 7 PV1, WIND PV3 CHP 20 539 033

Rank 8 PV1, WIND PV3 Battery_aircarft_charger, CHP 20 546 724

Rank 9 PV1, WIND PV4 20 683 883

Rank 10 PV1, WIND Battery_aircarft_charger, PV4 20691 574

1 Photovoltaic: PV1; PV3; PV4 - three separate installations with 2 MW max generation capacity each.

1  Wind power: Wind - 4x250 kW windmills as single installation.

1 Combined Heat and Power: CHP - 500 kW gas (biomethane) engine, with heat as operational model priority.
1 Battery aircraft charger: Additional battery covering daily deficits for charging airplanes - 300 kWh.

1 Extension of the existing grid capacity: GRID2 - capacity increase with 10 MW
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TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR QL/
VARIOUS SCENARIOS

The model uses several KPIs for ranking the results: combination of capital and operational costs
and estimation of the annuities, which is the primary indicator, used for selection of the most
feasible solutions as it is presented in Table 1. The model also allows us to use emissions as KPlIs,
but this is not directly applicable in this case, since all the initial investment alternatives are

emission-free.

When it comes to uncertainties, related to energy prices, the complexity of the input data does not
allow exploring of possible outcomes related to changes of the input data. However, it appears that
there is a certain balance between price for electricity imported from the conventional grid and
prices for biomethane. If electricity prices stay on the present level, utilisation of the CHP remains
to be limited. However, increase of electricity prices in the conventional grid (especially on seasonal

basis) leads to higher utilisation of CHP due to more stable prices for biomethane.

Initially the investment option related to deployment of an additional electric battery was added
mostly for operational purposes. This was based on the previous experience related to use of
electric ferries in Norway. High capacity and short time charging created voltage violations in the
local distribution network and required installation of additional buffer batteries onshore for voltage
support. Following this experience, a 300-kW battery was added with max discharge rate of 300
kW. The simulation results show that in several investment configurations (Rank 2, 4, 6, 8 and 10)
it appears that the optimisation model utilises batteries as a buffer between the loads and the
intermittent part of the generation i.e. PV and Wind to minimise imports from the grid. It is illustrated

in Figure 24.
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Figure 24 Battery discharge rates in different investment options.

Therefore, it was done an attempt to assess what size of the battery would be necessary to act as

a complete buffer securing electricity supply despite daily fluctuations from PV and wind power
assets. The assessment indicates that the bufferos

accordingly very costly (see Figure 25).
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TULIPS - CONCEPT DESIGNS OF THE SMART ENERGY HUB AT THE AIRPORTS FOR
VARIOUS SCENARIOS

Figure 25 Evaluation of battery sizing.
Evaluation of modelling results

The modelling results indicate a clear priority towards deployment of the local renewable generation
as it is shown in Table 1. This happens despite high level of the investment costs, which are
required for the deployment. It seems that fairly low operational costs and long lifetime for the

renewable assets, especially the PV justify the initial investment.

The study indicates that robust and environmentally friendly transition can be achieved by efficient
utilisation of the locally existing resources. Since the local conditions may vary from area to area,
the winning solutions will vary accordingly in order to meet the domestic needs e.g. heating vs.

cooling and to achieve the best utilisation of the available resource base.

This also requires a significant level of diversification between these resources and introduction of
energy coupling, so the airport will not become critically dependent from one supplier, which may
exercise its market power. Cogeneration systems can further decrease reliance on electricity grid,
but local supplies of green fuels must be secured in terms of availability and pricing. Considering
operational reliability, it will be reasonable to explore the Rank 4 combination components as viable

configuration for the energy system.

Deployment of integrated energy systems with high level of renewables increases the complexity,
both in terms of initial planning, expansion, and operation. This requires dedicated tools for
optimisation of the daily operations. The existing energy management systems (EMS) are most
suitable for operation of office buildings, while an airport is a far more complicated system with

higher priorities for fault-free operation.

In addition, introduction of new energy carriers in real-life often requires creation of new business
models, which should be duly modelled and assessed. This is not in the scope of the present paper

and can be suggested as a next step activity.
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