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Abstract

The higher global temperatures associated with global warming are
causing catastrophic climatic events and disrupting local ecosystems. A
deep transformation of all human systems is imperative in order to limit
global warming. An unprecedented reduction in the use of primary energy
is necessary to achieve a climate-neutral society. Among others, there is
the urgent need to renovate the building heritage and rethink the way we
design new constructions. Infrastructures and public buildings can serve as
virtuous examples in the common challenge of achieving the goal of net-

zero energy, or the more ambitious net-zero emissions.

This thesis, which is one of the main outcomes of a three-year Ph.D.
program in Industrial Engineering at the University of Naples Federico I,
presents and discusses the results of the research activity conducted on
energy efficiency solutions for buildings. In particular, the study focuses on
infrastructure buildings such as railway stations, airports, ports, etc.
which are experiencing important changes as the demand for mobility is

growing fast.



The goal of this dissertation is threefold. First, the research aims at
exploring the current practices and technologies suitable for the
construction and operation of transportation buildings. Second, the analysis
targets to identify innovative solution and methodologies to improve the
sustainability and carbon footprint of these infrastructures. Third, the study
intends providing guidelines to design low-consuming buildings as well as
renovate existing ones in order to substitute traditional systems that no

longer suit to the new decarbonisation needs.

In order to achieve these goals, this work makes extensive use of
numerical simulation; specifically, a novel workflow based on Building
Information Modeling to Building Energy Modeling (BIM2BEM) was
developed, identifying it as a valuable tool for architects and engineers. With
the aim of exploring a wide range of energy efficiency measures, four case
studies developed during my doctoral studies are analysed as they
represent relevant examples of four infrastructure building categories:
maritime stations, railway stations, airports, and railway technical

buildings.

From all the carried-out analyses, | demonstrated the potentials of the
proposed methodology to investigate the implementation of sustainable
systems and measures in high energy performance infrastructure buildings;
promising results are, in fact, achieved by energy, economic and
environmental points of view. Finally, useful design criteria are
extrapolated from this study to increase the current knowledge about

energy-saving techniques in transportation infrastructures.
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1—2 Implementation of sustainable systems toward Net Zero Energy
Infrastructures:
methodology and design criteria

Background

Climate change is one of the most serious challenges facing our world
today. Our planet is experiencing significant and accelerated global
warming that began over a century ago. Reductions in energy consumption
and carbon emissions have become the most important strategic objective
of the future development.

In December 2015, 195 countries of the world agreed the first legally
binding international treaty on climate change, the Paris Agreement which
commits all countries to achieve a climate neutral world by mid-century.
However, the implementation of Paris Agreement requires synergies and
long-term strategies as well as economic and social transformation [1]. This
ambitious target needs to face the population and urbanization growth and
the improvements in living standards. A wealthy population consumes more
resources and demands more mobility services.

Tackling climate change issues calls for the implementation of energy
efficiency measures and policy for the sustainable transition of our
economy. Urgent actions are necessary to reduce global energy demands.
European Commission (EC) responded with the European Green Deal,
launched in 2020, a set of policy initiatives and fund packages aimed at
making European Union (EU) the first net-zero greenhouse gases emitter
by 2050, with the important intermediate target of achieving the at least 55%
emissions reduction for 2030. To promote the clean energy transition, it is
crucial to cut the energy consumptions of buildings and transportation
sectors, which have together a huge impact on the air quality of urban areas
and accounts for two third of the global energy consumption and of
worldwide GHG emissions [2].

In October 2020, the EC presented its Renovation wave strategy, as
part of the European Green Deal. It contains an action plan with concrete
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regulatory, financing and enabling measures to boost building renovation.
Its objective is to at least double the annual energy renovation rate of
buildings by 2030 and to foster deep renovation. Furthermore, to
accomplish the 2030 target proposed by the European Commission, the EU
must reduce buildings’ greenhouse gas emissions by 60%, their energy
consumption by 14%, and the energy consumption of heating and cooling
by 18% [3]. A revision of the Energy Performance of Buildings Directive (the
last version dates back to 2018) is one of its key initiatives in order to meet
the targets set for 2050. The Renovation Wave identifies 3 focus areas:

- Refurbishing worst-performing buildings and reducing energy
poverty;

- Improve public buildings and social infrastructures in terms of energy
efficiency;

- Decarbonising heating and cooling needs.
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Infrastructures:
methodology and design criteria

Introduction

A shift toward green buildings is particularly important as buildings
consume a third of global energy in both developed and developing
societies.

Compared with other large buildings, railway / metro and maritime
stations, as well as airports, have a huge impact in terms of energy
consumption due to their characteristics. Generally, their energy
consumption level is higher than those of common public buildings due to
the number of services provided [4]. Such buildings are often the
fundamental nodes for the management of the entire transport network,
housing important high-consuming devices for communication and
signaling.

Passenger stations and other transports facilities, mostly the newly built
ones, are massive structures with high window-to-wall ratios and large floor
spaces. They are also characterized by high occupancy rates and
continuous operation (24h — 7d). According to a recent report about energy
consumption in large railway stations funded by the Asian Development
Bank [5], newly built stations (after 2003) consume around 60% less energy
than older stations, revealing significant opportunities for energy use
reduction from retrofitting existing facilities.

Due to the rapid economic development and increases in the living
standards, passengers are demanding increased comfort and greater
services, which has led to increasing efforts in the design process. Well-
designed stations have stringent requirements on indoor air temperature,
volume of fresh air, and lighting levels, with comfortable indoor environment
in waiting halls as top priority. Fresh air, which is an important consideration
for cooling load calculation, is also a key indicator of the health and hygiene
condition in the station. After COVID-19 outbreak, adequate air exchange
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rates have become a priority which inevitably lead to higher energy
expenditures if proper measures are not taken into consideration [6].

Indoor lighting design should provide sufficient illumination throughout
the building and be environment friendly, whilst elevators should be
designed to balance passenger waiting times with energy use. Conveyor
systems used for freights and passenger luggage are intensive energy-
consumer equipment. Therefore, passenger comfort and energy-saving
strategies are often conflicting priorities that need to be carefully balanced
during the design phase.

The newly built stations have been becoming more and more
sophisticated and, the use of complex mechanical and electrical systems
has been increasing. The high complexity of station design makes it
impossible to use a single strategy to reduce energy consumption.
Therefore, it is available to use a combination of interrelated strategies and
integrated automatic control system. It is essential to build a low-carbon
facility through intelligent building controls designed in response to
environmental and equipment performance requirements.

However, the design of the building, lighting, HVAC systems, security,
water systems, and control systems are often not integrated with each other.
This lack of integration in the design process represents a major challenge
for green buildings to increase efficiency, ensure the comfort and safety of
occupants, while ensure proper operation [7]. Moreover, regulatory
framework is not adequate to promote their sustainable construction or
refurbishment, energy requirements of such building typologies among with
their related technical spaces are often not regulated in terms of energy
efficiency, missing mandatory energy performance rating as other buildings
typologies. To reduce energy consumption and improve passenger well-
being, designers and stakeholders increasingly use voluntary sustainability
protocols such as LEED [8], Airport Carbon Accreditation [9], etc., which
have dedicated procedures for transit buildings [10]. However, despite these
are often institutionally endorsed, they are adopted on a voluntary basis
[11].
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Infrastructures:
methodology and design criteria

For further reduction in carbon emission and cost-saving, renewable
energy sources should be taken into account after considerations of both
passive and active measures on the envelope and the HVAC systems of
the building. However, the integration of technology based on RES
(Renewable Energy Sources) needs to be carefully assessed from the
technical and the economic point of view. Ideally, modern RES-based
energy systems should be designed to maximize the energy self-
consumption and energy self-sufficiency while minimizing interaction with
the national grid [12]. Among the available renewable energy systems, the
solar-based ones are the most suitable for building applications due to the
large availability of the solar source, especially in the countries of southern
Europe and the Mediterranean regions, where high values of annual solar
energy are recorded.
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Objectives and contents

This thesis aims to support the international goal of reducing the carbon
footprint of transport infrastructure buildings; to learn and make use of
advanced technologies in building energy management; to propose a
methodology for the analysis and implementation of sustainable systems in
transportation buildings; and to provide design criteria to ensure high
energy-saving levels in transport facilities.

The research activity aims to critically analyse the state of the art of the
current energy-saving solutions adopted in the design and the management
of transport infrastructures, i.e. railway and maritime stations, airports, etc.
The scope is also to identify new technologies, innovative
methodologies, and good practices to be adopted in the design workflow
of these buildings in order to minimize their environmental and economic
impact.

Transport infrastructures are often high-consuming buildings or clusters
of buildings. Hence, it is required to move from the concept of energy-
intensive to that of net zero or positive energy infrastructures. To provide
general guidelines and assess the suitability of innovative energy solutions,
this dissertation focused on 4 types of buildings belonging to different
categories: i) maritime stations (port buildings), ii) railway stations, iii) airport
terminals, and iv) technical buildings for signaling equipment. The study
carried out on each of these infrastructure categories is the subject of the
chapters of this thesis (from Chapter 2 to Chapter 5). To analyse the
performance of the energy-saving measures analysed, simulation models
were developed on purpose by means of advanced whole-building energy
performance simulation tools. Novel workflows based on Building
Information Modeling to Building Energy Modeling (BIM2BEM)
methodologies were adopted and developed (Chapter 1).



1—8 Implementation of sustainable systems toward Net Zero Energy
Infrastructures:
methodology and design criteria

The chapter of this thesis are the result of distinct research activities
carried out on several real case studies. Therefore, they have been
organized to be stand-alone chapters but consistent with each other,
according to the objectives of the thesis. Each of them provides an
introduction section, where the state of the art and main contribution of the
work is established, the methodology, the result, and discussion sections,
as well as the conclusions according to modern publishing practices. Each
chapter describes the literature and literature gaps that are relevant for the
particular chapter. For this reason, this dissertation does not include a
separate chapter for the literature review. As such, the readers can focus
on the part of the thesis that is more relevant to them, since each chapter is
a study in itself.

The thesis is structured as follow:

1. Chapter 1 Building Information Modeling to Building Energy

Modeling (BIM2BEM): a novel approach to improve
infrastructure sustainability.
The chapter focuses on the methodology proposed and adopted to
model the building case studies described in the following chapters.
It identifies advantages that the BIM2BEM technique brings to the
construction sector and propose a customized workflow to
extrapolate model information for building energy analysis.

2. Chapter 2 Improving the Efficiency of Maritime Infrastructures.
The chapter focuses on the identification of suitable technologies
and strategies to increase energy saving potential within harbour
areas and port buildings.

3. Chapter 3 Improving the Efficiency of Railway Building Stock.
The chapter analyses the building stock of railway passenger
stations. A bottom-up model of the entire ltalian railway building
stock was developed in order to define effective interventions to
increase the efficiency of the stock.

4. Chapter 4 Guidelines to reach the goal of highly efficient
terminals: toward net zero energy airports.
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The chapter focuses on the identification of suitable technologies

and strategies to increase energy saving potential of airport facilities.
5. Chapter 5 Improving the efficiency of rail network service

buildings: free cooling strategies for signaling equipment

rooms.

The chapter presents the optimization of the air condition system for
the cooling of signaling apparatuses of high-speed railway, providing

important design criteria to systematically retrofit the air-conditioning

equipment for wayside buildings.

A graphic overview describing the methodology adopted to carry out the
study is reported in Figure 1.

Chapter 2

[

Port terminals

‘ Simulation model‘

Water-source heat pumps
Heat recovery
Building-integrated

photovoltaic

‘ Molo Bevere.'lo‘

Net zero energy
infrastracture

Guidelines

Chapter 1

Methodology

BIM2BEM

Chapter 3

Chapter 4

l

Railway stations

|

‘ Simulation model‘

Envelope improvement
Systems improvement

Electric load reduction

‘ Italian railway stations

[

Chapter 5

1

Airport facilities

4‘ Simulation model

Railway technical
buildings

4‘ Simulation model

Measures on envelope

Measures on air handling
systems

Renewable energy

Naples airport-

Optimization of
freecooling airflows and
control logics

‘ Signaling bui!ding-‘

Description of the study and structure of the thesis.
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The study presented in this thesis resulted from the research activity
conducted at the University of Naples Federico Il as part of an industrial
doctoral program co-funded by the National Research Council (CNR) and
Confindustria. The activity lasted 3 years, mainly used in research and
training. Specifically, the scientific collaboration took place between the
Institute for Construction Technologies (ITC CNR) and the Brancaccio
Costruzioni company, with the aim of increasing the current knowledge on
modelling, analysis, and design of the "Zero Energy Infrastructures", highly
efficient buildings devoted to public uses. To the best of my knowledge, this
is the first attempt in the available literature regarding the investigation of
the energy performance of infrastructure buildings, conducted by means of
innovative approaches and by developing a scalable methodology that
could be hopefully applied by practitioners and further enhanced by
researchers toward the sustainability of the transportation sector.



Giovanni Francesco Giuzio

1—11

Nomenclature

AEC
AHU
ASHP
BEM
BEST
BIM
BPS
CFD
DOE
ESPO
HVAC
IDP
IFC
LCA
MEP
nZEB
PDCA
PERS
PLR
PROP
PS
REF
WSHP

Architecture, Engineering and Construction

Air Handling Units
Air Source Heat Pump
Building Energy Modeling
Building Energy Software Tools
Building Information Modeling
whole-Building Performance Simulations
Computational Fluid Dynamics
Departement of Energy
European Sea Ports Organisation
Heating, Ventilation, and Air Conditioning
Integrated Design Process
Industry Foundation Classes
Life Cycle Assessment
Mechanical, Electrical, and Plumbing
nearly Zero Energy Building
Plan, Do, Check, Act
Port Environmental Review System
Part Load Ratio
Proposed Building
Proposed System
Reference Building

Water Source Heat Pump
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Economic saving, M€

AC
APE Primary Energy Saved, kWh/year
ACH Air Change per Hour
BEM Building Energy Modeling
BIM Building Information Modeling
CDD Cooling Degree Days
End,c Cooling needs, kWh/m?
End,el Electricity demand, kWh/m?
End,h Heating needs, kWh/m?
EUI Energy Use Intensity, kWh/m?
GDP Gross Domestic Product
GIS Geographical Information System
HDD Heating Degree Days
HVAC Heating, Ventilation and Air Conditioning systems
lo Investment cost, M€
lel,equipment Electric equipment load intensity, W/m?2
letlights Lights load intensity, W/m?
lel,loads Total electric equipment load intensity of Service thermal
MLR Multiple Linear Regression
N time span, years
NPV Net Present Value, M€
P interest rate, %
PE Primary Energy, kWh/years
PES Primary Energy Saving, %

Pl Profit index, (-)
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RFI
RI
SCOP
SEER
SPB

UBEM
VeV
Vh/V

AE
nfan
At

SHGF
PE

Rete Ferroviaria ltaliana
Railway Infrastructure
Seasonal Coefficient of Performance, (-)
Seasonal Energy Efficiency Ratio, (-)
Simple Pay Back, years
Heat transfer coefficient through building envelope,
Urban Building Energy Modeling
Cooling volume to total volume ratio, (-)
Heated volume to total volume ratio, (-)
Energy Consumption (Wh)

Fan Efficiency (-)

Timestep (h)

Temperature
Heat transfer coefficient (W/m2K)
Solar Heat Gain Factor (-)
Primary Energy (kWh)

Energy required (kWh)

Primary energy conversion factor (-)
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Chapter 1
Building Information
Modeling to Building Energy
Modeling (BIM2BEM): a
novel approach to improve
infrastructure sustainability

Summary

Worldwide, the design, renovation, and sustainable management of
buildings play a crucial role for sustainability. In this framework, a computer
simulation of building’s thermal behaviour is an almost mandatory tool for
making informed decisions. However, the development of a building energy
model is a challenging task that could discourage its adoption. A possible
solution would be to exploit an existing Building Information Modeling (BIM)
model to automatically generate an accurate and flexible Building Energy
Modeling (BEM) one. Such a method, which can substantially improve
decision-making and streamline the design-to-delivery processes, still
presents some issues, and needs to be further investigated. In this
framework, a novel workflow to extrapolate BIM data for energy simulation
is proposed and analysed. The proposed methodology was adopted in this
thesis to investigate several case studies and different strategies to reduce
the annual primary energy consumption. Here, the BIM to BEM approach
was tested as a useful tool for building infrastructures to improve the
implementation of effective energy-saving measures.

In this chapter, the developed technique is presented and discussed,
emphasizing its numerous benefits towards the achievements of the most
modern sustainability standards. Furthermore, the optimal level of modelling
detail required by a trustable building energy assessment is also discussed.
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1.1 Introduction

Building Energy Modeling (BEM) has experienced significant growth in
recent years [13]. Its application within the construction industry by
architects and engineers allows building energy consumption reduction by
supporting informed choices of effective low energy-consuming strategies
[14]. There are several software that enable whole-building performance
simulations (BPS), both commercial and open-source. To encourage their
application, the U.S. Department of Energy (US DOE) hosts and maintains
the BEST Directory, a list of recognised Building Energy Software Tools
(BEST) which counts numerous software among BPS and other useful tools
supporting the modelling of specific building physic aspects. In addition,
many in-house BPS have been also developed within universities or
scientific institutions for the purpose of more advanced researches [15],
[16], or to enhance capabilities for complex simulations [17], [18]. Some
authors also adopt Reduced Order Models (ROM) [19] of buildings to lower
the modelling effort and computational cost with successful applications in
district simulations. As a high number of building models may be required
to simulate whole urban areas and perform multiple calculations, ROMs are
very convenient for optimization purposes [2].

Physics-based building energy models require a high number of input
parameters to carry out detailed dynamic calculations on an hourly or sub-
hourly basis, i.e., hourly outdoor boundary conditions, building surface and
space geometry, envelope thermal characteristics, occupancy and
operation profiles, HVAC systems configurations, etc. [20]. The
implementation of such building models is often complex and time-
consuming, furthermore, design or construction firms use BEM only at an
advanced stage of the project which reduces its potential benefits [21].
Indeed, BEM technologies have the capability of improving design from the
point of view of the end-use energy consumption if adopted in the early
phase of the design, following an Integrated Design Process (IDP) [22]. As
shown in Figure 2, it is observed that the opportunity for simulation to
influence design quickly decreases as the design advances. At the same
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time, the cost related to the ongoing variants of the project increases as
decision are taken and specifications are documented [23].
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Figure 2. Opportunity to influence building design and related cost of
changes. Figure from reference [23].

Building information modelling (BIM) is now the most effective strategy
to streamline project management and integrate all the professionals and
stakeholders involved in the project [24]. Digitalisation of the design
information in a unique BIM model introduces an important simplification for
interoperability between the different project areas, such as architects, civil
and mechanical, electrical, and plumbing (MEP) engineers, general
contractors, etc. Therefore, energy modelers may also benefit from a BIM
database to develop BEM models, avoiding redundant building model
creation and speed up the design [25]. This methodology, called BIM-based
BEM, BIM to BEM or BIM2BEM, has been investigated in literature and is
becoming a common practice in the industry. Nevertheless, it is still
unperfect and can introduce geometry errors and loss of data during
export/import procedures [26]. BIM to BEM relies on two transfer file
formats: IFC (Industry Foundation Classes), developed by buildingSMART
[27], and gbXML (Green Building XML) [28]. While the first one was
purposely designed for exchanging data from BIM to BIM, gbXML embeds
specific information allowing BEM models definition [29], [30]. Both are
continuously updated to provide essential tools in the context of building
energy modelling and to boost collaboration among practitioners.
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The validity of the described approach is proven for various building
types, such as industrial [31], educational [25], [32] and residential [33], [34].
The current trend is to increasingly improve the integration of energy
simulations within the BIM software environment [35], which is particularly
useful for preliminary sensitive analyses [36]. However, it is still incomplete
and does not meet the user needs regarding flexibility [37]. In fact,
availability of HVAC system layouts is still limited. Other authors studied and
developed specific algorithms to join BIM and BEM capabilities, as in [38],
where gbXML generated by different BIM authoring software were used to
export geometry to custom metamodels for energy calculations. The
authors also highlighted the need for the standardisation of data transfer
schema, as several issues were encountered depending on the choice of
the BIM software. This could also encourage the development of more
complex workflows including multi-physics environment, such as advanced
thermal and acoustic simulations [39], Life Cycle Assessment (LCA)
analyses [40], Computational Fluid Dynamics (CFD) simulations [41], or
daylighting and occupant thermal comfort assessments [42], [34, 43].

Aiming at boosting the adoption of the BIM to BEM technique in the
context of building construction or refurbishment, a novel workflow,
purposely conceived to extrapolate and convert BIM data into readable
inputs for BEM, has been developed and here presented. Specifically, the
proposed methodology is suitably conceived to provide detailed and
accurate dynamic calculations of the thermal and electrical needs starting
from a digital informative model of the building. The developed workflow is
based on the use of widely used BIM and BEM software in the architecture,
engineering and construction (AEC) industries, Autodesk Revit and
OpenStudio. While Autodesk Revit is one of the most advanced BIM
authoring software available on the market, OpenStudio is open source,
designed, and developed to be a flexible and easy tool for energy modelling.
This combination has the potential to become an attractive tool for both
professionals in the building sector, who increasingly pay attention to energy
saving in their projects, and researchers. Furthermore, facility managers
might benefit from the usage of BIM2BEM techniques for management and



1—18 Implementation of sustainable systems toward Net Zero Energy
Infrastructures:
methodology and design criteria

continuous improvement during the entire life cycle of the building. The
methodology is a valuable instrument to implement energy-saving
strategies within PDCA cycles (Plan, Do, Check, Act) that many standards
(e.g. ISO 50001 [44]) require.

1.2 Materials and Methods

As previously specified, this thesis also aims to analyse a novel
workflow based on the state-of-the-art practices of the BIM2BEM approach
to be applied to the design and operation management of transit building
facilities. The proposed workflow, based on the Systems Analysis features
implemented within Autodesk Revit, one of the most used BIM authoring
software, allows users to automatically export BIM-driven building and
HVAC system data to gbXML that is consequently imported into
OpenStudio, the building simulation software kit developed by the U.S.
National Renewable Energy Laboratory (NREL). OpenStudio has the
capability to create BEM models from a gbXML file, manipulate it
programmatically or via its Graphical User Interface (GUI), and perform
HVAC sizing and annual building energy simulations by means of
EnergyPlus, the latest building simulation engine by the U.S. Department of
Energy (DOE). Revit introduced Systems Analysis with the Autodesk Revit
version 2020.1, providing a series of scripts, called measures, to extrapolate
and process information from gbXML, set simulation parameters, and query
the calculation engine to obtain specific outputs. Furthermore, custom
measures can be implemented to boost modelling and extend the BIM to
BEM capabilities.

The energy performance analyses carried out in the case studies
presented in the next chapters were developed by means of Autodesk Revit
2022, OpenStudio CLI 3.2.0, and OpenStudio Application 1.1.0. A
schematic diagram that reflects the methodology adopted is reported in
Figure 3 which highlights the main tasks carried out during the process: data
collection, BIM and BEM model development, model manipulation and
review, simulation, and postprocessing.
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Figure 3. Flowchart of the adopted methodology.
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The entire process was carried out paying particular attention to the
problems encountered along the way, to the operations necessary to
eliminate such problems, and to the development of a real workflow able to
optimize and speed up the whole process, including a postprocessing
activity able to group, present and make easily analysable and usable the
results provided by the software.

1.2.1 BIM Model Development

The level of detail, or level of development (LOD), is a parameter that
indicates the level of detail and information of the graphical representation
of the model. According to the American Institute of Architects (AIA) [45],
the LOD is divided into 5 classes ranging from LOD 100, generic model poor
of details, to LOD 500, a real model of the building [46].

From the experience gained during the building modelling carried out in
the course of this study (described in detail in Chapters 2, 3, 4, and 5), the
implementation of the BIM model carried out with a LOD between the LOD
200 and the LOD 300 ensures a faithful representation of each element of
the building while provides accurate energy simulations when geometry is
exported into BEM tools (model accuracy is further discussed in the next
paragraph).

Particular attention needs to be paid to glass elements, which contribute
in large part to the final thermal demand. Parameters representing thermal
properties are set according to the information collected for the specific case
study. The same is done for space information, such as occupancy, lighting
and equipment schedules, ventilation, infiltration, thermostat and humidistat
set-points, etc., by creating custom libraries in the BIM software. Afterward,
spaces are grouped into thermal zones according to characteristics of
HVAC systems and space boundary conditions. The entire modelling
process is facilitated by the user-friendly tools integrated into the BIM
environment which allow the users to develop their own object families
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integrating the default libraries (refer to the complete software
documentation [47]). Specifically, surface and space types are the main
objects involved in the energy model. Each one needs to be characterised
by means of all the above-mentioned information to represent the
corresponding components in the actual building. However, complex
projects still require significant commitment. Such input data have to be
manually inserted, which involves a fair amount of time, especially when the
number of spaces is high. Therefore, the need for time increases with the
building complexity. Figure 4 provides the representation of the building as
modelled in the Autodesk Revit environment as well as the information
exchange flow of the BIM2BEM process.

1.2.2 BEM Model Development

The energy model is created by means of the suitable features of
Autodesk Revit that allow the automatic generation of analytical spaces and
surfaces. Such objects contain the information embedded in the BIM
database, inputted during modelling, and then collected in the gbXML. The
energy model was then reviewed to ensure the proper boundary conditions
to spaces and surfaces. Whenever required, the BIM model was simplified
in order to re-generate a more trustable energy model and correct the
detected surface or space bugs.

HVAC systems are schematically defined as energy objects included in
the gbXML by means of the plant templates of the new Revit Systems
Analysis tools. Specifically, air loops, plant loops, and zone equipment are
linked to each other and to zones in order to define the appropriate HVAC
model. Often, those plant components available in the Revit library do not
reflect the actual complexity of the HVAC systems of the specific case study,
thus, they serve as the basis for more accurate modelling in OpenStudio
environment. By performing a systems analysis simulation, a detailed
OpenStudio model is generated from gbXML by means of a suitable script
(OpenStudio workflow) including commands to automatically manipulate
the model. The latter was purposely modified to include custom simulation
settings and collect specific outputs. Furthermore, some default OpenStudio
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measures were modified to reflect the modelling purposes. The graphical
appearance of the energy model is depicted in Figure 4.
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Figure 4. Representation of the process developed to obtain the
building energy model starting from the BIM model, passing through the
gbxml format to the OpenStudio and EnergyPlus software.



Giovanni Francesco Giuzio 1—23

1.3 Discussion

Simulations provide useful insights and proofs for informed decisions.
By means of energy consumption calculations, designers and facility
managers have very important data for value engineering and sustainable
management. The adopted approach has been found to be very convenient
at an early stage of the project when energy analyses can guide concept
design. BIM to BEM can also be successfully implemented in renovation
projects by means of a comparison of different efficiency measures, as
demonstrated in literature. Furthermore, the proposed method helps in the
enhancement of the integrative design and to reduce project timing by
avoiding the creation of redundant and time-consuming models, and by
improving data management. However, some difficulties have been
encountered during the process that are worth pointing out.

The building geometry may be very complex, so the building shell
should be simplified to obtain a reliable yet accurate energy model. BIM
tools allow a high degree of detail in geometry, providing advanced
modelling tools. However, they have a lesser capability to model building
materials or other energy-related parameters. BEM tools, in contrast,
require a high degree of detail in building components but do not require as
high a resolution for geometry. Inclusion of such details results in
excessively complex models and may take an excessively long time to
troubleshoot and perform calculations. Although the effort of simplifying the
BIM model, the automatic generation of BEM model geometry can often
present inaccuracies such as missing surfaces or their fragmentation.
Those issues can occur at the gbXML definition within the BIM environment
or during information transfer. Therefore, troubleshooting requires iterative
geometry generation that can be very demanding and tedious. It is worth
noticing that, as stated by Athienitis et al. in [22], evidence suggests that
there are diminishing returns on model accuracy as model resolution
increases. This entails the need to identify the best trade-off between the
model’s reliability and the difficult to develop the energy model.



1—24 Implementation of sustainable systems toward Net Zero Energy
Infrastructures:
methodology and design criteria

While the effort due to data collection is strictly linked to the progress of
the project, the modelling phases require a significant cost in terms of time.
Of course, this will depend greatly on geometry complexity and whether or
not the HVAC systems, another time-consuming category of inputs, are
modelled in detail. However, the time needed to generate an accurate
building energy model might be halved by taking advantage of BIM
modelling and advanced automation tools (e.g. OpenStudio), as redundant
models are avoided. As also depicted in Figure 3 the time devoted to
geometry and HVAC modelling comprise a significant period of time
dedicated to debugging of building geometry and troubleshooting.
Simulation, post-processing, and data analysis require a lower amount of
time within the entire process.

Geometry export by gbXML is generally complete, however, HVAC
systems still present many limitations regarding either plant configurations
or working and control parameters. Customisation of HYAC components
should be carried out afterwards by means of the BEM modelling tools or
by creating custom BIM parameters and suitable measures parsing the
gbXML and manipulating the existing plant templates. Although the latter is
a consistent, sharable, and scalable solution, it requires specific modelling
and programming skills which could discourage the adoption of advanced
energy modelling.

In the next chapters, the analyses carried out prove the validity of the
BIM to BEM methodologies for the design of transit buildings and other
infrastructures in general. In addition, the methodology is suitable as a tool
in facility management and continuous improvement processes. The major
quality and energy management standards such as ISO 9001 and ISO
50001 suggest and encourage the adoption of the plan-do-check-act
(PDCA) cycle which is the operating principle to guarantee effective
improvement. The ISO scheme is depicted in Figure 5; here, the BIM to
BEM approach fits within the PDCA cycle to support decision-makers with
data retrieved by the whole-building dynamic energy simulations. After the
actions to reach goals of energy reduction are defined, both the BIM and
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BEM models should be continuously updated all over the cycle with newly
added information to test the proposed energy—saving strategies and be
aware of any unpredicted problems. Finally, when the cycle is abandoned
because it has been successful, the new baseline is defined for future
strategy planning considering the data and measurements collected during
operation. In this way, the digital model accompanies the improvement
process, facilitating the facility management and making the transition of
transportation infrastructures toward reduction of air pollution and energy
efficiency improvement easier and more effective.
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of new strategies
Update the
model for future

improvement

Define how to
implement
measures

Adjust the model
and test the strategy

continously
\4

Figure 5. BIM to BEM within the continuous improvement (PDCA)
cycle of ISO standards.
Moreover, it is also interesting to notice how the approach used fits with
the needs of the sustainability of buildings, both in the planning and
management phases.

Despite the enormous advantages that BIM2BEM brings, currently, the
interoperability between BIM and BEM is low and highly software-
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dependent. However, there is growing attention from the academic world
given the continuous emergence of studies in this regard. BIM2BEM has
various applications such as energy needs estimation, materials and
solutions comparison, optimization, Nearly Zero-Energy Buildings (NZEB),
life-cycle analysis (LCA), hygrothermal design, energy certification, thermal
comfort analysis, etc. Software houses are gradually including even more
tools and features within BIM environment to improve interoperability with
BEM tools. Therefore, BIM2BEM is expected to become, from an innovative
tool that is the prerogative of researchers and larger and more structured
companies, a widely used tool and a standard in the construction sector to
improve the sustainability of all sorts of projects.

1.4 Conclusions

In this chapter, it was critically analysed how BIM methodology coupled
with whole-building energy modelling (BEM) and simulation can increase
the effectiveness of sustainable design and management of buildings. In
this framework, a novel workflow to extrapolate and convert BIM data into
readable inputs for BEM has been developed and discussed. The technique
is adopted in the next chapters as the main methodology framework to
analyse the energy saving potential of several strategies suitable for
passenger building infrastructures.

The adopted approach is found very important in the concept design
phase when everything has to be decided. However, BIM2BEM can also be
successfully implemented in renovation projects by means of a comparison
of different efficiency measures. Specifically, the plan-do-check-act cycle
suggested by international quality and energy management standards can
be carried out with the auxiliary of this advanced tool.

At present, this approach is effective and reliable if a medium detailed
model is developed (LOD 200/300). Therefore, future research and
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developments are needed to limit the information losses that occur in the
BIM to BEM exchange process.
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Chapter 2
Improving the Efficiency of
Maritime Infrastructures

Summary

This chapter aims at exploring different strategies to reduce the energy
consumption of port buildings and identifying best practices for effective
efficiency measures.

The “Molo Beverello” maritime station in Naples was analysed by means
of the BIM2BEM methodology to identify energy efficiency strategies and
reduce the overall primary energy consumption of the facility. Specifically, a
detailed BIM model of the building was developed in order to generate a
reliable building energy simulation model. The optimal modelling level of
development was chosen after an optimization procedure aimed at
identifying the optimal trade-off between model accuracy and time costs of
the whole simulation process.

Taking the current status of the project as a baseline, several energy-
saving strategies were simulated by the developed workflow to evaluate
their conveniences, such as: water-source heat pump, heat recovery from
chiller condensers, replacement of window facade with special photovoltaic
glass, and replacement of shading systems with photovoltaic canopies. The
adoption of the selected measures always showed interesting outcomes
from an energy, economic, and environmental points of view.
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2.1 Introduction

Attention to ecological issues has increased significantly in the maritime
sector. As stated in the 2020 Environmental Report, the European Sea
Ports Organisation (ESPO) has ranked air quality, climate change, and
energy efficiency as the top three of its ten environmental priorities [48]. The
growing awareness about this topic has led many ports to plan concrete
actions to reduce energy consumption that are often carried out in the
framework of international standards such as ISO 50001 [44] and EN 16001
[49], or specific tools developed to support environmental management in
ports, i.e., the Port Environmental Review System (PERS). The
enhancement of the energy efficiency of ports can also be seen as part of
the broader research trend regarding independent and semi-independent
energy communities.

Among technological and operational energy-saving measures adopted
in the European seaports, the improvement of building performance by
means of innovative design and/or renovation of existing infrastructures has
been considered as one of the key solutions to face ESPO (European Sea
Ports Organisation) priorities, highlighted also by Sdoukopoulos et al. in
their recent work [50]. They provided an overview of the main policies,
technologies, and practices that European ports have adopted to-date for
enhancing energy efficiency. The authors collected several cases of actual
building renovations that were developed in harbour areas in the last years,
mainly in the Baltic Sea. The survey addressed different building typologies
such as offices and passengers terminals, as well as warehouse buildings
[51], involving passive design concepts, innovative heating, ventilation, and
air conditioning (HVAC) systems, and renewable energy technologies for
the in-site electricity and thermal energy production. It is worth mentioning
the significant examples of the office buildings of Vartahamnen port and the
terminal passengers’ building of the Port of Portsmouth. Both were designed
following the most modern eco-building standards and their heating and
cooling systems have been equipped with water source heat pumps
exploiting the renewable thermal energy from seawater. Such a solution
allows very high performance for hot and cold water production, however,
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its application is limited by seawater temperatures [52]. The North Adriatic
Sea Port Authority also recognises the importance of renovating port
buildings [53]. After energy audits on buildings located in the harbour area
of Venice and Marghera (office and artisan activity buildings), it was found
that, although they were renovated in 2007, the investigated buildings have
low thermal insulation, which causes high energy consumption, both in
terms of fuel for winter heating and electricity for summer air conditioning.
Acting through the insulation of walls and floors, the replacement of
windows and doors and the replacement of the current methane heat
generators with heat pump systems, it could be possible to significantly
reduce energy consumption and related CO2 emissions.

An interesting report dealing with the energy planning of the Port Lands
of Toronto provides useful guidelines for a net zero energy district [54]. The
adopted approach involves the calculation of energy use, energy demand,
and GHG emissions for different strategies of development, in order to
understand the potential future energy needs of the Port Lands. In addition,
current trends and practices in developing net zero communities were
investigated by exploring existing and in-development case studies
buildings such as Hammarby Sjostad, HafenCity, and Dockside Green (see
Figure 6). The pillars that the author identified to reach the goal of net zero
energy districts were: (i) improving the codes and standards, (ii) enhancing
energy conservation in new buildings, (iii) adopting a building-scale local
energy supply, and (iv) adopting block-scale energy sharing networks. In
addition, other unique opportunities, such as creating synergies with the
Portlands Energy Centre and the geography of the Port Lands itself within
Toronto’s waterfront, were identified, and specific technologies were then
evaluated to understand their potential contribution towards achieving net
zero.

Furthermore, in a recent study of Vaher et al. [55], a review of the active
and passive strategies adopted in large buildings (i.e., non-residential,
museum, airports, and a cruise terminal) is reported with the aim of making
the Tallinn cruise terminal a nearly Zero Energy Building (nZEB) and



Giovanni Francesco Giuzio 2—31

providing useful guidelines for efficiency improvement of similar buildings in
northern climates. From the experiences retrieved from other case studies
and the modelling and simulation of the investigated one, the authors
defined the pillars for the effective and sustainable operation of the Tallinn
cruise terminal that may be also extended to other similar buildings. The
solutions proposed were (i) reduction of window | solar factor and adoption
of solar protections; (ii) increasing heating and cooling efficiency by
seawater source heat pumps; (iii) adoption of demand-controlled devices
for ventilation and lighting in order to avoid energy waste due to irregular
occupancy; (iv) on-site electricity generation. The authors assessed the
potential energy savings and indoor air conditions by means of a
commercial dynamic simulation software, i.e., IDA Indoor Climate and
Energy [56], which is one of several commercial design tools available for
building energy modelling (BEM). Although the methodology of BEM is
becoming a reference in the construction industry, as it represents the most
effective state-of-the-art tool to predict building energy behaviour, the work
of Vaher et al. is one of the few examples found in the scientific or technical
literature that explicitly addresses BEM for building design in the maritime
sector.

Figure 6. a) Hammarby Sjostad, the industrial harbour of Stockholm,
Sweden, redeveloped in 2004. b) HafenCity, Industrial harbour in central
Hamburg, Germany, renovated to accommodate population growth without
consuming more Land. ¢) Dockside Green, the waterfront brownfield
redevelopment in Victoria, Canada, the first LEED Platinum community in
the world [54].

To address the task of moving towards a zero energy future for port
buildings, there is an urgent need to align research and innovation with
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practice, identifying paths for the exploitation of strategies and technologies
able to reduce the carbon footprints of port infrastructures.

In this chapter, with the twofold aims of supporting design decisions
oriented to energy consumption reduction and providing a consistent tool
for continuous improvement in facility management, the case study of the
new “Molo Beverello” maritime station of Naples (a real building located in
the South of Italy and currently under construction) is analysed. The
considered case study project is part of a wider redevelopment plan of the
port area and aims to achieve high standards of efficiency. A detailed BIM-
based BEM model was developed to assess several innovative energy
efficiency measures that suits the needs of buildings in the context of ports.

2.2 Case Study and modelling assumptions

The project of the Molo Beverello is part of a wider plan of
‘Redevelopment of the monumental area of the port of Naples” which
follows the idea of improving the interaction and integration of the urban and
port resources. Figure 7 shows a render of the project of the new terminal
taken from the project documentation which was provided by the design and
construction firm that is realizing the project.

The project, approved in 2018, consists of two parts:

1. The construction of a Commercial Area linked to the near metro
station of “Piazza Municipio”;

2. The re-arrangement of the “Molo Beverello” area, directly connected
to the Commercial Area and to the pedestrian tunnel coming from the
adjacent subway station. This project includes the construction of a new
passenger terminal station for the fast sea lines to the islands of the Gulf of
Naples.

An energy survey was carried out to assess energy consumption and to
size the thermal plants, however, advanced modelling and simulations were
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carried out to propose new measures able to reduce consumption and
promote energy efficiency.

Figure 7. The new “Molo Beverello” of the monumental area of the
port of Naples.

2.2.1 Data Collection

All the information required to carry out the analysis were retrieved from
the detailed design documentation, provided by the general contractor [57].
Furthermore, climate-related data of Naples were considered. Specifically,
the Napoli Capodichino International Airport weather file from the IGDG
collection was used for simulations. A 2D representation of the terminal
within the context in which it is going to be built is provided in Figure 8. More
detailed data related to the investigated facility design are omitted as they
are intellectual property of the design engineering company [58].

With respect to the thermal properties of constructive elements such as
walls, floors, ceiling, doors, and windows, the U-values and thermal
capacities of the building components were calculated accounting for all
materials they are made of. Specifically, the characteristics of the main
envelope elements are summarised in Table 1. Please, note that these
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values are those selected by the design firm following the current Italian
normative which provides mandatory thresholds for each building
component feature (e.g., U-value, thermal mass, etc.) depending on the
considered weather zone [59].

Figure 8. Site 2D drawing of the project.

Table 1. Characteristics of the main envelope components.

Surface type U value Thermal mass SHGC
(W/mZ2K) (kJ/ m2K) (-)
Window facade 1.25 - 0.2
External wall 0.36+0.56 318+544 -
Internal wall 0.36+3.3 38+544 -
Floor 0.28+0.31 1197+1243 -

Ceiling 0.31 877 -
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Table 2. Space characteristics summary.

Area Volume HVAC type
(m?)

(m?)

North T.33 W.C. Toilets 23 90.75 Heating & Cooling;
Bathroom . .
T.34 W.C. Toilets 23 96.12 AHU; Radiant
systems
T.34_1W.C. Toilets 3 12.42
service
T.35 W.C. Toilets 4 16.17
Ovest T.24 W.C. Toilets 8 31.42 Heating & Cooling;
Bathroom . .
T.25 W.C. Toilets 8 30.36 AHU; Radiant
systems
T.26 W.C. Toilets 3 13.21
T.27 W.C. Toilets 4 14.76
T.27_1 Storage Storage area 4 11.29
South T2+T5W.C. Toilets 56 185.79  Heating & Cooling;
Bathroom . ;
T3 W.C. Toilets 3 11.19 AHU; Radiant
systems
T.4 W.C. service Toilets 4 14.19
T.7 W.C. Dressing 7 25.33
room
Rad. Ovest 1 T.9WC Toilets 4 17.23 Heating & Cooling;
AHU; Radiant
systems
Rad. Ovest 1 T.12WC Toilets 4 16.86 Heating & Cooling;
T.14 WC Toilets 4 16.91 AHU; Radiant

systems
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Terminal

T.0 Terminal
T.6 Bar
T.8 Storage
T.10 Storage
T.11 Store
T.13 Storage
T.15 Storage
T.16 Store
T.17 Office
T.18 Office
T.19 Office
T.20 Office
T.21 Office
T.22 Office

T.23 Meeting

T.28 Office

T.30 Infirmary

T.0_1 Terminal

T1.B

Tickets 1612 6252.23 Heating & Cooling;
Commercial 22 78.25 AHU;
Low temperature
Commercial 18 75.32 Radiant systems
Storage area 3 10.86
Commercial 22 93.5
Storage area 2 10.61
Storage area 2 10.64
Commercial 21 89.97
Office 10 36.08
Office 9 31.38
Office 9 31.78
Office 9 32.36
Office 9 33.45
Office 9 334
Meeting 16 60.53
room
Office 18 68.26
Infirmary 9 32.3
Entrance 178 476.8 AHU
Technical 7 15.62 Unconditioned

room
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- T.1.C Technical 16 34.79 Unconditioned
room

- T.29 Rack Technical 4 12.26 Unconditioned
room

- T.31 Technical 106 341.93 Unconditioned
room

- T.36 Technical 1 1.84 Unconditioned
room

- T.37 Technical 12 27.82 Unconditioned
room

- T.38 Technical 2 7.58 Unconditioned
room

- T.39 Technical 52 171.97 Unconditioned
room

The facility, with a total area of 2340 m? (2119 m? conditioned) and an
overall volume of 8675 m3, is expected to host a maximum number of 400
people during peak hours. The building consists of a total of 42 different
spaces, grouped in 7 different thermal zones, while 7 not-conditioned
spaces used as technical rooms are treated as single isolated thermal
zones. Table 2 provides the information related to spaces and thermal
zones as defined for energy modelling purposes. The HVAC system
comprises two air handling units (AHU), balancing the latent and sensible
(partially) heating and cooling loads, and a hydronic water loop to balance
the remaining sensible loads by means of low temperature radiant systems.
The generation system consists of two twin air source heat pumps/chillers
that provide the thermal power required to keep thermal comfort (heating
set-point 20° C; cooling set-point 26 °C; relative humidity 50%). The two
heat pumps/chillers are sequentially activated to maximise operational
performance under nominal conditions. They are managed by a
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thermoregulation system that monitors the room temperature and relative
humidity within the thermal zones.

The two heat pumps have a heating capacity of 157.8 kW (outdoor air
condition 2 °C—wat-r 45 - 40 °C; COP = 2.82) and a cooling capacity of
147.2 KW (outdoor air conditions 35 °C—wa—er 7 - 12 °C; EER = 2.33). The
maximum COP is recorded for a partial load ratio (PLR) of 25% which is
equal to 4.60 at nominal conditions [58].

The zone equipment consists of radiant floors within the main zone
(terminal one). On the other hand, the bathrooms of the perimetral area of
the building are equipped with radiators. The hot water is sent to the
radiators at 50 °C and to the radiant floor loop at 35 °C (according to the
Italian standard UNI 1264 in order to limit the surface temperature of the
floor to 29° C). During the summer season, the radiant floor receives water
at 19° C to avoid surface condensation.

The two AHUs process only outdoor air and provide both the air needed
for ventilation, as required by the UNI 10339 and EN 13779. The air circuit
has a maximum flow rate of 14000 m3%h and is equipped with an air heat
exchanger to recover part of the exhaust air thermal energy. The air system
treats the air by means of cooling coils, heating coils, re-heat coils, and
humidifiers in order to supply the fresh air to the zones at 21.5 °C (relative
humidity 45%) and 20.5 °C (relative humidity 55%) in heating and cooling
mode respectively. It also allows free cooling when the outdoor air
conditions are favourable.

The domestic hot water system consists of a air-water heat pump with
a heating capacity of 18 kW that produces water at 60 °C and a 1500 L
storage tank equipped with internal electrical resistance to ensure supply to
all spaces of the building, such as toilets, shop, infirmary, and bar.

The waiting area of the terminal is open to the public from 7:00 a.m. to
9:00 p.m. Therefore, HVAC systems are operated when the terminal station
is occupied. The occupancy schedule is supposed as maximum during the
middle hours of the day, while the decrease in the number of passengers in
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the hours of the late afternoon is considered as few departures and arrivals
are planned in the evening.

2.2.2 BIM Model Development

As the building geometry is very complex, the building shell has been
simplified to obtain a reliable yet accurate energy model.

The implementation of the BIM model was carried out with a LOD
200/300. Particular attention was paid to glass elements, which contribute
in large part to the final thermal demand. Parameters representing thermal
properties are set according to the information collected for the case study.
The same was done for space information, such as occupancy, lighting and
equipment schedules, ventilation, infiltration, thermostat and humidistat set-
points, etc., by creating custom libraries in the BIM software. Afterward,
spaces were grouped into thermal zones (see Table 2) according to
characteristics of HVAC systems and space boundary conditions. Figure 9
provides the prospective representation of the building as modelled in
Autodesk Revit environment.

Figure 9. BIM model of the building.

2.2.3 BEM Model Development

The energy model was created by means of the suitable features of
Autodesk Revit that allow the automatic generation of analytical spaces and
surfaces leveraging data collected into the gbxml. The energy model was
then reviewed to ensure the proper boundary conditions to spaces and
surfaces. In Figure 10, both analytical spaces and surfaces are highlighted
to show how the final building envelope model appears.
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Analitycal Spaces

| Analitycal Surfaces

Figure 10. BEM model of the building, analytical spaces, and surfaces.

HVAC systems were schematically defined as energy objects included
in the gbXML by means of the plant templates of the new Revit Systems
Analysis tools. Specifically, air loops, and hot and cold water loops, were
linked to radiant panel zone equipment. Those plant components do not
reflect the actual complexity of the HVAC systems of the case study,
however, they serve as the basis for more accurate modelling. Thus, after
gbXML exporting, the HVAC system was rearranged to account for its
higher complexity. Baseboard zone equipment were added to bathrooms
and, two mixing valves were included in the piping system to mix supply and
return water of radiant floor (Figure 11). Furthermore, an air-to-air heat
exchanger was added to the air loop and, both air loop and water loop
controllers were adapted to the operation strategies of the systems.
Operation temperatures and the size of plant equipment were then adjusted
to fully characterise them. All changes in the HVAC configuration were
made with the help of OpenStudio Application, a user-friendly GUI to
perform whole-building energy simulations by OpenStudio/EnergyPlus.
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Figure 11. Schematic diagram of heating, cooling, and air treatment
systems as modelled in OpenStudio.
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2.2.4 Model Manipulation and Review

The energy model described so far is the one adopted as a reference
for comparison with other energy-saving measures. Specifically, the
following were considered as candidate strategies to enhance energy
efficiency or reduce annual primary energy consumption:

- Proposed System 1 (PS1), water-source heat pump;

- Proposed System 2 (PS2), heat recovery from chiller condensers;

- Proposed System 3 (PS3), replacement of window facade with
photovoltaic glass;

- Proposed System 4 (PS4), replacement of shading systems with
photovoltaic canopies.

2.2.4.1 Proposed System 1: Water-Source Heat Pump

Water-source heat pumps (WSHP) are generally more efficient
compared with equivalent air source ones (ASHP). As the analysed building
is close to the sea, such a solution can reduce the electricity consumption
of heating and cooling generation systems. The water-source heat pump
exploiting the free thermal energy of seawater was modelled accounting for
the seawater temperature variation. The water-source heat pump was
selected among the products available on the market, chosen according to
the system’s needs. The characteristics of the machines at nominal
conditions were provided by manufacturer: cooling capacity, 140.5 kW (use
side 12—7 °C—source side 30-35 °C, EER: 5.147); heating capacity, 160.4
kW (use side 40-45 °C—source side 10-6.7 °C, COP: 4.493). The extra
cost of the implementation of WSHPs compared to the ASHPs is EUR
40000.

Historical data of the average temperature of the seawater of the port of
Naples (shown in Figure 11) were used to evaluate the improved
performance of the HVAC system [60].
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Figure 12. Minimum, maximum and average sea water temperature
profile of the Gulf of Naples.

2.2.4.2 Proposed System 2: Heat Recovery from Chiller Condenser

As during summer operation both cooling and reheat coils work at fixed
temperatures, chillers work to simultaneously provide hot and cold water.
The recovery of the chiller condensing heat can be used to fully or partially
heat the water that feeds the reheat coils of the AHU. However, chiller heat
recovery can involve a performance drop depending on condensing
temperature. Thus, a parametric analysis of system operation was carried
out accordingly, to identify the optimal recovery temperature providing the
least final electricity consumption. Specifically, recovery temperatures
ranging from 25 °C to 50 °C were simulated and three characteristic
parameters were used for evaluation:

- Electricity for heating is expected to decrease, as the higher the
recovery temperature, the lower the thermal power required for
reheat coill;

- Electricity for cooling is expected to increase, as the higher the
recovery temperature, thus condensing temperature, the lower is the
efficiency of the machines;
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- Total electricity for heating and cooling is the total electricity required
by chillers and is the parameter to optimise.

The modifications to the system to allow the condensation heat recovery
have an estimated cost of around EUR 2000.

2.2.4.3 Proposed System 3: Replacement of Window Facgade

The terminal presents a large window fagade on the south-east side that
can be used to produce electricity through photovoltaic technologies.

The analysed glass is an amorphous silicon photovoltaic glass with two
6 mm low-emission glass and a 12 mm Argon chamber, its characteristics
for three different types are shown in Table 3.

Table 3. Summary of PV window characteristics.

Low transparency 9% 1.2 4% 10% 107
Medium transparency 12% 1.2 3.4% 20% 110
High transparency 17% 1.2 2.8% 30% 115

The choice of replacing the glass facades with photovoltaic glass is due
to the fact that installation of a large number of photovoltaic panels on the
building roof is not possible since the roof is also used for pedestrian transit.
In order to not compromise the lighting conditions inside the building, the
selected photovoltaic panels are made of amorphous transparent or semi-
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transparent silicon, in order to allow enough daylighting. However, these
types of photovoltaic panels have relatively low efficiency (3—-4%) and
therefore in order to make the investment affordable from both an economic
and an energy point of view, a multi-objective optimisation was carried out
in order to evaluate the most viable solution. Several types of photovoltaic
panels with different efficiencies, SHGCs, U-values, and transparency
conditions were considered.

In addition, to maximise the produced electricity, the shading surfaces
outside the building have been removed. The window fagade was divided
into 3 zones in order to select the most effective amount of photovoltaic
glass. The sectors of the facade that would be replaced are shown in Figure
13. For each type of glass, the replacement of Zone C (area of 109.4 m?),
Zone B+C (area of 278 m?), and Zone A + B + C (area of 414.27 m?) were
respectively investigated.

— ;5_:1?” = = _'ﬁ-;_.l-

Zone A B Zone B 3 Zone C
X
™ . ¢
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Figure 13. Facade sections for implementation of PV glass.

The first combination involves only zone C as it is the area that receives
the most incident solar radiation. Thus, the optimisation involved a total of 9
combinations. The study carried out was a multi-objective optimisation with
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the aim of identifying the most advantageous solution both from the energy
and economic point of view. The objective functions considered for
optimisation were the net present value (NPV), calculated by Equation (6),
and the primary energy saving (PES), calculated by Equation (3) (see next
section). These parameters also assessed the difference in heating and
cooling loads due to the installation of new photovoltaic glass. Although
there are interesting contributions due to electricity generation, installation
of such systems may lead to an increase in thermal needs due to their
different solar heat gain coefficients (SHGC) and U-values compared to the
reference system. Specifically, the increase of heating loads may occur
since new glasses allow lower free solar gains. Vice versa, this can lead to
a decrease in cooling loads.

To assess the productivity of photovoltaic glass, the incident and diffuse
solar radiation on each panel have been evaluated, accounting for any
possible shadings. The considered amorphous photovoltaic glasses have
capital costs in the range of 104 - 109 EUR/m? depending on transparency
degree, applied to conduct the economic analysis.

2.2.4.4 Proposed System 4: Photovoltaic Canopies

At the end of the study of energy efficiency solutions, the hypothesis of
the installation of photovoltaic canopies was evaluated. These structures
have been inserted in place of the tarpaulins outside the building so as not
to vary much the structure and ensure the same solar shading, the coloured
surfaces in Figure 14.

Monocrystalline silicon panels with nominal efficiency of 18.4% and a
rated power of 300 W were selected. The overall extension of the canopies
is 366 m?, so 230 photovoltaic modules were installed for a total rated power
of 69 kW. A capital cost of ~250 EUR/m? was considered, accounting for all
the necessary technologies that comprises the plant.
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Figure 14. Site view of building station showing photovoltaic canopies.

2.2.5 Simulation and Post Processing

The simulations were carried out by means of the EnergyPlus built-in
features with a timestep of 15 min, providing detailed outputs to analyse the
building behaviour, as well as the performances of the systems. Variables
and Meters that refer to zone air conditions, thermal gains, heating and
cooling system capacity rates, and electricity consumptions were processed
to evaluate the project from an energy and economic point of view. Each
proposed strategy (prop) was compared to the baseline, also called
Reference building (ref), in order to calculate the indices for decision-making
that are described below.

The conversion of calculated electricity into primary energy was carried
out by means of the factor ne representing the average efficiency of the
entire Italian generation system (ne = 0.46)

The primary energy saved (AEp) and the primary energy saving (PES)
related to the proposed scenarios with respect to the reference case, are
calculated as:
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AE, =E, s —E prop (2)
E
PES =1 Zppron_ (3)

p.ref

Similarly, the avoided carbon dioxide emissions are evaluated by
Equation (4) considering the emission factor fco2 equal to 0.2.

AE., =AE -f
co, » Lo, (4)

Finally, to assess the economic profitability, the simple payback period
(SPB) is calculated as:

spp=1o
AC (5)
where /o is the investment cost and AC are the cost differences between
reference and proposed scenarios. At last, net present value (NPV) and

profit index (P/) are also evaluated as:

NpV:Ac.{i.[l_;N}}_Io
p 1+ p) (6)

p is the interest rate and N is the life time span. In this study, NPV was
calculated taking into account an interest rate and a useful life of 5% and 20
years, respectively.

_ NPV

Ly (7)

PI

The procedure adopted to account for the variability of EER in different
working conditions follows the procedure suggested by the ltalian standard
UNI TS 11300 [61], indicated hereinafter. It is important to note that EER is
calculated at each simulation timestep, indicated in the following equations
by the index i. The same procedure was carried out for the COP calculation
to assess electricity demand for space heating.
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The calculation involves the normalized efficiency curves of the
considered generators EERnp.r depending on heat pump/chiller PLR and
that was obtained from the real operating curve provided by manufacturers,
the maximum EERmax calculated by Equation (8), and the exergetic
efficiency nex calculated by Equation (9).

]-;V nom - AI::’V
EER_, = -
(]:0 nom + AYZU) - (];V nom + AI::’V)
5 , ®)
EER,
oo = ©)
EER

max

Here, Tevnom and Teonom are the evaporator and condenser
temperatures respectively, while ATey and ATs are the average heat
exchanger temperature differences at the evaporator and condenser. The
latter are equal to 5 or 10 °C, depending on whether the heat exchange
occurs with water or air.

Therefore, the actual EER at specific outdoor conditions is defined by
Equation (10).

EER _ YLV,[_AY-;V,[ EER
" (T, +AT. )~ (T, +AT, ) wpir e

co,i co,i ev,i ev,i

(10)

The price of electricity used to evaluate economic savings was 0.20
EUR/kWh.
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2.3 Results and Discussion

This section provides the simulation results of the energy-saving
measures investigated to improve the efficiency of the selected building and
to analyse the suitability of the BIM to BEM methodology in the maritime
sector.

2.3.1 Reference Building

The building-plant system, as described in the previous sections, has
been taken as a baseline for comparison purposes. At the same time, the
BEM model of the Reference Building (REF) was thoroughly revised to test
the accuracy of the simulation results.

It is worth noting that an optimization of the model LOD was made during
the modelling process in order to achieve a trade-off between accuracy and
time for the entire simulation procedure. Although more detailed models
(LOD > 300) achieve more accurate calculations, longer process times are
obtained due to complex modelling problems and higher computational load
(greater number of building envelope surfaces or thermal zones).
Conversely, LODs that are too low (< 200) would speed up the process and
lose the reliability of the simulation results. Therefore, an intermediate LOD
between 200 and 300 was selected to obtain an optimal compromise to
apply to the considered design procedure.

Indoor air conditions compared to outdoor temperature are depicted in
Figure 15, showing the model capability to reflect the actual system
operating strategies. The chart also highlights the correct operation of the
system that keeps temperature and humidity within the acceptability range,
i.e., 20 - 26 °C and 40 - 60% for indoor temperature and relative humidity
respectively.
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Figure 15. Average indoor air conditions.

The overall energy consumption shares of the reference building were
calculated and are reported in Figure 16, while baseline values such as
thermal energy, electricity, and primary energy usage are summarized in
Table 4. Space heating and cooling were the main facility energy needs,
followed by lighting, and air conditioning auxiliary equipment. The proposed
solutions, described in the next paragraphs were chosen to significantly
reduce both energy demand and primary energy consumption.

Aucxiliaries
17%

Interior
Equipment
3%

Cooling
36%

Lights
14%

Heating
29%

Domestic Hot
Water
1%

Figure 16. Energy consumption shares of reference building.
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Table 4. Summary of energy consumption of reference building.

Heating 108.7 26.9 27.6
Cooling 127.1 34.9 35.8
Domestic hot water 4.1 0.9 0.9
Himidifier - 34 3.5
Lights - 13.4 13.7
Interior equipment - 2.9 2.9
Fans - 14.3 14.7
Pumps - 24 2.5

Total 239.9 99.1 101.6

2.3.2 Water Source Heat Pump

A WSHP requires lower energy intensity than an ASHP to meet the
thermal loads for space heating and cooling in Naples. Indeed, the seawater
temperature is particularly favourable, being less variable and, on average,
lower during summer and higher during winter than the ambient temperature
(see Figure 12).

The highest performance is observed during the summer season, when
the Coefficient of Performance (COP) is higher, and both cooling and
heating services are required. The convenience of adopting WSHP instead
of ASHP for the project is demonstrated in Figure 17, where the electricity
demand for the reference and proposed cases are compared.
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Figure 17. Comparison of monthly electricity usage between ASHP
and WSHP.

The proposal allows a saving of 42% of the total primary energy
consumed by the building in one year. Further metrics related to the
measure of WSHP, such as actual CO2 emissions and total primary energy
consumption are summarised in Table 5.

Table 5. Metrics related to the implementation of water-source heat

pumps.
REF 62.7 136.3 27.2 -
PS1 36.6 79.6 15.9 416

2.3.3 Heat Recovery from Chiller Condenser

As expected, while heat recovery involves a lower electricity
consumption for heating, cooling results in a lower performance at the
higher heat recovery temperature. The increase in electricity demands for
cooling prevails over the decrease in electricity demands for heating, which
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leads to a slight rise in the total electricity curve. The behaviour of the new
plant configuration, in terms of electricity consumed to produce the required
thermal energy, is shown in Figure 18.
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Figure 18. Electricity consumption against HR temperature and
comparison between reference and chosen systems.

Therefore, the result of the optimisation indicates overall energy savings
at low heat recovery temperatures, the highest performance is obtained by
preheating the reheat coil water at 25 °C. Furthermore, while a deterioration
in the performance of chillers is registered, the performance of the second
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heat pump in the heating operation improved as it works at lower part-load
factors with higher energy efficiency. The effects discussed so far make
optimisation necessary as they are in contrast to each other.

Figure 18 also shows the monthly electricity consumption of the system
equipped with the heat recovery (HR) at 25 °C compared to the reference
one. This measure is interesting as it provides significant savings (up to
10.2%) in terms of primary energy against very low investment costs for
piping works and additional heat exchangers. The annual electricity and
primary energy consumption, as well as carbon dioxide emissions, are
reported in Table 6.

Table 6. Metrics related to the implementation of heat recovery.

REF 62.7 136.3 27.2 -

PS2 56.3 122.4 22.5 10.2

2.3.4 Replacement of Window Facgade

Among the configurations described in the methodology section, the
implementation of the low transparency glazing over the entire available
surface (A + B + C) is the most profitable solution, both from an economic
and energy point of view. The results of the multi-objective optimisation
conducted are summarised in Figure 19. Here, it is also possible to note that
the low transparency technology always provides better performance
compared to medium or high transparency ones. However, low
transparency glass can significantly affect daylighting and the visual comfort
of occupants. Therefore, the medium transparent configuration (20% of
visual transparency) on the whole facade (A + B + C) has been also
considered as a valuable solution in terms of NPV and PES.
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Figure 19. Optimal configuration selections and effect on thermal
demand of PV glass.

Figure 19 also shows the effects that the adoption of the two selected
configurations have on the heating and cooling needs, as well as the
electricity demands of the building. As the photovoltaic glass has a very low
SHGC, the winter solar gains result is lower than traditional glazing systems
which causes the increase of heating loads. However, summertime solar
gains are lower with the consequent decrease of cooling loads. The sum of
these two effects leads to a slight increase in electricity demand with low-
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transparent glasses (99.2 versus 99.1 MWh/year), in contrast, medium-
transparent glass entails a slight reduction in electricity demand (99.0
versus 99.1 MWh/year).

Obviously, the main advantage is due to the remarkable reduction in
electricity purchased from the grid which leads to ~25% of PES values. The
savings of electricity, primary energy, and CO:2 are presented in Table 7.

Table 7. Metrics related to the implementation of PV glazing.

REF 99.1 99.1 215.4 43.1 -
PS3 Low-T 99.2 74.6 162.2 32.4 247
PS3 Medium-T 99.0 77.3 168.1 33.6 243

2.3.5 Photovoltaic Canopies

The proposal to install a photovoltaic system, such as the one
described, allows a PES value of about 40%. The dynamic analysis
conducted on the incoming and outgoing energy fluxes shows a substantial
saving of the energy required from the grid. The monthly electricity that is
effectively purchased from the power operator is reported in Figure 20. As
for previous analyses, further metrics, useful for decision-making, are
provided in Table 8.
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Figure 20. Comparison of electricity consumption between reference
and proposed systems.

Table 8. Metrics related to the implementation of PV canopies.

REF 99.1 99.1 215.4 43.1 -

PS4 99.1 58.7 127.6 255 40.7

2.3.6 Economic Assessment of Proposed Systems

The analysed energy-saving solutions, shown in Table 9, were also
assessed from the economic point of view, taking into account both the
energy market prize and capital costs of the considered systems that are
provided in the previous sections. All measures lead to significant savings
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and attractive returns on investments, among which, the HR provides the
highest PI, equal to 7. Although it has the lowest NPV after 20 years, the
very low capital costs and the simplicity of the technology make the HR the
most profitable solution. More in detail, concerning the thermal power plant,
the PS1 provides the highest rate of primary energy saving, nevertheless,
such a solution requires substantial investment costs that lead to a SPB
value of circa 8 years. Given the possibility of exploiting sea water, a system
based on the WSHP is certainly a very efficient solution to take into
consideration, despite the higher costs. Indeed, all the alternatives
investigated to reduce electricity demand from the power grid are viable
from the economic point of view. While both low- and medium-transparency
photovoltaic glass (PS3) are less impacting and do not require dedicated
supporting structures, traditional PVs (PS4) are more efficient and return
major savings (8.1 k EUR/year). However, traditional PVs are more
expensive returning higher SPB (~10 years) with Pl equal to 0.3.

Table 9. Summary of the economic value of considered energy-saving

measures.
PS1: WSHP 5.2 - 7.6 25.1 0.6
PS2: Heat recovery 1.3 - 1.6 13.9 7.0
PS3: Low-T PVs 4.9 0.8 7.6 27.9 0.6
PS3: Medium-T PVs 43 0.7 9 17.5 0.4

PS4: PV canopies 8.1 1.3 9.8 25.0 0.3
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2.4 Conclusions

The “Molo Beverello” maritime station in Naples was numerically
analysed by means of the developed methodology (described and
discussed in Chapter 1) to identify energy efficiency strategies and reduce
the overall primary energy consumption of the facility. Specifically, a
detailed BIM model of the building was developed in order to automatically
generate a reliable energy model exploiting the information included in the
BIM database. The optimal modelling level of development (LOD) was
chosen after an optimization procedure aimed at identifying the optimal
trade-off between model accuracy and time costs of the whole simulation
process.

Taking the current status of the project as a baseline, several energy-
saving strategies were simulated by the developed workflow to evaluate
their conveniences, such as: water-source heat pump, heat recovery from
chiller condensers, replacement of window facade with special photovoltaic
glass, and replacement of shading systems with photovoltaic canopies. The
adoption of the selected measures always showed interesting outcomes
from an energy, economic, and environmental points of view. Moreover, it
is also interesting to notice how the approach used fits with the needs of the
sustainability of buildings, both in the planning and management phases.
Both RES-based technologies and advanced HVAC strategies are
demonstrated to be fundamentals to increase decarbonisation potential and
achieve the goal of net zero of large facilities as the one analysed in this
chapter.
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Chapter 3
Assessing the energy
consumption of building stock
in railway infrastructures

Summary

This chapter presents the potential energy consumption reduction due
to envelope improvement, increase in system efficiency, and the electrical
load reduction in the railway building stock. To this aim, a simulation tool is
developed to assess the energy footprint and potential savings of railway
buildings, intended to support railway infrastructure operators and decision-
makers in planning systematic energy retrofits.

The developed methodology is applied to the Italian railway building
stock, modelled with a bottom-up approach, identifying several groups of
similar stations (archetypes) that are clustered according to real data
collected. Afterward, a data-driven model is derived from the detailed
dynamic simulations of physics-based models representing the whole
building heritage. To provide guidelines for railway operators, a
comprehensive analysis is conducted on the considered case study.

The surrogate data-driven model shows R? coefficients always above
0.93 compared to physics-based model in predicting heating, cooling and
electricity demand. Depending on the size of the stations, the mean relative
error is in the range 5.9-15.0%. Furthermore, the surrogate model turns out
to be an easy-to-use tool to analyse retrofit scenarios and take informed
decisions, while the methodology is easily extensible and scalable to other
contexts. As proved, the most impactful measure among the ones
investigated is the adoption of high-performance lighting systems which
entail an overall primary energy saving up to 26%, with very low pay back
periods (~1 year).
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3.1 Introduction

Despite train is the first modern mobility system, rail infrastructures still
provide one of the cleanest and most convenient transport modes. Rail
infrastructures are responsible for 3% of the global transports energy
demand [2], a modest value compared with the share that railways take in
the entire transport activity.

Between 2005 and 2015, the European passenger rail activity increased
by 8.9%, of which high-speed rail is responsible for 84%. In the same period,
China registered a huge increase in railway traffic, passing from 7 billion of
passengers per km in 2005 to 386 billion passengers per km in 2015 [62].
This rapid development led to a higher attention to the carbon footprint
related to the whole rail industry. Consequently, energy efficiency of non-
traction infrastructures such as station buildings, depots and sub-stations
are also gaining importance to reduce their energy demand. This segment
of the entire rail industry accounts for the 10% of the total energy used in
the sector [63] which is even higher within urban areas [64]. At the same
time, with the increase of living standards, passengers are demanding
increased comfort and greater services in building stations, representing a
difficult challenge for the railway industry and transportation sector in
general [5]. Accommodating passengers’ needs, providing comfortable
environment in waiting halls and high quality services can significantly
encourage the adoption of rail transports, with significant benefits for the
environment [65]. Several scientific works focused on the passengers’
comfort aspect [66], and the related energy consumption due to the Heating,
Ventilation and Air Conditioning systems (HVAC) [67-70] or electrical
equipment [71]. However, while new stations are being built to high
standards and very efficiently, the existing building stock of the railway
infrastructure is often outdated and does not meet the most modern
efficiency standards.

Improving services for passengers in a significant way requires
important renovations that can also contribute to reduce the carbon footprint
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of railway stations. Of course, energy retrofits enable significant cost
savings as well, allowing money to be directed back into improving customer
experience and overall company performance [63]. For this reason the
railway operators plan to renew their facilities; it is the case of the Italian
company Rete Ferroviaria Italiana RFI that planned important investments
on the infrastructure between 2022 and 2026 exploiting funds allocated by
means of the National Recovery and Resilience Plan (Piano Nazionale di
Ripresa e Resilienza, PNRR) by the ltalian government [72]. In this
framework, benchmarking activities of building stations energy consumption
are of significant to railways authorities to develop informed energy
efficiency plans.

3.1.1 Studies on energy consumption of railway stations

Unlike other building typologies such as residential or commercial [73],
train station energy consumptions are poorly investigated on medium or
large scale. Moreover, the overall impact of stations on the entire regional
or national rail network energy use is rarely considered even in precise
studies of the sector, mainly focused on train energy consumption [20, 74].
The assessment of their energy/environmental footprint strongly depends
on availability of detailed data of both construction and technological plants.
As an example, within a study on the carbon footprint and environmental
impact of a Railway-Infrastructure (RI) [75], a synthetic and fast estimation
of energy consumption and other environmental indices are provided for 5
relevant building typologies, without providing details about calculation
assumptions and building features. Similarly, a large energy consumption
survey on traffic buildings in China was conducted in ref. [76]. The authors
analysed airports, railway and subway stations. As regards railway stations,
the ones located in the hot summer and cold winter areas are the most
consuming buildings with an average Energy Use Intensity (EUI) of 147
kWh/m?2year, followed by the hot and warm winter area with an EUI of 122
kWh/m?year.

With the aim of identifying the most impacting parameters on energy
consumption and provide a benchmarking tool, a Multiple Linear Regression
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(MLR) was applied for the energy consumption data collected from 80 large
stations in China [77]. Both for heating and cooling energy consumption, the
authors identified the building area, number of passenger and regional
Gross Domestic Product (GDP), as well as other construction
characteristics, as the main influencing factors. With R? values greater than
0.609, their model was found to be reliable and applicable. The study,
however, mainly focuses on large railway stations and does not consider
small or medium ones, which could limit the model applicability in such
circumstances. Train station complexes are also analysed in ref. [78], where
the multiple variable dependent regression model (similar to [77]) was
developed to provide a design tool. In addition, the impact of the user
typologies in the station complex was also considered adopting both
measured and simulation data of typical building usages. Wang et al. report
A methodology used to estimate both the energy consumption and the CO:
emission of the Chinese High-Speed Railway infrastructure (HSR) during its
life cycle was presented in [79]. The proposed model consists of 3 blocks:
Infrastructure cycle, HSR train cycle and operation cycle. It also accounts
for the buildings and stations of the network since, “the energy consumption
and carbon emissions during the HSR operation cycle mainly come from
the operation of HSR and daily operation of HSR stations”. The study proves
that accurate models are fundamental to reliable Life Cycle Analysis (LCA)
in this field.

3.1.2 Modelling approaches of building stock

In general, simplified models to evaluate energy consumption of
buildings are recognised as useful tools to adopt in the early design stage
[80, 81]. Moreover, they are of great importance in decision-making
processes since accurate models may provide technical support and data
evidence to define informed plans for construction and/or renovation of the
entire building stock, including railway stations. Nevertheless, models
estimating performance of buildings on large scale rely on availability of on-
site measurements or precise energy-related information that are often
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inadequate [82]. Several and different approaches to represent
performance of building stocks and overcame the lack of energy
consumption data have been developed either at urban or national level [83,
84]. The most adopted one is the bottom-up analysis that is based on
identification of representative buildings to reflect a large population of
buildings [60, 85]. Otherwise, using a top-down approach, groups of
buildings are treated as an aggregated energy entity, where energy
consumption is correlated to some top-level variables (GDP or other
economic indices, weather etc.) [86]. Between the two approaches, the
bottom-up analysis better reflects the spatial distribution of energy
consumption and allows more accurate and detailed calculation.
Nevertheless, the effort to develop the model is higher due to the need of
defining a number of building archetypes that will be simulated and allocated
in predefined building set. Usually, single archetypes are simulated by
physics-based models to dynamically calculate their energy consumption
[87, 88].

In this context, several urban building energy modelling procedures and
tools based on the most used state-of-the-art Building Energy Modelling
(BEM) software (i.e. EnergyPlus, Modelica, TRNSYS, etc.) have been
developed [89, 90]. Such tools require building geometry, location,
construction types, HVAC system and operation patterns, and weather data
as input [91] and provide hourly or sub-hourly energy consumption profiles
[16]. By parametrization of archetypes, urban BEM tools has the capability
of good representing the building diversity, thus, investigating energy
management strategies and retrofit plans for cities or districts. To support
the spread of the urban BEM methodology, new data format such as
CityGML [92] or GeoJSON [93] have been developed to facilitate urban
building modelling and create standards for 3D building shape
implementation [94]. However, although open-source Geographical
Information Systems (GIS) databases are rich of information, they lack
comprehensive building data. Therefore, it is still required a big effort for
urban modellers to define geometry and physical properties of archetypes
[95]. In order to bridge this gap, some projects aiming at identify and classify
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building typologies of European countries were developed to support
building experts [96, 97].

3.1.3 Considerations and aim of the work

As reported in [98], the majority of the current studies in the field of
building stock energy analysis focus on residential sector. Only few studies
addressed office buildings or non-residential buildings, which is
understandable since homes represent most of the built environment.
Furthermore, according to the literature review, no studies were carried out
by considering a whole building stock, and specifically the railway stations
building stock, and none of them proposes a combined approach based on
BEM and archetypes to derive data driven models [99]. Defining a baseline
and benchmarking stations energy demand - whether these are small
regional stations or large terminal for national or international traffic - is
fundamental for railway authorities to develop a sustainable plan and reduce
both expensive waste of energy and harmful greenhouse gas emission.

In this framework, this chapter focuses on a novel approach proposed
to assess the energy consumption and the potential energy retrofit actions
for the railway stations building heritage. The approach adopted is based
on the dynamic simulation of detailed physics-based building models,
conducted by means of a BEM tool. The investigated stations are owned by
the main Italian railway operator, Rete Ferroviaria Italiana (RFI), that
manages more than 2000 stations spread throughout the Italian peninsula.
According to the available data, several archetypes are defined by
clustering similar stations, following a bottom-up approach. The developed
physic-based model was then used to develop a surrogate mathematical
model to provide an easy-to-use tool for the interested stakeholders to
estimate the end-use energy consumption of the station buildings.

The developed tool was adopted to analyse some retrofit scenarios such
as envelope or HVAC system improvement, and reduction of electric loads.
A comprehensive energy and economic analysis of the Italian railway
building stock is also presented. The analysis has a twofold aim, such as: i)
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proving the feasibility and scalability of the methodology to be applied to
other cases and building stocks, and ii) supporting the investment planning
of the Italian railway operator (RFI) as part of the National Recovery and
Resilience Plan (Piano Nazionale di Ripresa e Resilienza, PNRR) which
amounts to 24 billion of euros.

3.2 Materials and method

This section includes the description of the key steps of the proposed
methodology, structured by following the actual workflow adopted to carry
out the study. Starting from the analysis of the selected railway
infrastructure, the simulation model was built with a bottom-up approach
involving building archetypes, extrapolated from the available data [57],
[100]. All those phases are schematically summarized in Figure 21 and
described in detail in the following subsections.

« Station IDs ) .
« Geographic coordinates Classification

« Station services
« Station typology

&
( \ Railway

! i| « weather zone
- ; - Archetypes i
infrastructure i Data collection yp 4 « EUI
— . H definition i v .
= analysis i i| + HVAC strategies
@ i i (* *Energy indices:
\ o H g APE, PES
Kk goXML i | Development of : : ] . T
b sl hysic-based Development of Simulation and i ] - Environmental indices:
H p ymo del H surrogate model results analysis ] aM,,,
i i i| «Economic indices:
« Station geometry ta-- @ [ I MaTLAR F
+ Occupancy profiles
+ Usage profiles Parametric simulations & Data regression t
\ * Physic characteristics / ‘

Figure 21. Schematic workflow of the methodology adopted
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In sections 3.2.1, the analysed case of the ltalian passenger stations
and the procedure to gather the available data and classify the stations are
respectively presented. Afterword, building archetypes modelling and
mathematical formulation of the developed surrogate model are described
in sections 3.2.2 and 3.2.3, while the economic and energy performance
assessment method is reported in section 3.2.4. The proposed methodology
was exploited to also provide a graphical visualization of energy indexes, by
showing the geographical distribution of the impact of the renovation
measures.

3.2.1 Case study: the Italian railway building stock

The main ltalian national railway network is entirely managed by RFI
and runs through all the Italian regions and their provinces. In 2020, RFI
registered 16782 km of active rail lines (mostly electrified, 72%), of which
1467 km of high-speed rails [101].

Circa 2200 passenger stations serve the rail network. As shown in
Figure 22, Italian stations are distributed throughout the national territory,
however, a higher concentration is recorded in the north side or near the
most populated cities, i.e. Rome, Milan, Naples and Turin. RFl owns and
operates over 2000 stations, while the rest are operated by regional or local
authorities. Due to the lack of data, stations of regional or local operators
are excluded from the analysis.

Although there are several modern stations from an architectural point
of view, most of them have a typical style and construction typology that
have been reproduced when built since the 20*" century.

Currently, the ltalian railway authority is involved in an innovation
process and places its commitment against climate change and waste
energy reduction as one of the priority objectives of its business model.
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Figure 22. Geographic distribution of Italian railway stations. Data from
[62], [63].

Data availability is one of the main challenges of building stock analyses
and urban energy modelling. This study is based on the official information
provided by RFI and other public databases [62], [63]. Specifically, data
related to each of the 2070 considered stations are retrieved by an
automated procedure. Specifically, a Matlab routine was suitably developed
to query the abovementioned open databases, reducing the time and effort
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of data collection. The following data were collected: station ID, geographic
coordinates, and the types of services provided to passengers.

The information available allowed to define a clusterization criteria to
group stations in order to also provide results and graphical visualization of
energy indexes, by showing the geographical distribution of the impact of
the renovation measures. The aggregation of similar stations was defined
according with the official administrative subdivision of the Italian territory
[102].

Moreover, RFI identifies stations on the basis of a classification system
that is based on passengers traffic, station attraction, interchange capacity
and commercial services quality [103]. Four categories are defined:

- Bronze. The facilities consist of small stations and stops that may be
unstaffed, with the passenger building closed to public, and equipped
with services only for regional or local traffic. Generally, the average
number of users is <500 daily users.

- Silver. Medium-to-small facilities that may be unattended, equipped
only with urban, sub-urban or metropolitan services. The average
number of users is >2500 daily users (sometimes >4000 daily users).

- Gold. Medium or large plants equipped with high quality services to
travellers for long, medium and short distances. Specific services for
non-travelling visitors are generally guaranteed. The average
number of users is >10000 daily users.

- Platinum. Large plants equipped with high quality passenger
services for long, medium and short distances and High Speed train.
Specific services for non-travelling visitors are always guaranteed.

The average number of users is >25000 daily users.

It should be underlined that the classification system adopted by the
Italian railway operator does not account for any energy or sustainability
indices or protocols. The sole grouping criteria adopted are the relevance
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and the size of the stations. Hereinafter, the same nomenclature adopted
by RFI is considered for the classification in the proposed methodology.
Specifically, the four considered categories are referred to as stops
(Bronze), small stations (Silver), medium stations (Gold), and large stations
(Platinum). The geographic distribution of the railway stations as classified
by RFI is provided in Figure 23.
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Figure 23. Geographic distribution of RFI railway stations, classified in
Bronze, Silver, Gold and Platinum stations. Data from [62], [63].
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As mentioned above, stations services (reported in Table 10) are also
provided for each station of the network. This information reflects the
importance of the considered facility and is useful to define its specific
energy consumption.
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Figure 24. Services of stations (the corresponding ID number of
services is reported in Table 10).

It is worth noticing that in Figure 22 the marker size of RFI stations is
proportional to the number of services provided by the station facilities.
Furthermore, the number of stations facilities that offers specific services
are reported in Figure 24. Services are also marked with the symbols E
(Energy consuming services) and C (Commercial services) for classification
purpose which will help assessment of energy consumption.
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Table 10. Services provided by the station facility.

Services ID number and

typology

Accessibility Track accessibility - -
Assistance services for people with disabilities - -

Accessible toilets = -

Parking with reserved places - -

Sound public information systems 1 E

Visual public information systems 2 E

Accessible ticket office - -

Services Ticket office 3 E
Toilet 4 E
Spaces for waiting 5 -
Bar, cafeteria, restaurant 6 C,E
Vending machines for snacks and drinks 7 E
Tobacco 8 CE
Newsstand 9 C,E
Tourist / cultural information points 10 C,E
Shopping 11 C,E
Travel services 12 CE
Luggage storage 13 E
Security 14 C E
Supermarkets, groceries, minimarkets 15 C,E
Pharmacy 16 C,E
Library 17 C,E
Financial and postal services 18 C,E
Integrated Local public transport - -
mobility Bike - -

Auto Motorcycle - -

Direct connection with the airport - -
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A reliable modelling of station archetypes needs detailed data about
construction typologies, building size and facility operation in order to derive
typical stations that represent a larger group of stations. However, as no
GIS data about size and characteristics of the stations are provided, the
procedure to define archetypes was made by observations of satellite
images. Specifically, due to the large population of buildings considered in
the study (Bronze (Stops), 1043; Silver (Small), 802; Gold (Medium), 99;
Platinum (Large), 15), the 10% of each station category has been randomly
sampled to statistically represent the entire population of the category
(Bronze (Stops), 104; Silver (Small), 80; Gold (Medium), 10; Platinum
(Large), -). Then, satellite images of the station sample were detailed
analysed to identify one or more common building prototypes which may
faithfully feature the station category. Their volumes were evaluated by
measuring both the footprint areas and the building elevations. Three
building prototypes were identified to respectively represent the Bronze,
Silver and Gold stations. They have been built based on the average
volumes estimated respectively as high as 1200 m3, 3000 m? and 15000 m?
for the Bronze (Stops), Silver (Small) and Gold (Medium) stations. It is worth
noticing that Platinum (Large) stations were excluded from the analysis
because they are extremely heterogeneous and require careful
considerations. Based on the three selected building prototypes, different
archetypes are identified by considering the following assumptions:
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1. 5 climatic conditions according to ltalian weather zones, classified by
Heating Degree Days (HDD) and Cooling Degree Days (CDD): Zone B,
600< HDD< 900; Zone C, 901< HDD < 1400; Zone D, 1401< HDD<2100;
Zone E, 2101 HDD<3000; Zone F, HDD>3000);

2. 4 heating and cooling strategies (no HVAC systems, HVAC only in
waiting halls, HVAC only in workplaces/services room, HVAC both in
waiting halls and in workplaces/services rooms);

3. 4 different electric load intensities (5, 10, 15, 20 W/m?).

By combining these parameters, 80 different archetypes are generated
starting from each building prototype. In Figure 25, the 3D models of the
selected prototypes, as well as a logical scheme of the described workflow
are reported.



Latitude

Latitude

45°N |

4PN |

40FN

3—76

Implementation of sustainable systems toward Net Zero Energy

Infrastructures:
methodology and design criteria

A

[ Station sampling }

5E 10°E 15°E 0°E
Longitude

Analysis of satellite
images and average
volume assessment

3

[ Station prototypes ]

5 Italian
weather
zones

strategies

4 Electric
load

intensities

Archetypes
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3.2.2 Energy modelling of archetypes

Once defined both station prototypes and all archetypes, the physic-
based energy models are developed. The three-dimensional models were
carried out by means of the BIM (Building Information Modeling) software
Autodesk Revit. It allows to create, and export through gbxml format [104],
a detailed energy model leveraging all the energy-related information
inputted in the BIM model, such as geometry, construction materials, zones,
occupancy schedules, lighting, set-point temperatures, ventilations, etc. So,
after the three station prototypes (Bronze (Stops), Silver (Small) and Gold
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(Medium)) are modelled, the energy models of the prototype were exported
in OpenStudio environment to further manipulate the model and define the
basis for archetypes simulations in EnergyPlus. The data transfer from BIM
to BEM software relying on gbxml format is a completely automated process
performed by means of the Revit Systems Analysis, which is a built-in
feature of Autodesk Revit 2021 [68].

In Figure 26, the BIM and BEM models of the Gold stations are shown.
Here, it is also possible to see the space types that have been considered.
For simulation purposes, each space has been defined as an independent
thermal zone. According to building archetypes defined in the previous
section, the thermal zones conditioned by HVAC systems are Offices,
Waiting hall and Services. Bronze and Silver stations are not reported for
the sake of brevity since their modelling is quite similar. As concern thermal
zones, the only difference in the Gold stations is the presence of office
spaces on the upper floor that are not considered in the other building
prototypes. The parameters inputted in the energy model for conditioned
thermal zones are summarised in Table 11, Table 12 and Table 13. Please
note that other space types/thermal zones shown in Figure 26 are not
conditioned, however, they are occupied so lighting and equipment power
densities are also considered.

As regards to the air-conditioning plants modelling, the simulations are
performed by considering the station buildings equipped with ideal HVYAC
systems to estimate the heating and cooling energy demands. Then, the
primary energy required is calculated by means of performance coefficients
of real systems such as heating boilers or heat pumps/chillers, according to
equation (16). Given the purpose of the research study and to keep the
analysis as less case specific as possible, the HVAC systems is not
modelled in detail, whereas the surrogate model is derived from the physics-
based building heating and cooling demands (as described in section 3.2.3).
The developed model is intended to be a general tool for analyses in a wider
domain than that of a single building, useful in planning and life cycle
analysis.
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Private rooms

Waiting hall
Entrance hall
Offices

Services

Figure 26. Energy model and zoning.

Table 11. Input parameters of energy model for Bronze stations.

Services Waiting hall Offices
Parameter Settings Value Settings Value Settings Value
Occupancy schedule [h] = 6:00 —21:00 1 [people/m2] = 6:00 —21:00 1 [people/m2] - -

Lighting schedule [n] ~ 18:00—-9:00 12 [W/m2]  18:00-9:00 12 [W/m2] - -

. 5,10, 15, 20
Appliances schedule [h] = 0:00 — 24:00 0:00 — 24:00 6 [W/m2] - -
[W/m2]
Ideal load Ideal load
HVAC system ealloads ON; OFF ealloads ON; OFF ; ;
Bronze air system air system
Stops
(Stops) Heating set-point [h] 6:00 — 21:00 20 [°C] 6:00 — 21:00 20 [°C] - -
Cooling set-point [h] 6:00 —21:00 26 [°C] 6:00 —21:00 26 [°C] - -
Outdoor air Outdoor air
. flow air flow air
Ventilation 8 [ACH] 8 [ACH] - -
changes per changes per

hour hour
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Table 12. Input parameters of energy model for Silver stations.

Parameter
Occupancy schedule [h]

Lighting schedule [h]

Appliances schedule [h]

Silver HVAC system

(Small) Heating set-point [h]

Cooling set-point [h]

Ventilation

Table 13.

Parameter
Occupancy schedule [h]
Lighting schedule [h]

Appliances schedule [h]

Gold HVAC system
(Medium)
Heating set-point [h]

Cooling set-point [h]

Ventilation

As said, archetypes are generated by varying HVAC operation
strategies, electric load intensities and weather conditions. A suitable
algorithm developed in Matlab programmatically modified the EnergyPlus

Settings
6:00 — 21:00
18:00 — 9:00
0:00 — 24:00

Ideal loads
air system
6:00 — 21:00
6:00 — 21:00

Outdoor air
flow air
changes per
hour

Value
1 [people/m2]
12 [W/m?]
5,10, 15, 20
[W/m2]

ON; OFF

20 [°C]

26 [°C]

8 [ACH]

Settings
6:00 — 21:00
18:00 — 9:00
0:00 — 24:00

Ideal loads
air system
6:00 — 21:00
6:00 — 21:00

Outdoor air
flow air
changes per
hour

Value
1 [people/m2]

12 [W/m2]

6 [W/im2]

ON; OFF

20 [°C]

26 [°C]

8 [ACH]

Settings

Input parameters of energy model for Gold stations.

Settings
6:00 — 21:00
18:00 — 9:00
0:00 — 24:00

Ideal loads
air system
6:00 — 21:00
6:00 — 21:00

Outdoor air
flow air
changes per
hour

Value

1 [people/m2]

12 [Wim?]

5, 10, 15, 20
[W/m2]

ON; OFF

20 [°C]

26 [°C]

8 [ACH]

Settings
6:00 — 21:00
18:00 — 9:00
0:00 — 24:00

Ideal loads
air system
6:00 — 21:00
6:00 — 21:00

Outdoor air
flow air
changes per
hour

Value

1 [people/m2]

12 [W/im2]

6 [W/m2]

ON; OFF

20 [°C]

26 [°C]

8 [ACH]

Settings
6:00 — 21:00
18:00 — 9:00
0:00 — 24:00

Ideal loads
air system
6:00 — 21:00
6:00 — 21:00

Outdoor air
flow air
changes per
hour

Value

Value

0.12
[people/m2]

12 [W/im2]

6 [W/m2]

ON

20 [°C]

26 [°C]

8 [ACH]
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input data file (idf). To do so, the idf generated from the OpenStudio models
were manually modified to define the varying parameters (e.g. U-value and
internal thermal loads) that are then parsed by the purposely developed
Matlab routine. The 5 weather files that represents the considered weather
zones are collected from the public repository “Gianni De Giorgio” (IGDG).
Specifically, the weather files of Palermo, Bari, Roma, Milano and Tarvisio
were used for the weather zones B, C, D, E and F, respectively.

Finally, dynamic simulations of all the archetypes are performed with a
timestep of 0.25 hours, providing accurate results of building energy needs.
The outputs of the dynamic simulations are then integrated on annual basis
obtaining the heating Endn, cooling Endc, and electricity Enqer demands. As
archetypes are derived from the simplification of the entire station building
stock, the Engn, Enda,c, and Enge indices, which refer to a specific archetype,
are assumed to represent all the stations with similar characteristics (same
archetype), as typically occurs in bottom-up modelling approaches.

It worth of noticing that archetypes are simulated according to the
prescriptions of the Appendix G of ASHRAE Standard 90.1 to provide
building energy consumptions that are neutral to building orientation.

3.2.3 Surrogate model

Detailed physics-based building energy models require a high number
of input parameters and it is a very time-consuming task. Therefore,
simplified models based on data regression may be useful tools for
designers and benchmark purposes [105, 106].

To define a reliable and a simple surrogate model to be used as an
alternative to the detailed model, a linear regression approach was adopted.
Heating and cooling needs of archetypes, Enan and Enq.c, resulted from the
physics-based model, were fitted by a first-order equation function of HDD
and CDD. Afterwards, correlation coefficients were adjusted to take into
account the effect of fraction of conditioned volume (heated and cooled
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volume to total volume ratios, Vw/V and V/V), the wall U-value, and the
electric equipment load intensity (leii0ads). Furthermore, a linear equation
depending on total electric light load intensity /e ignts and the total electric
equipment load intensity /le;equipment iS derived to calculate the total electricity
demand Ende. The progressive steps of the data regression procedure,
which leads to equations (11), (12) and (13), are summarised in Figure 27.
Curve fitting was carried out by the curve fitting tool in Matlab environment.

E

nd el

= ael ' Iel,lights

+b

el I el equipment

v, v
Ei= ((ch,l e, V’j ' (ch,} g U) + [Ch.s oY Vh) : (ch,v g U) ' HDD] ' (Cw MR )

:hj
=
a
Il
N
/N
o
bl
+
o
[N

I; j-(ca3 +e,, -U) +(ca5 +C, %) . (ct,’7 +C, -U) . CDD]~(CC‘9 +C10 Lo touss )

(11)

(12)

(13)

Linear regression

(step 1)
Epgi = ay+ byHDD
E,y.=a.+ b, ,CDD

Eoger = Qerleiighs + Do Lot equipment

—>

Coefficient adjustment

(step 2)
aye =JiV3 V)
by =AMV dV)

—>

Coefficient adjustment

(step 3)
Qe =fiVy/V, U)
by =SV /V, U)

—>

Coefficient adjustment

(step 4)
Eyqpn = IHDD, Vi/V, U, Ly jgaas)
Eyge = fICDD,V/V, U, Ly joas)

Figure 27. Schematic procedure of the surrogate model development.

The accuracy of the surrogate model was evaluated by the coefficient
of determination (R?) which is an index of the goodness of how the surrogate
model approximates observations [107]. R?is function of the i-th expected
output x; the i-th predicted output y;, and the average value of all the
expected output x . It is calculated by equation (14).

(14)
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The surrogate model will be used to calculate energy consumption of
the entire Italian stations building stock according to the available data
described so far. In addition, the mean relative error e was calculated
according to equation (15), which is the mean percentage deviation
between surrogate and physic-based models:

3.2.4 Energy, economic and environmental assessment

To calculate the energy and economic performance of the system,
several indices are calculated for both the proposed system and the
reference one [108].

The primary energy (PE) is calculated by considering the primary energy
conversion factors ne, nn and ncfor electricity, heating, and cooling, as:
End,el End h E

PE = ey nde (16)
el up .

The primary energy saved (APE) and the primary energy saving (PES)
of the proposed scenarios respect to the reference case, are calculated as:

APE = PEreference - (1 7)

PE

proposed

PE
PES =1— proposed (18)

reference

To assess the economic profitability the Simple Pay Back period (SPB)
is calculated as:

SPB:iLC (19)
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where I is the investment cost and AC are the cost difference between
reference and proposed scenarios. At last, net present value (NPV) and
profit index (P/) are also evaluated as:

NPV:AC-{l-[1— L N}}—Io (20)
P d+p)

here p is the interest rate and N is the time span.

_ NPV
IO

PI

(21)

Finally, the environmental performance is assessed by the AMco. index
that represents the total equivalent CO2 emitted. The indicator is calculated

by:
AMCOZ =E, F,+E, -F, (22)

Equation (11) involves the energy consumption provided by electricity
E. and natural gas Eg, as well as the related emission factors Fejand Fpg.

3.3 Results and discussion

In this section, both the data regression procedure and simulation
results of the carried analysis are presented and discussed.

The surrogate model is defined by equations (11), (12) and (13) that are
fully characterised by means of several constant coefficients for each station
category, reported in Table 14. Users are required to input 3 input variables
to calculate heating and cooling needs, and 2 input variables for electricity
demand, which are much fewer inputs compared to detailed physics models
such as the ones developed for archetypes.
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Table 14. Surrogate model coefficients.

Heating Ch,1 -0.134 Ch, 1 0.366 Ch,1 4.896
demand | . -33.808 Ch2 -10.052 che  18.507
Chs 1.056 Chs 1.137 chs  0.908

Cha -0.058 Chs -0.164 chs 0123

Chs 0.000 Chs 0.000 chs  0.011

Cho 0.171 Cho 0.209 che  0.194

Ch 0.911 Ch 0.970 chy  0.971

Chs 0.093 Chs 0.036 chs  0.039

Cho 1.073 Cho 1.054 Cho 1.015

Chio -0.006 Chio -0.004 chio  -0.001

Cooling Ce,1 0.044 Ce,1 -0.209 Ce,1 -1.072
demand . . -6.789 Co2 -2.659 oz -3.669
Cos 0.908 Cos 0.908 Cos  0.946

Cot 0.096 Cod 0.096 s  0.073

Co5 0.001 Cos 0.001 Ces  -0.008

Cos 0.423 Cos 0.336 s 0.201

Cor 0.910 Cor 0.910 Cor 1.011

Cos 0.094 Cos 0.094 ccs  0.015

Cc,9 0.797 Cc9 0.807 Cc,9 0.974

Cort0 0.016 Cort0 0.015 oo 0.002

Electricity 8ol 3.968 8ol 3.968 8ol 3.968
demand 6.308 bl 6.308 bl 6.308

The surrogate model provides very accurate results and reflects with
good agreement the outputs of the physics-based model as shown in the
charts of Figure 28, Figure 29, and Figure 30.



Giovanni Francesco Giuzio 3—85

Bronze (stops)

a) Heating demand b) Cooling demand
500 ¢ T o 100 ¢ o
¢ simulated station s ¢ simulated station // ¢
0% error // 0% error e
. o x ¥ . o/, o
=% 400 - 10//0 error .// rd =5 gp 10/? error e P
= > — — —15% error - s =\ > — — —15% error - <
= 5 - g ZFE e g
g © 20% error s P S I R 20% error B P
T o s = 4 e
= ] Ao o & - =
K 300 - - i & 60¢ ./ o
= Y v = o -
= 7 7 S -, //,-
2 2 s B A ‘
o 200 e o 4ot P e
-~ 2 = s
5] I =] “
> o =gl : 74
I g/ & 2 P
Iy 4 = e
t}::; 100 - K /_/"/ R2 =0.97 C?} 20+ 7. [‘/ R2 =0.99
% g
; 7/
0 I ' 1 L s 0 |
0 100 200 300 400 500 0 20 40 60 80 100
Physical model Ej % Physical model E. g %

Figure 28. Model accuracy comparison for Bronze stations, a) heating
needs and b) cooling needs.

Specifically, in the figures both the heating (a) and cooling needs (b)
calculated by the surrogate model for different station archetypes are plotted
against the same outputs of the physic model. The relative errors are mostly
within the range +20% with some exceptions for low Epn¢ and Ecng values.
However, the mean relative errors, calculated by means of equation (15)
taking into account all the archetypes of the considered station typologies
(Bronze (Stops), Silver (Small), Gold (Medium)), are equal to 15.0 %, 6.7%,
and 5.9% for En ng, While 6.2%, 7.7%, and 9.8% for Enna. As expected, the
higher error is registered for Bronze (Stops) stations as Exng values are
lower compared to the other station categories. The determination
coefficient R?, calculated by equation (14), is also reported for each station
category. It should be noted that R?is greater than 0.97 in case of Bronze
(Stops) and Silver (Small) stations, while it is equal to 0.93 in predicting the
cooling demand of Gold (Medium) stations.
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Figure 29. Model accuracy comparison for Silver stations, a) heating
needs and b) cooling needs.
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Figure 30. Model accuracy comparison for Gold stations, a) heating
needs and b) cooling needs.



Giovanni Francesco Giuzio 3—87

In this case, the lower value of determination coefficient is due to the
increasing complexity of the station building compared to the simplicity of
the surrogate model.

The high values of R? obtained prove the validity of the proposed
approach. As also mentioned in the introductory section of this chapter,
regression models with even lower values of the coefficient of determination
(R?) have been obtained and applied in the literature. However, it must be
considered that these models are derived through a fop-down approach
using consumption data and available indices of the buildings investigated.
As regards the approach used in this study (i.e., the bottom-up), the greatest
uncertainty lies in the input data, i.e., in the selection and physical modelling
of the archetypes, as well as in their ability to represent the stock of buildings
under study. Therefore, given the wide consensus and trust that building
energy modelling experts place in BEM tools, this methodology is
considered, if based on reliable data and consistent models, suitable and
coherent for carrying out a large-scale analysis of the building heritage of
railway stations.

The simplified calculation method is not intended to replace neither
detailed building energy models nor dynamic simulations of HVAC systems
in the design process. BEM is still the most convenient state-of-the-art
method to investigate passive and active energy saving strategies for
complex buildings. However, it requires significant efforts, so that a
surrogate model can be successfully adopted as decision support tool to
analyse building energy demand on a large scale. Its viability is
demonstrated by a suitable analysis of retrofit actions on the over 2000
Italian railway stations. Specifically, three different systematic energy retrofit
actions have been analysed: the envelope performance improvement, the
renovation of HVAC systems, and the implementation of more efficient
lighting systems. Such interventions have been individually investigated
both on the entire building stock and on part of it. They consist in the
reduction of U-value factor to 0.60 (Bronze), 0.51 (Silver) and 0.44 (Gold),
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the switching to highly efficient heat pumps (SCOP=4.0) and chillers
(SEER=4.0), and the reduction of lighting power density to 3.4 W/m?2.

The potential benefit of the investigated strategies has been evaluated
by comparing their related energy consumptions to the one of the baseline.
The latter is calculated according to the following assumptions:

HDDs and CDDs are taken by the lItalian regulation (Allegato A of DPR
412/93 [109));
Viw/V is calculated by the number of conditioned thermal zones defined
in station archetypes. It depends on whether stations provide
commercial services (marked as C in Table 10), or waiting halls, or
both;
U is as high as 1.8, 1.6 and 1.4 respectively for Bronze, Silver and Gold
stations.
leil0ads depends on the total number of energy-consuming services Nsenices
(marked as E in Table 10): if NservicesS2 then lejjoads=5 W/m?; if 2<Nsenices<6
then lejj0ads=10 W/m?;

if 6<Nserices<12 then lejjoads=15 WI/m?; if Nsenices>12 then leijoads=20
W/m?;
Heating system: Gas Boiler (ngv=0.9); Cooling system: Split System
(SEER=3.0);
Primary energy consumption calculation is performed taking into

account the average ltalian electricity conversion efficiency of 7, =0.46.

A graphical visualization of primary energy consumption is reported in
Figure 31, where all contributions due to electricity, heating and cooling are
compared for both baseline and renovation scenarios. This figure also
shows how the proposed methodology can be exploited to provide a
graphical visualization of energy indexes, by showing the geographical
distribution of the impact of the renovation measures.
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The Electric loads reduction strategy turns out to be the most impactful
solution from an energy point of view, providing a PES of ~26.0%, followed
by the System efficiency improvement (14.3%) and Envelope improvement
(1.2%) strategies. The building stock of railway stations is mainly composed
of small or medium passenger buildings, which are often unconditioned.
Therefore, the overall greater impact of electricity consumption compared
to the one related to air conditioning is understandable. However, this might
not be true for the specific stations within the stock and, especially, for the
Platinum (Large) stations that should be investigated by means of
customized analyses.

System improvements show significant effect on the stations energy
performance mostly during the heating season due to the higher efficiency
enhancement of heating generators compared to the cooling ones. Only
3.5% of the annual PES is due to higher SEER of chillers while the heat
pumps are responsible for the rest of primary energy reduction.

Building envelope improvement such as insulation of external walls or
substitution of low-performance windows enable a minor reduction in
primary energy consumption, resulting to be the less interesting energy
efficiency measure to implement on the investigated building stock. Indeed,
station buildings are modelled with high air change rates (8 ACH according
to Italian standard UNI 10339 [110]) to reflect intrinsic characteristics of
terminals, i.e. high infiltrations, high outdoor air requirement, etc. As a result,
the impact on thermal loads and demands due to the heat transfer through
the envelope is low if compared to the ventilation. As expected, the different
station typologies have different impacts in terms of potential energy
savings. Although there are fewer Gold (Medium) stations, these contribute
more to limit primary energy consumption in case of retrofitting envelope
(75%) and plants (79%). Silver (Small) stations cover a smaller share
instead, as high as 24% and 20% for the envelope and system efficiency
improvement respectively. These solutions have no impact (1%) on Bronze-
type stations since only a very small number of stations were considered
air-conditioned. This behaviour is also depicted in Figure 32 where the
shares of primary energy saved for station types are shown.
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Figure 31. Overall impact of systematic energy retrofit actions.

Furthermore, the figure also reports the station typology contributions in
case of the electric load reduction. Here, Bronze (Stops) stations gain
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importance (22%). Nevertheless, the Silver (Medium) stations bring the
greatest savings accounting for 48%.

A similar analysis was also carried out for geographical sub-areas which
is shown in Figure 33. While improvements on stations implemented in
northern and central Italy reflect the performance at national level, in the
South the weight of the small and medium stations is higher. Specifically, in
Sicily and Sardinia, the share of primary energy saved of Silver (Small)
stations reach 48, 35, and 57% respectively for the investigated scenarios,
against 49, 64, and 16% of Gold (Medium) stations. Moreover, Bronze
(Stops) stations in the South of the peninsula contribute for 26% when
electric loads for lighting are reduced.

Envelope
improvement
Saved E, MWh

year

Systems
efficiency
improvment

Saved E, 4Wh
year

Electrical
load reduction
Saved E, 41 h

year

48%

Figure 32. Impact of systematic energy retrofit actions by station
typologies.
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The primary energy saving (PES) strongly depends on the number of
refurbished stations. However, only a limited number of stations should
undergo renovation. Figure 34 showing the PES value for different
percentages of refurbished stations is provided as guidance for the reader.
The index adopted is also useful to quickly obtain information on the
percentage of avoided carbon dioxide emission since the two indexes are
proportional. The results of a sensitivity analysis of the model are also
reported in Figure 34. Different values of parameters such as envelope heat
transfer coefficients (U), system energy efficiency factors (SCOP and
SEER), and lighting power densities (/e1iignt) Were considered. Specifically,
the explored solutions are summarised in Table 15 reporting the value of
the affecting variables as well as the unitary costs adopted for the economic
assessment.

a) b) <)

I | }mm won |
00| Es, HERE, Garmin, USGS rr| st HERE, Garmin, USGS [ro0wi <14

Figure 33. Potential primary energy (GWh) saving by regional areas:
a) Envelope improvement; b) System efficiency improvement; and c)
Electric load reduction.




Giovanni Francesco Giuzio 3—93

It is worth noticing that PES is always an increasing function of the
number of stations refurbished in all the investigated scenarios (see Figure
34). However, interventions such as Env.1, Env.2, and Env.3 or Sys.1,
Sys.2, and Sys.3 do not entail further reductions of PES over certain
percentages of renovation. This is evident in the case of the Silver stations
since the maximum PES value occurs for an intervention on about 30% of
the stock of the medium stations. As already mentioned, the savings of the
smaller stations are negligible. On the other hand, Eui.1, Eui.2, and Eui.3
are the most interesting solutions as all building typologies have significant
potential energy savings, regardless of the number of stations considered.
Furthermore, due to the large number of small stations compared to medium
and large ones, the PES values are higher if we consider the redevelopment
of the Bronze (Stops) stations alone. It should be underlined that PES
values are calculated considering the primary energy consumption of each
building category instead of the entire stock (Bronze PE: 52.6 GWh; Silver
PE: 148.3 GWh; Gold PE: 174.3 GWh).

Table 15. Investigated interventions on station building stock.

Affecting Affecting
Intervention Unitary variable Unitary variable Unitary
cost U-value cost U-value cost
Code €/m? €/m? €/m?
W/m2K W/m2K
Env.1 60 0.60 60 0.50 60
Envelope
. Env.2 80 0.30 80 0.25 80
improvement
Env.3 40 0.90 40 0.75 40
i T Unitary Affecting Unitary Affecting Unitary
cost variable cost variable cost
Code €KW  SCOP/SEER  €/kW SCOP/SEER €/kW
Sys.1 130 4 130 4 130
System ys
efficiency Sys.2 150 5 150 5 150
improvement

Sys.3 170 6 170 6 170

Affecting
variable
U-value

W/m2K
0.44
0.22
0.66

Affecting
variable
SCOP/SEER
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Figure 34. Impact of systematic energy retrofit actions for different
share of refurbished stations.

The proposed strategies are analysed from the financial point of view as
well. The most relevant energy/environmental and economic indices that
are calculated (i.e. APE, PES, AMco., SPB, NPV, and PI) are summarised
in Table 16. Investment costs are evaluated by means of average unitary
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let lights
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costs (shown in Table 15) such as insulation, heat pumps/chiller, and
efficient lamps [111, 112]. Similarly, running costs calculation involves the
average cost of electricity (0.22 €/kWh) and natural gas (0.2 €/Sm?3), while
the total equivalent CO2 emissions are evaluated by means of the emission
factors Fe and Fng, respectively equal to 0.480 and 0.202 tCO2/MWh for
electricity and natural gas [113].

Table 16. Summary of economic assessment of energy saving

strategies.

Envelope Env.1 47 12 0.95 12 0.13 ~170 197  -92

improvement . » 5.7 15 117 1.4 0.16 ~184 264 92

Env.3 3.6 1.0 0.74 0.9 0.10 ~146  -12.9  -90
System Sys.1 53.6 14.3 10.0 12.3 26 . 590 2726
Ir:zz",i'::nt Sys.2 64.8 17.3 12.4 15.3 15 - 463 -1856
Sys3 723 19.3 14.1 17.4 0.8 . 390 -137.8

Electric load  Eui.1 96.1 25.6 21.2 26.2 9.7 ~11 1267 1225
reduction Eui.2 68.6 18.3 15.2 18.7 6.9 ~1.0 907 1267
Eui.3 41.2 11.0 9.1 112 42 ~11 540 1130

Finally, thanks to the proposed methodology, it is clear that systematic
renovation of the envelope from an energy point of view is certainly not
convenient. The high cost of investment and the low impact on energy
consumption leads to a very high return of investment periods (from 146 to
170 years). Similarly, renovation of HVAC systems provides negative NPVs
with no return of investment. However, this type of strategy could be taken
into consideration at the end of the plant life cycle since it leads to significant
energy savings and avoided equivalent CO2 emissions. Railway authorities
should certainly focus on reducing the electrical loads of lights and
appliances, the adoption of highly-efficient lamps all over the stations is the
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cheapest and most impacting strategies of our analysis, providing a NPV up
to 127 million euros after 25 years and preventing the emission of circa
21x103 tCO2 per year.

3.4 Conclusions

In this chapter of the thesis, a novel approach based on large building
stock energy modelling is presented. It has been adopted to analyse the
energy use intensity of railway stations heritage. The study was conducted
on the case study of the Italian passenger stations (> 2000 units), spread
along the ltalian peninsula. Furthermore, a simplified model was carried out
to provide an easy-to-use tool for design and decision-making purposes.
Aiming at proving the effectiveness and potentials of the adopted
methodology, some easy to implement energy retrofit actions were
investigated to deduce useful insights, and potential energy and economic
savings on the entire stations building stock.

The simplified model has been developed by linear regression of data
obtained from simulations of detailed physic-based building models,
developed by the BEM approach, which have been deduced from a
randomly generated sample of real station buildings and data provided by
the ltalian railway operator. Several station archetypes were modelled and
simulated by means of both BIM and BEM software such as Autodesk Revit
and OpenStudio/Energyplus. Conditioned volume to total volume ratio,
electric load intensity, envelope quality and weather conditions are the
variable defining the station archetypes. The derived surrogate model for
each archetype provides results that are in good agreement with physic-
based building models which demonstrates the validity of the proposed
approach. Useful insights can be extrapolated that can serve as guidance
for railway operators:

e the major energy and economic benefits are obtained by the

reduction of electric load intensities that are the most impacting
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energy consumptions. As demonstrated, an overall primary energy
saving of 26% can be reached by adopting highly-efficient lighting
systems (e.g. LED lamps) with very low pay back periods (~1 year);

e energy measures such as envelope improvement and replacement
of HVAC with more efficient systems have a lower impact on the
station heritage as only a limited number of stations are equipped
with air conditioning systems. In these scenarios, the primary energy
savings are estimated as high as 1.2% for envelope improvement
and 14.3% for HVAC system renovations. Nevertheless, it should be
highlighted that negative net present values over 25 years were
calculated;

e if partial actions on the building stock are taken into consideration,
small and medium-sized stations have a greater impact on reducing
electricity consumption (not related to air conditioning) given their
higher number, while interventions on large stations provide the
highest primary energy savings when envelope and system
improvements are considered. Furthermore, contrary to what
happens in northern and central Italy where large stations count
more, in the South and on the islands the medium stations have
greater potential energy savings;

¢ the renovation of the entire building stock of the Italian stations can

avoid the emission of 21x103 t of equivalent carbon dioxide per year.

The accuracy of both detailed and simplified models are limited by the
lack of data on stations geometry and physical characteristics, as well as
other energy-related information. The major uncertainty is due to the poor
information on actual electric loads and operating schedules of stations,
both affecting electricity consumption and thermal needs. Thus, the
applicability of the model is limited in schematic or detailed design
workflows. Nevertheless, the proposed methodology could result as a useful
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tool for railway operators in the planning of refurbishment measures on
medium or large scale.

Open-source data would foster the development of more complex

models, capable to provide high flexibility and greater accuracy of predictive
tools as the one developed in this study.
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Chapter 4
Guidelines to reach the goal
of highly efficient terminals:
toward net zero energy
airports

Summary

This study aims at identifying valuable solutions to reduce the energy
consumption of airport terminals and providing guidelines to stakeholders to
implement important efficiency measures to make airport facilities zero
impact and face the challenges that national legislations and international
directives impose for energy saving.

A comprehensive study of a wide range of energy-saving actions was
carried out employing a detailed building energy simulation model of a two-
story terminal building comprising 91 thermal zones. Specifically, the Naples
International Airport was modelled by accounting for real information
gathered from previous energy audits on the facility. Several energy-saving
strategies, such as envelope improvement, HVAC systems enhancement,
and renewable energy adoption, were analysed. The carried-out analyses
highlight a significant savings potential and show how airports can become
important green hubs for producing energy from renewable sources. Design
criteria can be obtained by the simulation results and exported to other
airports facilities.
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4.1 Introduction

Aviation is the fastest transport mode, essential to the world economy.
However, the sector needs to move towards sustainability to support both
pollutant reduction and economic growth.

Despite the unprecedented decline in passenger and cargo volumes
due to the Covid-19 pandemic, they will rise more in the coming decades
with the consequent increase of related energy consumption [114]. The total
Greenhouse Gas (GHG) emissions linked to the aviation industry, which
accounted for approximately 2.5% of the global GHG emissions in 2018,
are divided into 85% due to air-side aircraft operations and 15% due to land-
side operations, including airports [115]. Indeed, airport facilities are rapidly
developing and represent key infrastructures with high energy consumption
levels due to their intense operation. Although HVAC systems are the main
consumers within terminal buildings, airports also require significant
amounts of energy to provide services to both passengers and airlines, with
energy consumption comparable to small cities [116]. Therefore, it is
necessary to implement important efficiency measures to turn airport
facilities to zero-carbon footprints and facing the challenges that national
legislations and international directives impose concerning energy savings
and pollution.

Airports worldwide are gradually adopting new strategies and
technologies to reduce energy consumption since sustainability is an
emerging interest in the sector. As reported in ref. [117], a great interest
emerged few years ago on building “Energy Management” systems and
procedures. Strategies such as centralized operations monitoring,
additional metering for controlling major consumption points, and remote
control of energy-use devices, etc., are considered valuable ways to
achieve the goal of sustainability and cost savings. Building Management
Systems (BMS) are fundamentals in the context of large facilities where the
energy consumption of terminal buildings is the highest share of the total
energy consumed in the airport district. Many studies conducted on several
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airports revealed that HVAC operation is the largest share of energy used
in terminal buildings, followed by lighting and electric devices for information
technology and communications, and handling systems [118]. Typical
amount of energy for air conditioning and heating is approximately 70% of
the building energy use according to ref. [119]. This rate could be higher in
cold climates, given the higher demand for heating. Therefore, improving
performance operations of HVAC can lead to significant energy and cost
reduction, as well as to other social-environmental benefits

The characterization of energy demand pattern is a key factor to reduce
energy consumption at airports and implement cost-effective energy saving
measures [120], [121]. They are mandatory preliminary steps for those
airports that aspire to obtain sustainability certifications from independent
accreditation bodies, e.g. Airport Carbon Accreditation (ACA) [122], LEED
rating system [123], or energy management schemes such ISO 50001, etc.
Newly airport-specific rating tools were also proposed to assess the
“greenery” of such infrastructures [11], however

Furthermore, benchmarking activities are essential in designing new
constructions or in extensive airport refurbishment. Adopting metrics
derived from historical data such as Energy Use Intensity (EUI), along with
energy modelling tools, can help designer in making the right choice in
terms of energy consumption [124], [125]. With this aim, 9 of the busiest
airports in the world in terms of passenger volume have been assessed
through the Sustainability Ranking of Airports Index (RSA) developed by the
authors of ref. [126]. The SRA index takes into account many performance
indicators and spans the domains of sustainable development of energy,
water, and environment systems. The results show the need to also move
toward more efficient ground operation of airports.

Sustainability metrics and multi-domain assessment approaches are of
fundamental importance at the beginning of huge projects. Kilkis highlights
this aspect in his work [127], analysing the impact of a new airport planned
for the city of Istanbul. It is reported that the project is not feasible from the
environmental point of view. The study was carried-out comparing several
“green’ airport scenarios. Since a massive deforestation has to be done to
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build the airport, none of the scenarios would offset the CO2 emissions
associated with the implementation of the project.

Energy-saving strategies for airports are widely investigated; useful
case studies that analyse how airport terminals improved energy efficiency
were found in the literature [128], [129], [130], [131], [132]. It is clear that
high reductions of energy consumption can be achieved only with actions
based on a holistic approach. In this context, HYAC and Renewable Energy
sources (RES) systems play a crucial role in demand reduction and avoiding
usage of fossil-fuels [133].

Authors of ref. [134] analysed the impact of natural ventilation in an
airport located in the south of China adopting CFD computing methods. It is
demonstrated that natural ventilation in the building analysed can
significantly reduce the operation hours of HAVC operation. The paper was
written when SARS increased attention on indoor air quality, which is a
situation very similar to the current COVID-19 pandemic. Ventilation
strategies such as activation of fans during night and variable air volume
systems are also investigated in ref. [118] where different measures to
improve efficiency of HVAC systems in airports are explored. The proposed
changes in the HVAC system of the Erzurum Airport terminal led to a CO2
reduction of 50% compared to the baseline building. Abdallah et al. [135]
monitored the indoor environmental condition of the Assiut International
Airport and stated that by increasing cooling indoor temperature setpoints
from 25 to 27°C energy demand can be reduced to 25% during month with
more severe external conditions.

In cold climates, air infiltration might significantly affect both energy
consumption and thermal comfort in airports. It is found in ref. [136] that air
infiltration can impact 18-71% of total heat loss since high air infiltration
rates up to 0.56 h-1 can occur in airports due to frequent gate openings.
The authors of the study conducted field measurements and general
analyses in eighteen Chinese airports terminal, mainly located in cold winter
climate zones. Another study [137] proposes to exploit radiant heating



Giovanni Francesco Giuzio 4—103

systems to reduce air infiltration loss and proved that, in certain cases, air
infiltration can guarantees the necessary outdoor air in the breathing zone
with no need for mechanical ventilation.

On the contrary, thermal discomfort is sometimes due to the overheating
that occurs in airports with very large glazed surfaces. These architectural
features could lead to savings for improving daylighting, however, if not well
designed glazed surfaces can significantly burden air conditioning systems,
hence the growing need to effectively couple architecturally appealing
solutions with energy saving needs [138].

Despite the high potential for energy savings due to improved HVAC,
the goal of net-zero emissions or net-zero energy airports cannot be
separated from the exploitation of renewable energy [9]. The large spaces
available to the airport districts are well suited to the implementation of large
photovoltaic systems [139], [140], [141], [142]. However, PV power
generation plants should be carefully designed since glare may affect air
navigation safety and pilots's eye glare [143]. The implementation of RES-
based technologies may be also be limited from other obstacle regulation in
landing areas.

The net-zero goals require synergies among strategies to increase
infrastructure self-sufficiency by a higher rate of renewable energy self-
consumption [144]. Energy storage systems such as battery or electrolyzer-
hydrogen tank plants have been investigated as interesting solutions in the
field of airports [145]. Indeed, air-side operation of airport may also benefit
from green hydrogen production to supply fuel to aircrafts [146].

While PV implementation feasibility is widely investigate, no studies
about wind energy exploitation have been found, except the one carried out
at Leonardo da Vinci International Airport, where both mini and micro wind
power plants are analysed [133].

It is worth noticing that the available literature lacks comprehensive
studies on airport facilities. Each of the mentioned works, which analyses
interesting case studies and provides useful insights to improve airport
energy efficiency, focuses on one or a few strategies suitable for terminal
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buildings, exploring solutions restricted to an isolated domain, e.g. HVAC,
building envelope, or RES.

How can the goal of net-zero energy (emission) airports be achieved?
The answer is not trivial. This research aims to provide guidelines to
stakeholders and information on potential savings resulting from the
implementation of different strategies and technologies in the context of
airport districts. An innovative approach based on the coupling of Building
Information Modelling (BIM) and Building Energy Modelling (BEM) was
adopted to model and simulate the building energy performance.

A comprehensive study of a wide range of energy-saving actions was
carried out by means of a detailed building energy simulation model of a
two-story terminal building comprising 91 thermal zones. Taking the Naples
International Airport as a representative airport located in Mediterranean
area, the building was modelled accounting for real information gathered
from previous energy audits on the facility. The explored solutions were
chosen according to their capacity to reduce airport energy demand, HVAC
system efficiency, and increase renewable energy production. Dynamic
energy performance simulations allowed studying both passive and active
behaviour of the building and the complexity of plants interaction after the
strategies implementation. Finally, sensitivity analyses of the main
influencing parameters are provided for comparison purposes. The
analyses carried out highlight a significant saving potential and show the
pathway that airports should take to reach the goal of net zero energy,
switching the current paradigm based on the consumption of fossil fuels.
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4.2 Material and Methods

This section includes the description of the key steps of the proposed
methodology, structured by following the actual workflow adopted to carry
out the study. Starting from the analysis of the selected airport
infrastructure, the simulation model of the reference building, as well as all
the energy-saving measures investigated, was built with a BIM to BEM
methodology. All those phases are described in the following subsection.
Specifically, in section 4.2.1 the terminal building of the International Airport
of Naples is described. In section 4.2.2 and 4.2.3, the modelling of the
reference building and a wide range of energy-saving measures are
presented. The strategies explored range from passive strategies on the
envelope to reduce thermal loads to the implementation of RES-based
systems, passing through efficiency solutions on the HVAC system.

4.2.1 Description of the building

All the information required to carry out the analysis were retrieved from
the documentation provided by the airport operator company (GESAC,
Gestione Servizi Aeroporti Campani). Furthermore, the climate-related data
of Naples were considered. Specifically, the Napoli Capodichino
International Airport weather file [123] from the IWEC collection was used
for simulations. A 2D representation of the terminal is provided in Figure 35.

U-values of opaque building structures are calculated according to
component materials which range from 0.5 to 1 W/m?K. The considered
airport terminal building has a total area of 25610 m? and overall volume of
81390 m? that grows in 2 stories. In 2011, the recorded transit volume was
over 5’700'000 passengers with a peak of 2’850 concurrent presences,
which occurred in the month of August. The passenger data retrieved in the
past years along with information on flight schedules were used to derive
the occupancy profile of the terminal, which is shown in Figure 36. The
airport is open to the public for 19 hours per day, 7 days a week. The HVAC
system operates only when the airport is opened, from 4:00am to 12:00pm.
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Figure 35. Plan view of the ground and first floors of the International
Airport of Naples Capodichino.

4 space types characterised by different crowding indices: passenger
transits (0.2 people/m?), offices (0.1 people/m?), baggage drop off (0.4
people/m?), and check-in (0.5 people/m?) have been identified.
Furthermore, different power densities are considered according to space
typology: passenger areas (10 W/m?), passenger areas with control
equipment (30 W/m?), commercial areas (120 W/m?), and offices (25 W/m?).

The HVAC system of the terminal comprises over 50 rooftop Air
Handling Units (AHU) capable of balancing both latent and sensible thermal
loads. The air distribution system provides a constant airflow volume to heat
up/cool down the airport spaces and ensure the minimum outdoor air flow
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rate to the breathing zone (30 m3/h per person). AHUs are equipped with
outdoor air mixers that allow zone air recirculation.

Terminal occupancy
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Figure 36. Occupancy schedule of the terminal.

The generation system consists of about 30 air-source heat
pumps/chillers (HPs/CHs) with an overall installed thermal power of
approximately 8.5 MW that provide hot or chilled water required by the air-
conditioning system (Indoor Heating set-point 20° C; Indoor Cooling set-
point 25°C; Relative humidity 50+10%). The heat pumps/chillers are
grouped in 4 main thermal power plants (10 HPs/CHs) and over 20 activated
single HPs/CHs, They are managed by a thermoregulation system that
monitors the room temperature and relative humidity within the thermal
zones. The rated COPs of the considered heat pumps and chillers are in
the range 2.5-3.0 and 2.2-2.8 respectively in heating and cooling mode.
Please note that rated COP values refer to standard condition of outdoor air
condition 2 °C and water 45 - 40 °C, and outdoor air conditions 35 °C and
water 7 - 12 °C.

Since in the reference building no electricity renewable energy systems
are considered, electricity exclusively comes from national power grid
(average efficiency of the entire Italian generation system ne = 0.46). In the
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same regard, the CO2 emission factor used in the calculation is 0.483 (see
equation (25) and (26)).

Domestic Hot Water (DHW) is produced by means of 2 15 kW boilers
coupled with 1 1500 L water tank heated up with a heat pump coil. Water is
stored at 60°C. Poor information is provided about DHW systems.
Presumably, the commercial areas of the airport are equipped with their own
boilers for the production of DHW. However, the power consumption due to
DHW is estimated as high as 0.3% of the total airport energy consumption,
which is a little share of the total energy consumption of the terminal
building.

4.2.2 Building modelling

Airport buildings are very large and complex facilities. The modelling of
such complicated structures might be a very intensive and time-consuming
task. The existing terminal building was modelled in detail using Autodesk
Revit 2022 according to available building documentation. Henceforth, the
existing terminal building will be referred to as the “reference building”. The
building model faithfully represents the geometry and plant zoning of the
terminal. Where necessary, appropriate simplifications have been made,
however, the BIM model differs from the actual extension of the building by
only 2.8% on the total area and 1.1% on the total volume.

Afterward, the energy model of the reference building was generated by
means of the automated BIM-to-gbxml-to-OpenStudio import routine of
Autodesk Revit, Revit Systems Analysis. The data transfer workflow was
purposely modified to include custom simulation settings and collect specific
outputs (the BIM2BEM methodology is described in detail in Chapter 1). The
terminal building model as rendered by Revit is shown in Figure 37.
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Figure 37. BIM model of the airport facility of the International Airport
of Naples Capodichino.

The resulting energy model is comprised of 62 conditioned and 29 non-
conditioned zones, assumed as well-mixed air node zones. The building is
equipped with the air systems described in section 4.2.1 capable to provide
the required amount of mixed air airflow to the zone and the necessary
thermal energy to keep the temperature setpoints. The HVAC system also
guarantees the minimum specified outdoor airflow rate.

The influence of people, lighting and electrical equipment on the heat
balance algorithm is accounted by means of characteristic heat gains
parameters such as sensible and latent heat fraction per person (gs, and
gip, Wiperson), lighting power load intensity (g, W/m?) and electrical
equipment power load intensity (gee, W/m?). The appropriate schedules
complete the model to take into account the actual operating regime of the
buildings under investigation. Parameters adopted are described in the case
study section 4.2.1. More details on modelling and simulation assumption
can be found on the complete EnergyPlus documentation [93].
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4.2.3 Modelling of energy efficiency strategies

The energy model described so far is adopted as a reference for
comparison with other energy-saving measures which consists of retrofit on
HVAC systems, building envelope, and energy generation systems from
RES. Specifically, the following were considered as candidate strategies to

enhance energy efficiency or reduce annual primary energy consumption:

Air Heat Recovery systems (AHR);
Demand Controlled Ventilation (DCV);
Differential Enthalpy Economizer (DEE);

Demand Controlled Ventilation and Differential Enthalpy Economizer
(DCV & DEE);

Variable Air Volume (VAV);

Wall Insulation (WI);

Glazing Replacement (GR);

Lighting Efficiency Improvement (LEI);
Photovoltaic Glazing Facades (PVGF);
Photovoltaic Facades (PVF);

Large Photovoltaic (LPV);

Combined Cooling Heat and Power (CCHP).

4.2.3.1 Retrofit of HVAC systems

The improvements to the HVAC system mainly concerned the air
distribution system and ventilation. However, more efficient cooling and heat

generation systems were also evaluated.

The AHR measure consists of the implementation of an air-to-air heat
exchanger on each independent air distribution circuit in order to recover
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the sensible waste thermal energy of exhaust air. AHRs, with an average
recovery efficiency of 70%, might reduce the need of thermal energy from
coils, mostly during winter because of higher temperature difference
between indoor and outdoor temperature. Higher pressure drops (Ap, 200
Pa) due to AHR are also accounted according to equation (23) evaluating
major energy consumption AE.

m-Ap
77fan

AE = - At (23)

With 7, air mass flow rate, and nran, fan efficiency, and At the timestep.
The fan efficiency value assumed for calculation is 0.7, which also includes
the motor efficiency. Please note that the simulation model considers heat
gains due to unideal equipment within the air distribution systems, so that
any major energy consumption is taken into account.

DCV, as opposite to the constant ventilation, provides the exact need of
outdoor airflow according to the actual occupancy level of the zone. Outdoor
air flow rate is reduced proportionally by controlling the opening and closing
of exhaust and outdoor air dampers. DCV could be a valuable ventilation
strategy to adopt when outdoor temperature is not favourable. On the other
hand, higher outdoor airflow volume could be useful in reducing cooling
demand when outside temperature is lower than airport spaces setpoints.
That happens with DEE, suitable controls are implemented in order to
supply higher outdoor ventilation to zones. Whenever Tout < Tin, the outdoor
air damper is proportionally opened to meet the zone cooling thermal load.

The CCHP strategy is adopted to both provide electricity and thermal
energy to airport plants. Two 750 kW engines are considered in order to
meet part of the total electricity request of the terminal. The engines are
equipped with a cogeneration system to recover the high-temperature
thermal energy from the engine jackets (80/90°C). The performance curve
provided by the engines manufacturer was used to calculate the power
production and the available recovered thermal energy rate according to
partial loads of the engines. Similarly, the yield of the absorption chiller is
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assessed by means of empirical correlations derived by field test on the
machines.

Hot water is used to first meet the heating demand. The remaining
thermal energy is conveyed to a 450-kW absorption chiller to produce
refrigerated water serving the HVAC system of the terminal. Any integration
of electricity or thermal energy is provided by the national power grid and
existing HVAC systems. The impact in terms of fuel consumption and
carbon emissions of the CCHP strategy is assessed for different fuels:
biogas (LHV=8.3 kWh/Kkg, Frg=0 tCO2/MWhe), biodiesel (LHV=10.4 kWh/kg,
Fra=0 tCO2/MWhe), natural gas (LHV=13.1 kWh/kg, Fng=0.202 tCO2/MWhe),
and LPG (LHV=12.6 kWh/kg, FLpc=0.220 tCO2/MWhe).

4.2.3.2 Retrofit of building envelope

Since the terminal outermost areas may be affected by higher heat loss
during winter, as well as undesirable heat gains in summer, the reduction of
building wall heat transfer coefficients and increasing of glazed facade
performances have been investigated. Such strategies can affect thermal
behaviour of the building in different ways depending on exterior boundary
condition. Specifically, the WI measure was carried out by applying an
insulation layer to ensure the external walls’ U-value of approximately 0.32
W/m?K. The insulation panel adopted are wood fibre boards characterised
by a 0.04 W/mK conduction coefficient and a density of 180 kg/m3.

Windows are also renovated by means of replacement of existing
glazing surfaces. Specifically, the south side transparent facade is replaced
with special windows to control the entering solar radiation (U = 2.00 W/m?K;
SHGF = 0.20), while the north side windows are replaced with low-E glasses
(U = 1.80 W/m?K; SHGF = 0.66) to ensure lower heat losses.
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4.2.3.3 Exploitation of renewable energy sources

The terminal presents a large window fagade (420 m?large) on the south
side that can be used to produce electricity through photovoltaic
technologies.

Glass facades are replaced with photovoltaic glass made of amorphous
transparent or semi-transparent silicon (PVGF measure). These types of
photovoltaic panels have relatively low efficiency (3—4%), however,
installation of such a system can overcome the lack of available space for
photovoltaics. The analysed glass is an amorphous silicon photovoltaic
glass with two 6 mm low-emission glass and a 12 mm Argon chamber (U =
1.20 W/m?K; SHGF = 0.12; npv=4%). Similarly, the PVF solution consists of
a number of photovoltaic panels attached to the south facade of the terminal
so that all the opaque surfaces are covered by PVs. The total area affected
by the PV fagade implementation is about 400 m?, with a total installed
power of 77 kWp. As regards the LPV, a large photovoltaic field has been
considered to produce a high amount of electricity from RES. Specifically, a
photovoltaic plant with a peak power of 5 MW spread over an area of 25600
m? has been modelled. For this purpose, 4 neighbouring buildings belonging
to the airport have been identified as valuable locations to install rooftop
PVs.

Please note that all projects that involve PV panels must undergo ENAC
evaluation (Ente Nazionale per I'’Aviazione Civile) which is the Italian civil
aviation authority. It is in charge to assess if PVs and related solar reflection
entail a risk for air traffic. Therefore, since similar PV plants have been
installed in the past years in the close areas of the airport, it was assumed
that such a measure is feasible for the specific site analyzed.

4.2.3.4 Simulation and key performance parameters

The simulations were carried out by means of the EnergyPlus built-in
features with a timestep of 15 min, providing detailed outputs to analyse the
building behaviour, as well as the performances of the systems. Output
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Variables referring to zone air conditions, thermal gains, heating and cooling
systems’ capacity rates, and electricity consumptions were processed to
evaluate the project from an energy point of view. Each proposed strategy
was compared to the baseline, also called Reference Building (RB), in order
to calculate the Primary Energy Saving (PES) index for decision-making
purpose (equation (24)). It should be underlined that all the energy-saving
strategies analysed are assessed only on the basis of an energy balance
calculation. Therefore, the indirect CO2 emissions due to exergy destruction
are not considered in this analysis, although such index can be an important
tool to assess the goodness of renewable energy systems or other nearly-
zero carbon applications [147].

pEs =1 LEi (24)
RB

Where PE is the primary energy calculated by means of equation (25),
considering the total energy consumed E; and the related primary energy
conversion factor n;.

Finally, the environmental performance is assessed by the AMco, index
that represents the total equivalent CO2 emitted. The indicator is calculated

by:

co, = B+ F; (26)
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Equation (26) involves the energy consumption provided E; and the
related emission factor F;.

It should be underlined that all the energy-saving strategies analysed
are assessed only on the basis of an energy balance calculation. Therefore,
the indirect CO2 emissions due to exergy destruction are not considered in
this analysis, although such index can be an important tool to assess the
goodness of renewable energy systems or other nearly-zero carbon
applications [147].

4.3 Results

This section provides the simulation results of the energy-saving
measures investigated to improve the efficiency of the selected building.
Energy results are discussed with the aim to assess the performance of a
wide range of energy energy-saving strategies and provides guidelines to
facility operators within airport industry. To this aim, the building-plant
system, as described in section 4.2.2, has been taken as a baseline for
comparison purposes. The thermal behaviour of the terminal is summarised
in Figure 38 which shows the daily trend of the heating and cooling demand,
as well as the average daily temperatures throughout the year. The figure
clearly highlights that the total cooling energy demand (about 5 GWh/year)
is much higher than the heating requirement (about 0.6 GWh/year), given
the high internal heat generated from internal sources such as lighting and
equipment, as well as the high crowding of indoor spaces.
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Figure 38. Heating and cooling demand of the Reference Building and
daily average outdoor temperature of Naples, Italy.

The airport thermal need of the reference building is also reported in
Figure 39 both for cooling (Figure 39a) and heating (Figure 39b). The chart
also shows the sensible energy shares that the HVAC has to provide to
balance lights, equipment and people heat gains, and envelope, infiltration
and ventilation heat exchanges for all the investigated strategies. As
depicted in the figure, internal heat gains are the most impactful contribution
to the heat balance of the building, followed by ventilation/infiltration, and
envelope heat loss/gain.
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Figure 39. Thermal needs balanced by the HVAC system.

Among the investigated strategies, the ones that provided the higher
deviation from the baseline are the measures involving the air distribution
system (AHR, DEE, DCV+DEE, VAV) and the implementation of more
efficient lighting systems (LEI). Building insulation (WI) and high-
performance glazing (GR) has a minor impact on the energy demand of the
airport terminal because of the high internal loads.

AHR is a convenient strategy to be adopted during the heating season.
In the case of the analysed terminal building, the demand for heating is
reduced by 60%, while that for cooling only by 1.4%. However, retrofitting
the air distribution system with high performance air-to-air heat exchanger
led to higher duct pressure drops that entail higher electricity consumption
for fans. Specifically, accounting for higher pressure drops, the total
electricity consumption of the building increases by 0.5 % which also
represents an expenditure in terms of primary energy (PES = -0.5%). DCV
is even more convenient than AHR with respect to the reduction of heating
demand. With low outdoor temperature, such strategy allows for reduced
heat loss by exhausting less air volume. By controlling the amount of air in
winter, 76% less energy can be consumed. For the same principle, a
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reduced outdoor airflow means a lower ventilation loss whenever outdoor
temperature is higher than airport setpoint. On the other hand, the sole DCV
lead to a cooling demand higher than the RB, up to 9%, which entails a
negative value of PES (PES = -1.2%). In the cooler seasons, when cooling
is required and the outside temperature is favourable, higher external air
flow rates would bring benefits in terms of cooling energy needs. DCV
strategies are more effective if coupled with DEE, which consists in free
cooling by means of higher outdoor air volumes. DEE provides a significant
reduction in cooling demand, specifically, the annual cooling demand of the
terminal decreases by 17%, and 28% if coupled with DCV. In terms of
primary energy, such strategies allow PES with values of 3.3% and 5.9%
respectively if the entire airport energy consumption is taken into account.
The impact of DEE strategy on cooling thermal loads is depicted in Figure
40 where the reference system cooling load (red line) is compared with the
proposed one (black line). The chart also reports indoor and outdoor
temperatures to understand the behaviour of the free cooling control
implemented for the HVAC system. As shown in the figure, the favourable
lower outdoor temperature registered during mid-season (March-April)
allow important savings mostly in the early and late hours of the day.

As depicted in Figure 39a and Figure 39b, it is estimated that the energy
efficiency measures affecting the building envelope, namely WI and GR,
allow to save respectively 7% and 8% of heating demand. Nevertheless, WI
is even an harmful solution in terms of cooling energy with a 0.5% higher
demand, while GR involves a saving of 1%, resulting the energy efficiency
measures with lower impact on HVAC consumption. This result was
expected, given the lower incidence of envelope thermal loads compared to
the other load rates of the thermal balance. Therefore, Wl and GR are
negligible PES values.
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Figure 40. Cooling loads in case of free cooling control for air-
conditioning system: reference system vs proposed system.

Implementation of high-efficient lamps such as LED lamps to reduce the
electricity consumption due to lighting is an interesting solution, which is
becoming a standard for new building construction or major renovations. In
addition to the important savings that can be obtained from the low electrical
absorption, the use of LED lamps also leads to lower consumption of the
HVAC system. Indeed, the cooling demand decreases by 25% if lamps are
fully replaced with high-efficient LED lamps. Reversely, the total heating
demand almost double since internal loads are beneficial wintertime. Of
course, less electric loads due to higher lights efficiency has a significative
primary energy reduction as high as 14%. This trend is more evident in
Figure 41 where variations in the airport electricity consumption are
depicted for the VAV, PVGF, PVF, and LPV strategies. All the proposed
solution analysed in Figure 41 compared with the reference building (RB),
equipped with a constant air volume system (CAV).
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Figure 41. Airport electricity demand of proposed strategies.

VAV systems that allow fine control of airflow drop the electricity
consumption due to fans. It is demonstrated that by renovating the current
air distribution systems and incorporating variable speed motors for fans,
pressure sensors, and damper actuators the total airport electricity can be
reduced by 4% to 6%.

As regards renewable energy solutions, as expected, both PVGF and
PVF have a lower impact on the overall electricity demand. The reduced
extension of the surfaces available for the implementation of such solutions
implies negligible energy savings. PES values related to PVF, which can
convert solar energy more efficiently than PVGF, do not exceed 1%. LPV is
very convenient instead, with total annual energy generated of about 3.5
GWh, the large photovoltaic plant allows to reduce the airport electricity
demand from the grid up to 30%-36% (square marker in Figure 41).

As airports are very intensive energy consumers, dedicated generation
systems are always interesting solutions, which is proved by the results
shown in Figure 42 referring to the implementation of a combined cooling
heat and power plant (CCHP). The system (described in section 4.2.3.1)
covers the electricity demand of the airport due to terminal equipment,
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lighting, air handling devices, and part of the electricity needed for heat
pumps and chillers integration (green line in Figure 7). The higher energy
consumption occurs in August when the total electricity request is balanced
both by the co-generators (72%) and the power grid (28%). As observed,
heating is almost fully supplied by the recovered thermal energy, while the
absorption chiller needs to be integrated by the existing compressor chillers
in the April-November period when cooling demand is higher. On annual
basis, the primary energy saving (PES) of the CCHP is about 90% in case
of co-generators supplied by biogas or biodiesel since the primary energy
consumption is only due to electricity integration from power grid. The PES
value in case of adoption of fossil fuels such as natural gas or LPG is about
12% instead.
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Figure 42. Electricity and thermal energy demand with a Combined
Cooling Heat and Power plant.

All the investigated strategies are also analyzed from the environmental
point of view. Considering an emission factor Fe equal to 0.483 t CO2/MWhe,
the total carbon dioxide emissions linked to airport activity have been
calculated. Results are reported in Table 17 and Table 18. Please note that
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the tables also report the percentage of avoided CO: assessed by
comparing all the strategies with the reference building RB (Table 17).
Furthermore, energy-saving measures such as VAV, PVGF, PVF, and LPV
are compared with the CAV reference system (Table 18). As expected, high
penetration of renewable energy and significant reduction of electricity loads
are the most convenient solution in terms of operating CO2 emissions. It
should be underlined that more the assessment of carbon dioxide emissions
does not take into account the entire life cycle of the technologies adopted.

Table 17. CO2 emissions of the proposed strategies and percentage of
avoided CO2 (comparison with RB).

CAV CAV VAV VAV PVGF PVGF PVF PVF LPV

(ktCO2) (%) (ktCO;) (%) (ktCOz) (%)  (ktCOz) (%)  (ktCO)
RB 5.5 - 53 - 55 - 55 - 3.8
AHR 5.6 05 53 00 56 05 55 05 3.9
DCV 5.6 12 54 13 56 12 56 12 39
DEE 5.4 33 5.1 30 54 33 53 33 37
DCV+DEE 52 59 50 58 52 60 5.2 60 35
wi 5.5 00 53 01 55 00 55 00 38
GR 55 03 53 03 55 03 55 03 38
LEI 4.8 13.8 4.5 15.2 4.8 138 4.7 13.9 3.1

The carbon dioxide emissions for the CCHP plant scenarios are
calculated equal to 0.7 ktCO2, 0.7 ktCO2, 4.5 ktCO2, and 4.8 ktCO:2
respectively for biogas, biodiesel, natural gas and LPG. It worth noticing that
in case of use of “renewable” fuels such as biogas and biodiesel, electricity
integration is the only contribution to the total CO2 emissions.

LPV
(%)

-0.8
-1.8
4.8
8.6
-0.1
0.4
19.9
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Table 18. CO2 emissions of the proposed strategies and percentage of
avoided COz2 (comparison with CAV).

CAV VAV CAV PVGF CAV PVF CAV LPV CAV

Vs Vs Vs Vs

VAV PVGF PVF LPV

(kiCOz) (KtCOz) (%) (ktCOz) (%)  (ktCOz) (%) (K1CO2 (o)
55 53 45 55 04 55 08 38 308
56 53 51 56 04 55 08 39 307
56 54 45 56 04 56 08 39 305
54 51 43 54 04 53 08 37 319
+DEE 52 50 44 52 01 52 09 35 328
55 53 45 55 04 55 08 38 308
55 53 46 55 04 55 08 38 309
48 45 61 48 041 47 09 31 35.8

Both energy and environmental indices calculated are comparable with
sustainability indicators estimated for other airports in literature. Specifically,
energy consumed per passenger (GWh/PAX) and equivalent carbon
dioxide per passenger (t CO2/PAX) have been respectively calculated as
high as 4.5.107 GWh/PAX and 9.6.104 t CO2/PAX, which are lower
compared to the Energy consumption and generation (D2) and CO:
emissions and mitigation planning (D3) indicators of the SRA index [126].
Average values of D, and Ds for the airports considered in [126] are equal
to 1.0.10° GWh/PAX and 2.5.107, respectively. However, it is worth
noticing that such indices are estimated for very energy-intensive structures
with higher passenger and cargo volumes, also taking into account non-
terminal-related energy consumptions (i.e. energy-intense data centres in
the control tower to coordinate inbound and outbound air traffic, transports
passengers, baggage and cargo from terminals to the aircraft and back,
etc.).
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4.4 Conclusions

This chapter presented a study on energy saving potential of airport
terminals in the Mediterranean areas. In order to provide guidelines to reach
the goal of net zero energy or net zero emissions airports, a wide range of
energy-saving strategies have been investigated on the Naples
International Airport. A comprehensive study of a wide range of energy-
saving actions was carried out by means of a detailed building energy
simulation model of a two-story terminal building comprising 91 thermal
zones. An innovative approach based on the coupling of Building
Information Modelling (BIM) and Building Energy Modelling (BEM) was
adopted to model and simulate the building energy performance. The
explored solutions were chosen according to their capacity to reduce airport
energy demand, HVAC system efficiency, and increase renewable energy
production.

The obtained results provide important insights that airport operators
may export in the context of airports with similar operating conditions:

- envelope insulation or window renovation solutions do not provide
significant energy savings in terms of PES which can lead to
unprofitable investments;

- the improvement of the air distribution systems with strategies such
as AHR, DCV, DEE, and VAV are valuable solutions to reduce the
annual energy consumption of terminal buildings. The time of return
of investments can be very short;

- airport facilities should certainly refurbish the lighting system to
achieve substantial savings, up to 13%;

- architecturally integrated photovoltaics are convenient solutions only
if wide surfaces are available for implementations;

- large photovoltaic plants are fundamental elements to reduce the
electricity demand from the power grid;

- dedicated generation systems such as combined cooling heat and
power plants (CCHP) are always interesting solutions, as airports are
very intensive energy consumers. If “renewable” fuels are adopted
PES values up to 90% can be achieved.
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The study presented in this chapter highlights that the net zero goal can
be reached only if holistic approaches are adopted, by combining different
solutions to both cut energy needs and increase the exploitation of
renewable energy sources.
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Chapter 5
Improving the efficiency of
rail network service
buildings: free cooling
strategies for signaling
equipment rooms

Summary

This chapter aims at proving the validity of free cooling strategies to
reduce the energy consumption of technical buildings for signaling
equipment located along railway lines.

A typical building used for this purpose was analysed from an energy
point of view. Specifically, the air-conditioning system was modelled and
dynamically simulated with two different control logics to exploit favourable
outdoor air conditions and assess their behaviour in different working
conditions, i.e. weather zone, airflow rate, and indoor set-point
temperatures. The study demonstrates that railway operators moving
toward a high degree of digitalization and electrification may learn from the
experience of the telecommunication and IT industries to substantially
reduce the energy consumption of high-consuming processes such as the
cooling of signaling devices. Standard design can be adopted within railway
infrastructures on technical buildings that have similar architectural and
mechanical characteristics.



Giovanni Francesco Giuzio 5—127

5.1 Introduction

The rapid development of railway traffic registered in the last years led
to increased interest in the carbon footprint of the whole rail infrastructure.
An important slice of the energy consumed by the entire sector is provided
by all non-traction aspects such as the operation of station buildings,
depots, sub-stations as well as technical buildings intended for traffic control
and signaling. This segment of the entire rail industry accounts for 10% [63],
which is even higher within metropolitan areas [64].

The serious energy crisis and the rise in the cost of energy in many
European countries are pushing railway operator and facilities managers as
well as contractors to make the entire infrastructure more efficient and
enable significant cost savings [20].

To ensure rail network operation and traffic safety, given the fallible
nature of human supervision, attempts are being made to move from
traditional light signaling mechanisms, which must be interpreted by train
drivers, to modern computer-based control systems based on signals that
can be interpreted independently by the on-board control system [148].
These new technologies contributed to foster the spread of High-Speed
Railway (HSR) that requires specially built trains with increased power to
weight ratio and must have in-cab signaling system. The traditional signaling
systems are incapable for high-speed trains [149].

The control and signalling devices need to be dislocated along the rail
lines. The management equipment for these signals are placed within
dedicated technical buildings installed in different points of the network,
which allow to carry out the operation of mechanical devices, check their
status and detect faults [150].

Those fundamental technologies along with other auxiliary equipment
that guarantee their continuous operations (i.e. transformers, MV / LV
cabins, uninterruptible power supply systems, etc.) typically have higher
heat loss, so that critical temperatures can be reached within the zone. For
this reason, air-conditioning results to be a paramount strategy to guarantee
the operation security of all equipment. The space cooling of those technical
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rooms may require significant amount of energy which can be reduced by
means of natural ventilation or free cooling. While natural ventilation is
limited due to security risks, the free cooling can be used in place of air-
conditioning. It is recognised as a valuable solution to drop the energy
consumption. Free cooling uses the cold outdoor environment or other cold
sources as a heat sink when those are in favourable conditions with respect
to cooling needs [151]. It is particularly adopted in IT industry to cool down
data centers, server rooms or other telecommunication equipment [152] by
means of both the air- and fluid-based free cooling [153]. ASHRAE provides
specific recommendations to implement effective free cooling strategies and
ensure safe environment for this space typology [154]. Given the enormous
development of the communication infrastructure worldwide and the
massive computerization of companies, their reliability and the
management of related energy consumption have become crucial [155].
Zhang et al. [152] highlighted that the cooling energy consumption takes up
around 30-50% of the total consumption of data centers due to the
inefficient cooling system. The higher share is due to chillers, followed by
fans, pumps, and, if available, the cooling tower. A metric, specifically
developed for data centers, to assess the effectiveness of free cooling as
well as other energy efficiency measures is the Power Usage Effectiveness
(PUE). The index is calculated as a fraction of the total power consumed to
that used by the IT equipment; ideally, the value of PUE should be equal to
1 [156]. As for data centers, the PUE index may be an useful tool to evaluate
communication and signalling systems from an energy point of view.

However, while free cooling is a common measure to cool down the
intense energy-consuming IT equipment, there are no studies that
specifically address such strategies to improve the efficiency of the cooling
system serving the signaling apparatus of railways. It is convenient for
infrastructure managers that the equipment have a high degree of
standardization given the high number of intermediate stations required
along the line. In fact, those plants, as well as the buildings they are in, have
similar architectural and mechanical features, although they are built in
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different places with different climate conditions. Therefore, it also important
for companies to identify standard energy efficiency measures that can be
systematically applied to the whole infrastructure. In this context, the study
presented in this chapter aims to analyse and optimize several solution to
reduce the energy consumption related to the air-conditioning of the
wayside rail technical buildings. Specifically, a comprehensive analysis of
two different free-cooling strategies was carried out. Also, the influencing
parameters were optimized in order to define easy to implement measures
on existing plants or design criteria for new constructions. A numerical
model of the building thermal zones and a the air loop system has been
developed to simulate the actual and proposed systems with a high degree
of detail. The BIM2BEM approach (described in Chapter 1) was used to
speed up the building modelling. Furthermore, in order to evaluate the
energy saving potential od the different strategies, simulations were
performed for the case study of a multi-station peripheral base (Posto
periferico multistazione, PPM) which contains important equipment for the
traffic management and signalling.
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5.2 Material and Methods

The methodology adopted to carry out the study, is described in the
following sections. The selected technical building is presented in section
5.2.1 along with the assumption related to the air-conditioning system.
Section 5.2.2 describes the modelling of the building-plant system instead,
as well as the energy-saving measures investigated.

5.2.1 Description of the case study

A Multi-station peripheral base (Posto periferico multistazione, PPM) is a
building typology located on the longest railway lines, housing the
equipment that controls the sensors distributed along the tracks to ensure
safety and optimally manage the line. These buildings (shown in Figure 43)
are generally placed each 20-25 km along the line of the high-speed railway.
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Figure 43. Views of the multi-station peripheral station.
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The building consists of two floors: the equipment room is located on the
upper floor, while on the lower floor are the control units room, the
movement office, the toilet, two transformer rooms, and the MV / LV
substation room.

The external walls of the building are assembled using prefabricated
interlocking panels. These consist of two layers of reinforced concrete which
enclose a layer of polystyrene. The roof consists of a hollow core slab
insulated and waterproofed. In the control unit and equipment rooms, a
floating floor is placed to convey the cooling air for the equipment.

As said, in the building there are rooms with different intended uses and
different thermo-hygrometric needs. Currently, several cabinet air
conditioners are envisaged for the cooling of the control unit room and the
equipment room; only mechanical ventilation is provided for the transformer
and cabin rooms, while a split system is installed in the movement office
able to provide both hot and cold air. Table 19 summarizes the design indoor
conditions of the technical building spaces.

Table 19. Indoor thermo-hygrometric design conditions.

Room Heating Cooling
: : T=24°C T=24°C
Control units and equipment

UR =n.c. UR =n.c.
Transformers and MV / LV T =40°C T =40°C
cabin UR =n.c. UR =n.c.

T =20° T =26°
Movement office 0°C 6°C
UR =n.c. UR =n.c.

T =20° T=n.c.

W.C 0°C n.c
UR =n.c. UR =n.c.

The uninterruptible power supplies (UPS) equipment and low voltage
power supply panels are located in the control unit room, while in the
equipment room there are the devices that manage railway traffic. The
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equipment located in the control unit room is used to make those in the
equipment room work.

Despite having the same thermo-hygrometric needs, the two rooms are
equipped with independent air conditioning systems operating with the
same logic. The thermal load due to equipment room machineries is
estimated as high as 18 kW, while the one due to the control units is
calculated as equal to 24 kW. Since the two rooms have a considerable
internal thermal load, they need to be constantly conditioned, even in
wintertime.

The air conditioning system installed in the two rooms includes a direct
expansion cabinet-type air conditioning unit operating with R-410A
refrigerant. The main technical characteristics are reported in Table 20. The
system attempts to maintain the 24 °C set-point value within the thermal
zone and is combined with an economizer to provide free cooling when the
outdoor temperature is favourable. The outdoor, indoor, and supply air
temperatures are monitored by three sensors placed outside the building,
in the air plenum close to recirculating dampers, and in the duct after the
cooling coil respectively. The cooling air is supplied through the floating
floor.

Table 20. Characteristics of the chillers.

Chiller parameters Control unit room Equipment room
Total cooling power kW] 24.0 18.1
Absorbed power [kW] 6.9 4.8
Fan absorbed power [kW] 14 0.7
EER 34 3.8
Flow rate [m3/h] 5750 4930

Outdoor fan absorbed power [k\W] 1.1 0.55
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5.2.2 Building and system modelling

The energy model of the reference building was generated by means of
the automated BIM-to-gbxml-to-OpenStudio import routine of Autodesk
Revit, Revit Systems Analysis (refer to Chapter 1 for the workflow
description). The building geometry was created according to the actual size
of the case study building which is reported in Figure 44.

Figure 44. External view of the building case study.

The plant was modelled as described in Table 20 while a schematic
diagram of the described system is reported in Figure 45. This will be
referred as reference system hereinafter.

The chiller units are coupled with a plenum that supplies recirculated or
fresh air depending on the activated motorized damper. Whenever the
outdoor temperature is lower than the indoor one (Tou<Tin) or outdoor
temperature is higher than 10 °C (Tout > 710°C), a constant outdoor flow rate
is supplied to the zone; in contrast, whenever outdoor air does not ensure
free cooling, indoor air is recirculated and chiller activated. The on-off
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constant volume fan is always activated to supply air to the zone both in the
case of free cooling and recirculating mode.
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Figure 45. Schematic diagram of the considered cooling system.

This system is modelled in OpenStudio environment as an HVAC air
loop and the control logic set accordingly to the actual behaviour of the case
study system. In addition, a new plant control management strategy is also
implemented in order to analyse its performance in terms of the overall
energy consumption.

Unlike the reference system control logic, the proposed one allows to:

- cool outdoor air (not only recirculated air) if colder than indoor air
temperature;

- mix the recirculated and outdoor air proportionally to control indoor
air temperature to set-point value;

- regulate the zone supply airflow rate.
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Set-point and airflow values are changed over multiple simulation for
optimization purpose.

5.3 Results and discussion

This section provides the simulation results of the energy-saving
measures investigated to improve the efficiency of the case study system.
The analysis focuses on two specific zones of the building which are
equipped with the air conditioning system described in sections 5.2.1 and
5.2.2: the i) control unit room and ii) equipment room.

5.3.1 Reference system

The behaviour of the system for the control unit room is shown in Figure
46a. Here, the indoor air temperature Ti, (black curve) and the outdoor air
temperature Tout (yellow curve) are reported along with the thermal power
provided by the refrigeration unit (blue curve) and the cooling rate supplied
by the system in free cooling mode (red curve). The chart refers to the first
hours of the year, showing the plant operation in the winter period. It is
possible to notice that the chiller and free cooling never work
simultaneously. For free cooling a minimum external air temperature of 10
°C has been set in order to avoid excessive cooling of the premises (green
dashed line); below this value, free cooling switches off and chillers are
activated. Furthermore, the plant control does not allow free cooling when
outdoor temperature is too high to meet the thermal load, this is evident at
hour 15 and 60. The indoor air temperature is kept constant at 24 °C when
chillers are on; on the other hand, whenever the economizer is on the indoor
air temperature fluctuates as the airflow is not modulated to control a fixed
temperature.

As shown in Figure 46b, the chillers mostly work at nominal cooling rate
during the summer period; the free cooling is not activated instead. The
outside air temperature is too high and, therefore, it would not be able to
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guarantee the set point temperature in the room. In the hottest months of
the year, the chillers manage to maintain the set point temperature only
during night, when the outdoor temperature drops.
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Figure 46. Plant behaviour during winter a) and summer season b).

This result is due to the standard size of the chillers, in order to cope
with the internal thermal loads and heat gain from the building envelope, a
greater size of the chiller is required. However, as said, the fluctuation of
temperature is acceptable within certain range; the same size of the chillers
is adopted for such application in the rail network due to economic reasons.

Table 21 summarize the thermal energy balanced through the free
cooling operation and chillers, both for the control unit and equipment room.
In addition, the electricity required, and the hours of operation are also

reported. It should be noted that the electricity consumption of free cooling
is due to fan operation.
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Table 21. Summary of the energy consumption of air-conditioning
systems.

Metrics Control unit room Equipment room
Free cooling Chiller Free cooling Chiller
Cooling energy [MWh/year] 23 188 34 118
Electricity [MWh/year] 0.38 46 0.67 28
Electricity [kWh/year m3] 1.18 143 1 42
Operating hours 947 7813 1920 6840

5.3.2 Increased air flow rates

The reference system ensures the airflows of 1.6 m3/s and 1.4 m3/s for
the control unit and equipment rooms respectively. In this case, the airflow
is not modulated to keep the set-point according to actual thermal loads of
the zone. Furthermore, the economizer does not allows that mixed air is
supplied to the zones.

To reduce the electricity consumption, a new operating condition based
on the same control logic of the reference system is proposed. Specifically,
the value of the airflow rates were increased in order to reduce the time in
which chilled air is required.

The results obtained by increasing the airflow rate of the rooms are
shown in Figure 47 (control unit room) and Figure 48 (equipment room). As
can be seen, as the supply air increases the free cooling operating hours
(blue stack bars) rise since higher ventilation rates allow to lower the internal
loads due to equipment heat loss more effectively. This leads the
economizer control to admit higher outdoor air temperatures in free cooling
operation. However, this effect is less evident for high values of the airflow
rates for which the operating time in free cooling mode stabilizes.
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Figure 48. Equipment room.

On the contrary, the total amount of electricity required (green line) to
operate the cooling system of both the control unit and equipment rooms
has a minimum value for flow rates of around 2 - 4 m%/s. Then, it increases
as the airflow increases since the electricity consumption of chillers (purple
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lines) decreases accordingly to their operating hours. The electricity
absorbed by the constant volume fans and other auxiliaries (blue, orange,
and yellow lines) changes proportionally to the handled air volumes. The
electricity savings are reported in Table 22 an Table 23.

Table 22. Summary of the energy consumption of the air-conditioning
system in the control unit room as airflow increases.

Reference system Proposed system
Set point temperature [°C] 24 24 24 24 24 24
Air volume flow rate [m?/s] 1.6 1.7 | 19| 21 47 | 6.2
Electricity [MWh/year] 46.4 45.1 | 43.0 | 411 37.7 | 40.4
Electricity saved compared
to the current system [%)] 3 / 12 = 13

Table 23. Summary of the energy consumption of the air-conditioning
system in the equipment unit room as airflow increases.

Reference system Proposed system
Set point temperature [°C] 24 24 24 24 24 24 24 24 24
Air volume flow rate [m*/s] 1.4 1.6 1.8 2.0 2.3 2.8 3.5 4.7 7
Electricity [MWh/year] 288 27.4 | 26.6 26.0 25.7 254 | 26.2 283 30.5
Electricity saved compared to
5 8 9 2 -6
the current system [%]

5.3.3 Higher set-point values

Simulations were carried out to analyse the impact of higher set-point
temperatures on the energy consumption of the air-conditioning systems.
Specifically, the temperature set-points of 24, 25, 26, 27, and 28 °C were
taken into consideration. Please note that the control logic and size of
chillers are the same as the reference building.

As expected, the free cooling operating hours in the control unit rooms
increased significantly from 950 in case of 24°C up to 2810 hours in case of
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28 °C. The equipment room which is characterised by lower internal gains
behaves similarly, passing from 1920 hours for 24 °C to 3605 hours for a
set-point of 28 °C. This is due to the increase of outdoor air temperature
range in which free cooling mode can operates to meet the zone thermal
loads. Therefore, the optimal solution results to be the highest set-point.
These results refer to the reference building airflow rates of 1.6 m%s and
1.4 m3/s for control unit and equipment room respectively.

Table 24 and Table 25 show the values calculated of the total electricity
absorbed by the system as the set point temperature and the air flow rate
vary. The total electricity is given by the sum of the electricity required by
the system fan (both in free cooling and chiller modes), by the fan of the
external condenser unit and by the cooling coil. As the set point temperature
increases, the electricity required by the system decreases because the
hours of free cooling increase.

Table 24. Total electricity consumed by the system in the control unit room
as the set point temperature and the air flow rate vary

Air volume flow rate Set point temperature [°C]
[m?/s] u | s | 26 | 27 ] 28
Electricity [MWh/year]
1.6 43.4 40.9
1.7 42.2 394
1.9 39.9 37.8
2 38.7 36.2
2.3 37.4 35
2.7 35.6 33.1
3.1 34.4 31.8
3.7 336 I 305
4.7 35 32.2
6.2 37.9 34.9
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Table 25. Total electricity consumed by the system in the equipment
room as the set point temperature and the air flow rate vary

Air volume flow rate Set point temperature [C]
[m?/s] u | s | 26 | 27 | 28
Electricity [MWh/year]

1.4 26.7 25.1 21.5
1.6 25.7 23.9 20
1.8 24.9 23 18.9
2.0 24.2 22.3 17.9
2.3 23.4 21.2 17.1
2.8 22.6 20.5  16.6
3.5 22.8 20.7 17.1
4.7 24.6 22.2 18.7
7.0 28.4 25.7 21.1

Similarly to the behaviour depicted in Figure 47 and Figure 48 the
electricity usage first decrease due to higher free cooling operation.
Afterwards, the energy consumption rise since fan expenses become
significant compared to savings from chillers. The tables show that the
optimal air flow (in the red boxes) is the same for each set point temperature
value and corresponds to 3.7 m3/s for the control unit room and 2.8 m3/s for
the equipment room.

The airflow rates identified by means of the optimization procedures
presented ensure much higher free cooling operating hours: from 3660 in
case of 24°C up to 5420 hours in case of 28 °C in the control unit room;
from 3610 hours for 24 °C to 5450 hours for a set-point of 28 °C in the
equipment room.

As discussed in the section 5.3.2, such system configuration does not
always ensure a constant temperature in the technical spaces since fan air
volume cannot be modulated and cooling coil size may not be adequate to
balance summer loads. However, indoor space conditions are kept in a
narrow range of humidity and temperature since outdoor temperature limit
for free cooling operation is set to 10°C. Figure 49 shows the air thermo-
hygrometric conditions in the control unit room (a) and in the equipment
room (b) as the set point temperature varies during the year, supplying 1.6
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m3/s and 1.4 m3/s respectively. As the set point temperature increases, the
number of hours in which the internal temperature exceeds the set point
decreases because of lower thermal loads. When the outside air is not cold
enough to allow free cooling (during the summer) and only indoor air is
treated, the air is kept very dry. In contrast, when the economizer works in
free cooling mode both humidity ratio and relative humidity increase. On the
other hand, it is worth noticing the zones do not require humidity control.
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Figure 49. Thermo-hygrometric
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The results of the numerical simulations are compared with the same
system configuration with optimal airflow rates, namely 3.7 m%/s (c) and 2.8
m3/s (d). It is clear that increased free cooling potential due to higher air
change rates lead to greater humidity fluctuations. Furthermore, they also
reduce the minimum air temperature recorded in the zones. Nevertheless,
the humidity ratio does not exceed 15 g/kg and relative humidity is always
lower (except for rare circumstances) than 70% which may be considered
acceptable. Keeping the size and operating logic of the system unchanged,
the optimal airflow values ensure energy savings of 21% and 12% for the
control unit and the equipment rooms, respectively. By also increasing the
set point temperature, the savings can exceed 40% for both rooms as
reported in Table 26 and Table 27.

Table 26. Summary of the energy consumption of the air-conditioning
system in the control unit room as airflow increases.

Reference system Proposed system
Set point temperature [°C] 24 24 25 26 27 28
Air volume flow rate [m>/s] 1.6 3.7 3.7 3.7 3.7 3.7
Electricity [MWh/year] 46.4 36.9 33.6 30.5 27.9 25.4
Electricity saved compared to the 20 28 34 20
reference system [%]

Table 27. Summary of the energy consumption of the air-conditioning
system in the equipment room as airflow increases.

Reference system Proposed system
Set point temperature [°C] 24 24 25 26 27 28
Air volume flow rate [m*/s] 14 2.8 2.8 2.8 2.8 2.8
Electricity [MWh/year] 28.8 25.4 22.6 20.5 18.5 16.6
Electricity saved compared to the 12 2 29 36
reference system [%)]
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5.3.4 Variable volume fan and air mixing control

In order to maximize the cooling potential due to outdoor air exploitation
for air conditioning of the control unit and equipment rooms, the plant control
logic has been adapted, keeping the same size and maximum supply airflow
of the reference building. Specifically, a system exploiting the advantages
of mixing the outdoor air with the indoor air has been simulated. With the
new plant configuration, the motorized dampers are now proportionally
controlled to reach a favourable temperature in the plenum (see Figure 45)
and lower the cooling coil rate. Furthermore, the variable volume fan
modulates the amount of supply air to ensure the set point temperatures.

In order to show the new control logic proposed for the air conditioning
of the rail technical compartments, the results are shown in Figure 50 and
Figure 51 referring to the control unit room. The dynamic temperature and
load profiles referring to the equipment room are omitted for sake of brevity,
as the systems behave similarly.

When outdoor temperature is low (wintertime, Figure 50a), the system
is able to meet the needs of the room maintaining the indoor air temperature
(orange line) at the set-point value. In order to guarantee the set point
temperature, the zone supply airflow should have a temperature (yellow
line) of about 12 °C (15 °C for the equipment room). It can be outdoor,
recirculated, or mixed air depending on temperature conditions. When the
outdoor air temperature (green curve) is close or higher to 12 °C, the airflow
is completely taken from outside and there is the need for chiller activations
(Figure 50b) to cool down the air stream. Reversely, mixed air is supplied
to the zone whenever outdoor temperature is such as to meet the zone
thermal load.
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Figure 50. Air conditioning system behaviour for four winter days
(control unit room). Temperature and airflow profiles (a); Temperature and
cooling load profiles (b).

As shown in Figure 51, which depicts what happens in a week in August,
the fan only treats recirculated air when the outdoor air temperature (green
line) is higher than the indoor temperature (orange line). In this case the
internal temperature Ti» and the mixed air temperature Tmix (yellow line)
overlap. Similarly, Figure 51b demonstrates that cooling is constantly
required both with outdoor and recirculated airflow. Furthermore, it is
noticed that neither the free cooling or chillers are able to maintain the set-
point, as occurs with the reference system too.

The results obtained from the simulation of the proposed system are
compared with those obtained from the simulation of the plant as it stands.
The latter can introduce a constant air volume to the spaces, which can be
outdoor (free cooling) or recirculated air with chiller activation. The two
scenarios differ in the operating control logic, while the size of the system
and the supply airflow are the same (1.6 m®/s for the control unit room and
1.4 m3/s for the equipment room). The latter are maximum values in the
proposed system since the fans can modulate the flow according to request.
The new system, on the other hand, has more operating modes: it can work
in free cooling (outdoor air only or mixed air), or by supplying outdoor,
recirculated, or mixed air coupled with the cooling coil.

Thermal loads [kW]
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Figure 51. Air conditioning system behaviour for four summer days
(control unit room). Temperature and airflow profiles (a); Temperature and
cooling load profiles (b).

In the current state, the chiller operates for most of the year, the free
cooling affects only 11% of the hours for the control unit room (22% in the
equipment room). See Figure 52. With the proposed system the slice
relating to the free cooling mode increases considerably, reaching 32% of
the hours (45% in the equipment room). The increase in free cooling hours
is due to the possibility of mixing the outdoor and indoor air which allows the
system to exploit the outdoor air stream in the coldest hours of the year with
no risk of lowering the temperature too much. In fact, in the current state,
the minimum outdoor temperature allowed to operate free cooling is 10 °C.
Most of the time, the proposed system works with the cooling coil that chills
the outdoor air. This happens since the outdoor air temperature, although it
is not low enough to cool down the zone to the set-point temperature, is
lower than the indoor one. Therefore, it is not convenient to adopt the
operating mode of the system as it stands (the cooling mode with
recirculated air and chiller works only 2% of the time).

Thermal loads [kW]
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Figure 52. Percentage of activation time of the system operating
modes for the control unit room. Reference system a); Proposed system
b).

The pie charts in Figure 53 show the shares of the energy required by
the systems in the various operating modes. It should be noted that the total
electricity required differs from the current state and the proposed system.
Specifically, the proposed system allows an electricity saving of about 31%
(29% for equipment room) compared to the reference system. Moreover, as
free cooling is greatly exploited in the proposed system, its share of
electricity consumption is higher. It goes from 1% to 4% in the control unit
room (and from 2% to 7% in the equipment room). The rest of the energy is
used to run chillers and auxiliaries. It is worth pointing out that the energy
used in free cooling mode only refers to electricity consumption due to fan
operation. This is why the share is very low compared to operating modes
with chiller activation.
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Figure 53. Percentage of energy required for the system operating
modes in the control unit room. Reference system a); Proposed system b).

The behaviour of the system described so far is also depicted in Figure
54, where the monthly trends in electricity consumption are reported. Each
bar consists of three rates: the electricity required by the fans (blue stack),
the electricity required for sensible cooling (purple stack), and that required
for latent cooling (gray stack).

As mentioned, it increases as outdoor temperature rises. In winter, the
proposed system requires less energy than the reference system as it is
able to use more free cooling. In summer, however, the energy required in
the two cases is comparable despite the fact that the air is treated at a lower
temperature. This happens because the quantity of supplied air is the same,
as the proposed system stabilizes on the maximum flow rate value. It should
also be noted that the proposed system entails a significant amount of
electricity usage due to latent thermal energy compared to the reference
system. The latent rate is very high in summer because mostly outdoor air
is supplied to the zone which is characterized by a higher humidity ratio than
indoor air.
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Figure 54. Monthly electricity consumption for the reference and
proposed system.

By combining the new control logic with higher airflow rates, it was
possible to further minimize the energy consumption of the system. An
optimization procedure similar to that reported in section 5.3.2 has been
carried out.

Figure 55 shows the variability of the electricity demand for the two
cases analysed (reference system and proposed system) as the maximum
air flow rate varies. The electricity required by the reference system is
initially decreasing and then has an increasing trend, while it is always
decreasing with regard to the proposed system. For the lowest values of the
flow rate there is an increase in the electricity consumption related to free
cooling (blue stack). The flow rate of 4.7 m3/s results in a lower electricity
consumption equal to 24.7 MWh/year which is a saving of 23% if compared
with the initial flow rate value of the proposed system (1.6 m3/s), of 35%
compared with the same flow rate value of the reference system (4.7 m3/s),
33% compared with the optimal flow rate of the reference system (3.7 m3/s)
and 47% when compared with the initial flow rate of the current state ( 1.6
m3/s).
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Figure 55. Variability of the system electricity required for different
airflow rates.

Finally, as proven for the control logic of the reference system, higher
set-point values also lead to lower electricity consumptions. Figure 56
reports the results referring to the different strategies analysed. As
expected, the most effective one is the one with the 28 °C set-point which
entails an energy saving of 17% and 44% if compared to the 24 °C set-point
in the case of the reference and proposed system respectively.
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Figure 56. Electricity consumption varying with set-point values for
optimal airflow configuration (3.7 m3/s for the reference system vs 4.7
m3/s for the proposed system).



Probability

Giovanni Francesco Giuzio 5—151

5.3.5 Impact of outdoor condition

With the aim to identify the optimal plant configuration to be adopted as
the standard layout for all the similar technical buildings of the railway
network, the system has been simulated in different climate conditions. In
fact, this type of buildings must be placed every 20-25 km of high-speed
track, located throughout the ltalian territory. Specifically, the weather data
of Palermo, Napoli, Roma, Torino and Tarvisio were used representing the
Italian weather zones B, C, D, E and F, respectively. The weather zone A
was excluded as it affects only the islands of Lampedusa and Linosa while
the other ones are defined according to the ltalian regulation (Annex A of
DPR 412/93) [109] that categorise them according to the Heating Degree
Days (HDDs). A summary of the main climatic data of the considered
location are reported in Figure 57.
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Figure 57. Summary of main weather conditions for the considered
locations.
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The simulations were performed to calculate the electricity consumption,
the number of hours in which the system works in free cooling mode and
with the chiller activation. The results are respectively reported for the
control unit room in Figure 58 and Figure 59. The simulation data relating to
the reference system were compared with those of the proposed system as
supply airflow changes, with the set point temperature equal to 24 ° C and
keeping unchanged the size of the chiller.

As shown in Figure 58, the electricity required by the reference system
does not vary considerably as the climatic location varies. As expected, the
greatest differences are recorded between climatic zones B and F, however,
the differences are reduced as the supply air flow increases. Since free
cooling cannot be used when the outdoor air temperature is below 10 °C,
the buildings located in colder zones do not necessarily benefit from this
control logic.

The described behavior is particularly evident in Figure 59, which shows
the number of hours in the two operating modes. Despite the lower energy
consumption, the hours of operation in free cooling mode for the reference
system decrease when passing from climate zone B to F, as mentioned,
due to the rather small range of outdoor temperatures in which the free
cooling can operate. In this case, the airflow rate for which the lowest energy
consumption is recorded in the control unit room is 3.7 m3/s (2.3 m3/s for the
equipment room), the same for all locations.

With regard to the proposed system, energy consumption is significantly
lower than that of the reference system. The chillers have the possibility to
cool the outdoor air or mixed air whose temperature can be controlled and
maintained in a temperature range between 10 °C and the indoor set-point
temperature. This entails a considerable increase in the hours in which free
cooling is used (see Figure 59 relating to the proposed system). The colder
locations benefit most from this new operating logic, in fact, the percentage
savings in terms of electricity consumption goes from 8-15% to 64-79% for
the weather zone B to F, respectively. The optimal maximum airflow for the
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proposed system ranges from 3.7 m?/s to 6.2 m3/s. However, lower airflows
can be adopted as the relative percentage changes in electricity
consumption are low for airflows above 3.7 m3s.

Reference system

Airvolume flow rate Location end climate zone

[m*/s] PALERMO (B) NAPOLI(C) = ROMA (D) | TORINO (E) TARVISIO (F)
Electricity [MWh/year]
1.6 51.5 46.4 47.6 46.2 439
1.7 50.2 45.1 46.6 454 426
1.9 26.6 43.0 a4 439 40.9
2 43.5 a1.1 426 43.0 39.8
2.3 a7 39.8 412 419 40.2
2.7 40.0 38.2 39.5 40.7 37.4
3.1 391 _ 372 _ _ 388 _ _ _ 401 _ _ 384 _ _
3.7 II38.9 |36.9 lsss fa0.1 I36.1 [
a7 03 ~ "~ 380 T 304 ~ T a1 T T 380 T
6.2 2.6 40.4 424 44,0 39.7

Proposed system

Airvolume flow rate Location end climate zone

[m*/s] PALERMO (B) NAPOLI(C)  ROMA (D) = TORINO (E) TARVISIO (F)
Electricity [MWh/year]

16 43.9 32.2 34.2 26.3 15.7

17 42.6 31.2 33.2 25.6 14.8

19 39.9 29.5 31.6 24.4 13.5

2 38.2 28.3 30.4 23.5 126

23 37.1 27.4 29.5 22.8 12.0

2.7 36.2 26.0 28.4 215 10.8

3.1 359 _ _ 253 280_ _ _ 206 9.3

3.7 I35.7 lazas_ _ _ 1276 l2o1_ _ _ 85

47 9 |27 l2z6~ = Tlse_ _ _lze_ _ _
6.2 36.6 28 279 19.9 lzs |

Figure 58. Electricity consumption of the reference and proposed
systems.
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Airvolume flow rate

[m’/s]

1.6
1.7
1.9

2.3
2.7
3.1
3.7
4.7
6.2

Airvolume flow rate

[m’/s]

1.6
1.7
1.9
2
2.3
2.7
3.1
3.7
4.7
6.2

Reference system
Location end dimate zone
PALERMO(B) | NAPOLI(C) | ROMA(D) | TORINO(E) | TARVISIO(F)
Operating hours
Free  chiller T chiller  7°® | Chiller Chiller Chiller
cooling cooling cooling Co0 Coo
625 950 78107 (811 7999|520 824000240 8511
loas 1260 7000|1050 7710 |741  B0190|ses 8194
1765 1790 9700 1507 7163 [1126 763400 1005 7755
2453 2250 5100 204 6716 |1407 735400 |1309 7450
2890 2570 61900 (2339 6371 [1689 GOzl |1309 7450
3385 3040 572001 2870 S0 (2083 G672 (2008 6752
az09_ 370, B8O 3152 Se3 _ |55 _BAGN 2332 _e428
4005 4754 3660 51000 M348 5321 |»s87 61 l2609 6151 |
4152 W68 [3%5 14855 [3665 5095 (2792 5068l |2666 6093
4363 4397 |s00s 4755] [3724 s036 |2870 58900 2941 5819
Proposed system
Location end dimate zone
PALERMO(B) | NAPOLI(C) | ROMA(D) | TORINO(E) | TARVISIO(F)
Operating hours
Free  chiller 7 chitler 7™ chiller  ®°  Chiller Chiller
cooling cooling ooling cooling
762 7998 | |2846 [5914Y [2667 6093 |4136 4624 (5506 3254
1096 Feea'M (3210 55500 (3002 5758 (4388 3@  |ss00 2960
2022 67380 |3760 50001 (3546 5214 |4764 B9 |6272 2488
2692 6068Y (4190 45700 |a000 4751 (5066 | 3688 6627 2133
3172 5588 (4510 4350 (4337 4423 (5353 B4y 604 1856
3397 53683 [4730 030 |a513 4247 (608 (Bi52  |7294 1466
3408 _535)' (4710 4050 (4482 _4278 _ (5562 Bies |7287 1473
3405 5355 4700 _laam2 4288 5557 _B3Gs _ (7283 w477
333 53271 (a720 40A0 a5z 4239|573 317 |mso 3480
338 532 |4730 4030  |4520 4231 |S571 B0 7285 1475

Figure 59. Operating hours of the reference and proposed systems.
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5.3.6 Environmental and economic analysis

With the aim of exhaustively evaluating the enterprise of implementing
the proposed system configurations, an economic analysis has been carried
out for each considered airflow rate. Only the results related to the
revamping of the control unit room systems are shown for sake of brevity.
The costs of each component used to enhance the system such as fans,
economizer with motorized dumpers, and temperature sensors were
considered in order to calculate the investment costs. In the case of the
proposed system, a VAV box was considered too. The purchase price of
electricity was considered equal to 250 € / MWh. The capital costs are
estimated in the range 13.5 — 17.8 k€ depending on airflows and fan size.
As depicted in Figure 60, very low pay back periods are obtained in case of
higher airflows. The investment costs are contained, and the savings are
substantial as the air flow varies. However, for very high flow rates the SPB
values sudden increase, given the higher energy consumption linked to air
handling.

10.0
9.0 B PALERMO m NAPOLI ROMA
8.0 B TORINO TARVISIO
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Simple pay back [years]

1.7 19 2 23 27 31 37 47 62
Air volume flowrate [m3/s]

Figure 60. Simple pay back values for increased airflows in the
reference system.



5—156 Implementation of sustainable systems toward Net Zero Energy
Infrastructures:
methodology and design criteria

At contrast, as regards the system proposed with optimized control
logic, the SPB is on average higher. However, the latter does not exceed 6
years (see Figure 61). The proposed system in fact involves higher
investment costs (in the range 17.4 - 35 k €) and, at the same time, higher
operating savings. It should be noted that the locations with more severe
winters are penalized also in economic terms with the current control logic
of the reference system, given the impossibility of using outdoor air at
temperatures lower than 10 ° C.

10.0
9.0 B PALERMO m NAPOLI ROMA
8.0 B TORINO TARVISIO
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Simple pay back [years]

1.7 19 2 23 27 31 37 47 62
Air volume flowrate [m3/s]

Figure 61. Simple pay back values for increased airflows in the
proposed system.

The energy results previously shown imply the environmental ones
presented, for all the investigated ventilation strategies, Table 28 and Table
29. Note that these results have been obtained by considering an emission
factor equal to 0.483 tCO2/MWhel. It is possible to notice, in accordance
with the energy results shown in the previous sections, that both increased

airflow rates and the proposed system control logic return remarkable CO2
emission reduction
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Table 28. CO2 emissions for increased airflows in the reference

system.
| mensemmed

Airflow Palermo Napoli Roma  Torino Tarvisio

rates

[m?3/s]
1.6 24.7 22.3 22.8 22.2 211
1.7 241 21.6 22.4 21.8 20.4
1.9 224 20.6 21.3 21.1 19.6
2 20.9 19.7 20.4 20.6 191
23 20.0 19.1 19.8 20.1 19.3
27 19.2 18.3 19.0 19.5 18.0
3.1 18.8 17.9 18.6 19.2 17.5
3.7 18.7 17.7 18.5 19.2 17.3
4.7 19.3 18.2 18.9 19.7 18.2

6.2 204 19.4 20.4 21.1 19.1
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Table 29. CO2 emissions for increased airflows in the proposed
system.

CO; emissions [tCO2/anno]

Airflow Palermo Napoli Roma Torino Tarvisio
rates
[m3/s]
1.6 247 22.3 22.8 22.2 211
1.7 21.1 15.5 16.4 12.6 7.5
1.9 204 15.0 15.9 12.3 71
2 19.2 14.2 15.2 11.7 6.5
23 18.3 13.6 14.6 11.3 6.0
2.7 17.8 13.2 14.2 10.9 5.8
3.1 17.4 12.5 13.6 10.3 5.2
3.7 17.2 121 13.4 9.9 4.5
17.1 12.0 13.2 9.6 4.1
17.2 11.9 13.2 9.6 3.8

17.6 11.9 134 9.6 3.6
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5.4 Conclusions

This chapter presented a study on the energy saving potential of
different free cooling strategies for the space cooling of communication and
signaling device rooms which serve the railway infrastructures. In order to
identify the most convenient solutions to reduce the energy impact and
define standard design criteria for the air conditioning systems, two different
control logics to exploit favourable outdoor air conditions were investigated
for a technical building located along the railway. A detailed building energy
model was developed to simulate the air conditioning system coupled with
different air economizers.

The obtained results provided important insights that both infrastructure
designers and operators should take into account:

- free cooling potential can be enhanced in existing buildings by means
of higher airflow rates. As demonstrated, up to 21% of electricity can
be saved by increasing the airflow up to 3.7 m3/s;

- higher set-point value is an easy to implement solution that leads to
significant energy savings with no costs. For instance, about 40% of
electricity is consumed by maintaining the set-point to 28 °C;

- innovative free cooling strategies that allow modulating and mixing
the outdoor and indoor airflows have an energy saving potential of
around 50%. Such systems have less capacity to keep humidity ratio
in a narrow range, however, it is demonstrated that both temperature
and humidity are kept in an acceptable working range;

- both traditional and innovative economizer control logics have
advantages with colder weather. Nevertheless, the proposed system
allows exploiting the outdoor temperatures more. The percentage
savings of electricity in weather zone E is 80%.

The analysis carried out in this study points out the high impact that
some easy-to-implement solutions to handle the supply air of railway
technical buildings have.
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Main findings and design
criteria

Traffic infrastructures such as railway/metro and maritime stations,
airports, etc. have a key role as they are important nodes of the
transportation systems; they represent the interface between the
passengers and the infrastructures. The number and high quality of services
provided to customers led to increasing attention to energy efficiency.

In this context, this thesis has pursued the following research objectives:

- analyse the state of the art of the current energy-saving solutions
adopted in the design and the management of transport
infrastructures, i.e. railway and maritime stations, airports, etc.;

- identify new technologies, innovative methodologies and good
practices to be adopted in the design workflow of these buildings in
order to minimize their environmental and economic impact;

- provide recommendations for assessing and designing highly-
efficient transportation infrastructures moving toward the concept of
zero-energy infrastructures.

The study was carried out by analysing energy-saving opportunities for
port areas (Chapter 2), railways stations (Chapter 3), airport facilities
(Chapter 4), and railway technical buildings (Chapter 5) with the aim of
extrapolating design criteria for new constructions and refurbishment
projects. First, the appropriate technologies for such applications were
identified, then, the analysis of suitable case studies, found to analyse the
several traffic buildings typologies that are the subject of this study, were
performed by means of detailed building energy models. The latter were
developed on purpose by means of advanced whole-building energy
performance simulation tools proposing novel workflows based on Building
Information Modeling to Building Energy Modeling (BIM2BEM)
methodologies.
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As discussed in Chapter 1, the high degree of complexity of traffic
infrastructures makes design and analysis tools crucial for managing the
project and improving its sustainability. Both the BIM and BEM are attractive
approaches to be adopted to improve the efficiency of buildings, bringing
significant advantages from the point of view of project management and
the decision-making process. The simulation-aided design turns out to be
very convenient at an early stage of the project when energy analyses can
guide concept design toward the most sustainable choices. The BIM2BEM
facilitates the work of energy modellers and helps in the enhancement of
the integrative design, enhancing project schedule by avoiding the creation
of redundant and time-consuming models. Therefore, the adoption of
advanced modelling and simulation tools for building envelope and HVAC
systems (BEM), as well as project management information tools (BIM) that
allow for reduced costs, should be considered as the most effective energy
efficiency measure to be adopted in the design of transport infrastructures,
encouraging and supporting value engineering in the design process
(Figure 62).

—_———— e — — —

o) _ o Building
| Design complexity Information
|l  management | Modeling Feedback for value
|§% /l BIM engineering
|/ _______ \ |/ TX} Simulation \I
| .
: &J k\ gbXML : : @ Energy consumption :
£
'\___r__,’ \ Z0__ Emissions caloulation
N 7
I C(Z I Building Energy
: ;%g Design analysis :—» Modeling
'\ ) BEM

Figure 62. Schematic diagram of simulation-aided design using
BIM2BEM.
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On the other hand, the methodology is also suitable as a tool in facility
management and continuous improvement processes. The energy
model may follow the actual building during its life. In this way, the digital
model accompanies the improvement process, facilitating the facility
management and supporting decisions aimed at reducing air pollution and
increasing energy efficiency. However, BIM2BEM is not a mature
methodology and needs to be further investigated. Information may be lost
during the export and import process. Therefore, greater integration
between the two techniques and the development of increasingly reliable
workflows capable of extending modelling capabilities starting from
information models are required.

In light of the study carried out in this thesis, a set of promising energy
efficiency measures to reduce energy consumption in this context have
been identified and summarized in this section. A graphical overview of the
selected strategies is shown in Figure 63.

It is clear that the greatest energy saving potential for port buildings is
offered by the use of renewable energy sources. This is demonstrated by
the case study analysis of the Molo Beverello maritime station which is a
new construction project in Naples, Italy. Specifically, the implementation of
building integrated photovoltaics (PV glass) allows about 25% of primary
energy savings, whereas traditional photovoltaic installations may push the
PES up to 40%. Of course, greater plant sizes compared to that analysed
in Chapter 2 may lead to much higher energy saving. The use of highly
efficient heat pumps / chillers is the second strategy as regards primary
energy saving. Given the availability of sea water source in the close
proximity of the considered buildings, the water-source heat pumps / chillers
have a great impact on consumption.
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lighting
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Demand controlled
ventilation, free
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Photovoltaic

Railway
technical
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power and cooling
(biogas)

Infrastructure Strategy PES

Figure 63. Summary of the energy saving strategies analysed and
approximate primary energy saving potential.

As proven, this application for Mediterranean weather and seawater
temperature conditions implies a PES value of 42%. Moreover, if chillers
are equipped with heat recovery systems they can save about 10% of
electricity. As concern railway stations, the major energy and economic
benefits can be obtained by the reduction of electric load intensities that are
the most impacting energy consumptions. Systematic efficiency actions on
lighting and appliances are highly encouraged. As demonstrated in Chapter
3, an overall primary energy saving of 26% can be reached by means of
highly-efficient lighting systems (e.g. LED lamps). The pay back periods of
the investment may be very low. Energy measures such as envelope
improvement and replacement of HVAC with more efficient systems have a
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lower impact on the station heritage instead. Only a limited number of
stations are equipped with air conditioning systems. So, the primary energy
savings are estimated as high as 1.2% for envelope improvement and
14.3% for HVAC system renovations. Nevertheless, it should be highlighted
that those strategies systematically applied to the station building stock may
lead to negative net present values over 25 years. Those findings were
obtained by means of the bottom-up modelling of the Italian railway station
building stock. A data-driven model, derived by the detailed physics-based
models of the station archetypes, resulted a valuable tool for railway
infrastructure managers to plan building renovation on large scale.

Airport terminals are probably the most energy-intensive facilities
among those covered by this dissertation. Their energy consumption is
comparable with small cities. Dedicated generation systems such as
combined cooling heat and power plants (CCHP) are always interesting
solutions for airports. If renewable fuels such as biogas are adopted, PES
values up to 90% can be achieved. It worth noticing that cogeneration, or
trigeneration, well fits the need of harbour areas as they are intensive
energy consumers too. For the same reason, large photovoltaic plants are
profitable solutions for airports since a very high rate of self-consumption
can be reached. The photovoltaic power plant analysed in Chapter 4 for the
International Airport of Naples leads to a saving in energy consumption up
to 35%, however, very high peak power are required to reach this value. In
contrast, architecturally integrated photovoltaics are convenient solutions
only if wide surfaces are available for implementations.

Similarly, to other building infrastructures, airport operators should
certainly refurbish the lighting system of the facility since substantial
savings, up to 13%, can be achieved. Furthermore, since airports have large
consumption due to HVAC systems, and the one analysed in Chapter 4 is
no exception, strategies on ventilation have to be taken into consideration.
The combination of air heat recovery, demand-controlled ventilation, free
cooling or variable air volume strategies low the energy consumption up to
6% on the total electricity consumed in the terminal. It is observed that the
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implementation of air economizers for free cooling strategies in airports
located in mild climate zones can be a beneficial solution since the cooling
period is extended due to higher internal gains (crowding spaces, high
equipment heat loss, etc.). For the same reason, envelope insulation or
window fagade replacement do not have advantage of significant energy
savings.

Modern transportation systems are strongly dependent on advanced
digital infrastructures that require high energy-consuming processes, i.e.
data centers in the control tower to coordinate inbound and outbound air
traffic, communication and signaling equipment for rail network
operation and traffic safety, etc. The control and signaling devices need to
be dislocated along the rail lines within dedicated technical buildings
throughout the railway network which also require significant energy
consumption for auxiliaries and air-conditioning systems. It is found that the
standard systems adopted to cool down signaling equipment rooms are
inadequate to make the most of low winter or mid-season temperatures to
perform direct free cooling. The optimization of outdoor airflow may lead to
electricity savings of up to 21-40% if acceptable indoor conditions range are
relaxed (upper temperature and humidity limits of 28°C and 70%). However,
the best performance from an energy point of view is achieved by controlling
the air distribution system that allows the mixing of indoor and outdoor air.
As proven in Chapter 5, economizers that implement advanced controls can
reduce electricity consumption by 50%, up to 80% for extreme weather
conditions, underling the high impact that some easy-to-implement energy-
saving measures can have on high energy-consuming processes.

Finally, the main contributions of this thesis can be summarized as
follows:

Development of a design methodology based on the BIM2BEM
approach: a customized methodology is proposed to model the
infrastructure buildings considered for each modelled case study.

Analysis of case studies focused on different infrastructures
building typologies (maritime stations, railway stations, airports, and
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railway technical buildings) to learn and make use of advanced technologies
in building energy management.

Modelling of the Italian railway building stock via physics-based
and data-driven building models: a large-scale analysis of the entire
building heritage of railway stations is carried out.

Identification of suitable design criteria for designers, constructors,
infrastructure managers and stakeholders to improve sustainability and
reduce overall infrastructure costs.

While many studies on net-zero energy buildings have been carried out
in the literature, few focused on the goal of net-zero for large facilities such
as the ones investigated. And none of them have been investigated through
whole-building performance simulation approaches, customized for the
aims of this thesis. For this reason, this work represents the first original
research covering the topic of infrastructure sustainability by investigating a
wide range of building typologies.

Final remarks

Although an attempt has been made to identify general guidelines for
the implementation of highly efficient systems at the service of transport
infrastructures, there are no one-size-fits-all solutions or approaches. The
design of these facilities has different needs and constraints that must be
assessed on a case-by-case basis. Therefore, the content of this thesis can
be used to support the implementation of innovative technologies in the
various areas analysed but the planning and design of these important
infrastructures cannot be separated from a careful study of the specific
case. Designers should engage in developing accurate analytical models to
reach the highest degree of energy and economic savings. Their application
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needs to be extended to concept design as the early phases of the project
are crucial to reach the net-zero goal.
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