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SOMMARIO

L'obiettivo principale della seguente tesi di laurea magistrale & simulare e analizzare il
comportamento termico di un centro sanitario pubblico situato a Paterna, in Spagna.
L’edificio & dotato di un sistema HVAC (Heating, Ventilation, and Air Conditioning) ibrido,
costituito da una pompa di calore geotermica e da una pompa di calore aerotermica.

Per la fase di simulazione sono stati impiegati i software EnergyPlus (come motore di calcolo)
e OpenStudio (come piattaforma di modellazione), programmi avanzati che permettono di
modellare il comportamento energetico e il comfort termico degli edifici.

Il modello energetico dinamico e stato costruito attraverso le informazioni provenienti dalla
documentazione ufficiale dal comune di Paterna, dai materiali tecnici dei vari componenti
presenti, dalle normative spagnole per gli edifici e dai dati operativi ottenuti da alcuni sensori
installati nell’ambito del progetto Cooling Down. Tali dati hanno consentito una
rappresentazione realistica del funzionamento del sistema HVAC, includendo le soglie di
attivazione, le logiche di controllo stagionali e le condizioni operative.

Il processo di modellazione ha incluso la definizione della geometria dell’edificio, dei materiali
costruttivi con relative proprieta termiche, dei carichi termici interni, dei profili di occupazione
all'interno dei diversi ambienti, della configurazione del sistema HVAC e delle condizioni
climatiche locali, descritte mediante il file climatico di Valencia, reperito dal database ufficiale
di EnergyPlus.

Per la validazione del modello sono stati utilizzati diversi set di dati, in particolare i consumi
elettrici reali ricavati dalle bollette mensili dell’edificio e i registri della potenza attiva in
ingresso al sistema.

Questo approccio ha consentito un confronto efficace tra i risultati della simulazione e i dati
reali, permettendo di individuare eventuali discrepanze e di evidenziare opportunita di
ottimizzazione.

Il lavoro ha quindi permesso di valutare I'accuratezza del modello sviluppato, stimare i carichi
termici stagionali e sviluppare strategie di riqualificazione volte a migliorare le prestazioni

energetiche dell’edificio.



PAROLE CHIAVE: Sistema HVAC, Energia geotermica, Simulazione termica, Analisi dei consumi

energetici, Riqualificazione energetica degli edifici, EnergyPlus, OpenStudio.



ABSTRACT:

The main objective of this master’s thesis (TFM) is to simulate and analyse the thermal
behaviour of a public health centre located in Paterna, Spain. The building is equipped with a
hybrid HVAC (Heat, Ventilation, and Air Conditioning) system consisting of one geothermal
heat pump and one aerothermal heat pump. The simulation was carried out using EnergyPlus
software, with the building model developed through the OpenStudio graphical interface.
The development of the detailed dynamic energy model was supported by official
documentation from the Paterna city council, technical materials and operational data
obtained from sensors installed within the Cooling Down project. These data enabled a
realistic representation of the HVAC system's operation, including activation thresholds,
seasonal control logic, and operating conditions.

The modelling process involved defining the building geometry, construction materials and
their thermal properties, internal heat gains, human activity, the HVAC system configuration,
and local climatic conditions based on meteorological data from the Valencia EnergyPlus
weather file.

Several datasets were employed for model validation. Analyses were conducted using real
electricity consumption data obtained from monthly utility bills, active power measurement
logs at the system inlet, and data collected from sensors installed within the HVAC system.
This approach allowed for an effective comparison between the simulation results and the
actual data, making it possible to identify discrepancies and highlight opportunities for system
optimisation.

The work therefore enabled the assessment of the installed HVAC system's efficiency, the
estimation of seasonal thermal loads, and the development of retrofit strategies aimed at

improving the building’s energy performance.

KEYWORDS: HVAC System, Geothermal energy, Thermal simulation, Energy consumption

analysis, Building retrofitting, EnergyPlus, Openstudio.
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Chapter 1: INTRODUCTION

1.1 Context

The operation of buildings, that is, their use, heating, cooling, ventilation, and lighting,
constitutes one of the primary contributors to global energy consumption and greenhouse gas
emissions. This is due to the considerable energy demand required to maintain indoor comfort
and functionality.

For this reason, over recent decades, international organisations such as the International
Energy Agency (IEA) — which estimates that the building sector accounts for approximately
30% of global energy consumption and 26% of energy-related CO, emissions (Buildings -
Energy System - IEA, n.d.)— together with national regulatory bodies, have prioritised the
development of strategies aimed at improving the energy efficiency of buildings. The target
these bodies have set themselves is to achieve decarbonisation of buildings by 2025 (Energy
Efficient Buildings, n.d.).

In this context, building energy modelling has emerged as a valuable tool using simulation
software, enabling the prediction of a building’s thermal behaviour over time, the
optimisation of energy consumption and system performance, and the evaluation of more
efficient design strategies (Pan et al., 2023).

The case study of the Centro de Salud in Paterna is situated within this context. The building
is used as a primary healthcare facility, it is in Paterna, Spain, and equipped with a hybrid
geothermal and aerothermal HVAC system. Through dynamic modelling using the EnergyPlus
simulation engine, it is possible to analyse the building’s energy demand and evaluate the
performance of the installed HVAC system, with the aim of identifying potential areas for

improvement (EnergyPlus Input and Output Refrence, n.d.).

1.2 Thesis objectives and Methodological approach

The construction of the simulation model will be carried out following rigorous criteria, with
the goal of accurately representing the real building, within the limits of the available
information. Specifically, climate data for the Paterna site (characterised by a Mediterranean

climate, with hot summers and mild winters)(Clima, condizioni meteo per mese, temperatura



media Valencia (Spagna) - Weather Spark, n.d.) will be set, and a 3D model of the building
geometry will be developed, including orientation and division into thermal zones.
Appropriate thermophysical properties will be assigned to the building envelope components,
such as external walls, roofs, floors, etc., based on known or estimated construction materials
from the building’s original construction period and current regulations for Spanish public
buildings (Asociacion Espafiola & de Normalizacion, 2020) in those cases where no actual data

on the materials used are available.

Similarly, parameters related to ventilation and air infiltration will be defined, assuming air

exchange rates consistent with a healthcare facility.

A crucial aspect of the model concerns the definition of internal loads and occupancy profiles.
Based on the healthcare function of the Centro de Salud, a variable number of occupants
(medical staff and patients) throughout the day and week will be assumed, consistent with
the centre’s opening hours. Internal thermal loads from medical and electrical equipment and
artificial lighting will be estimated. At the same time, the hybrid HVAC system will be modelled
in detail: the system includes a geothermal heat pump connected to vertical ground probes,
supported by an external air-to-water aerothermal heat pump. Both units will be defined using

technical manuals and data from sensors present in the system.

Once the model development is completed, an annual simulation will be performed to
evaluate the thermal and energy behaviour of the health centre under typical operating
conditions. The simulation results—particularly the monthly electricity consumption related
to HVAC and other uses, as well as indoor temperature profiles in the various zones— will
then be compared with real data from utility bills. While the aim is not to conduct a fine
calibration of the model, this comparison will allow-an evaluation of the agreement between
simulated performance and actual building data. If there are significant discrepancies, possible
causes will be discussed (e.g., modelling simplifications, differences in usage patterns, actual
system efficiency), and several suggestions will be proposed to improve the model’s accuracy

and the building’s overall energy efficiency.



1.3 Thesis structure

The thesis is structured as follows. Chapter 2 outlines the general context of the study,
recalling the theoretical foundations of heat transfer in buildings, the various types of energy
models (steady-state and dynamic), and presenting the software tools used for the simulation.
Chapter 3 provides a detailed description of the case study: the Centro de Salud in Paterna. It
includes all available information on the building under analysis, such as location, geometry,
construction materials, regional climate, and more. Furthermore, the hybrid HVAC system
installed in the building is described in detail, along with all related data.

Chapter 4 explains the methodology adopted for the development of the energy model, from
the use of EnergyPlus/OpenStudio software to the configuration of input parameters,
including climate data, thermal properties, internal loads, and system settings.

Chapter 5 presents the results of the simulations and a quantitative comparison with real
energy consumption data obtained from utility bills and active power registers for the entire
building. The analysis assesses the level of agreement between simulated and actual data,
using statistical indices recommended by standards such as ASHRAE, and discusses any
discrepancies observed.

Subsequently, Chapter 6 discusses the interpretation of the results and identifies potential
improvements to enhance both the model and the energy efficiency of the building.

Finally, Chapter 7 presents the conclusions of the study, summarising the most significant

findings.
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Chapter 2: THEORETICAL FOUNDATIONS OF THERMAL
MODELING OF BUILINGS

This chapter covers the fundamental principles and models underlying the thermal modelling
of buildings.

Firstly, the mechanisms of heat transfer affecting the building envelope and the indoor
environment will be presented, including the concept of the energy balance of a space.
Subsequently, the main categories of thermal simulation models will be described,
distinguishing between steady-state and dynamic approaches, and highlighting their
differences in terms of assumptions and applicability.

Finally, two widely used software tools for conducting energy simulations, EnergyPlus and

OpenStudio, will be introduced, together with their main features.

2.1 Principles of Heat Transfer

The thermal behaviour of a building is governed by three fundamental heat transfer
mechanisms: conduction, convection, and radiation. In a building, these exchanges occur
through the envelope elements (walls, floors, roofs, and windows), between the indoor and
outdoor environments, as well as within the internal spaces themselves.

Below, the principles of each mechanism are outlined, and their contribution to the energy

balance of an indoor space is described.

2.1.1 Thermal Conduction:

Thermal conduction is the mechanism of heat transfer through a solid material (or a stationary
fluid) due to a temperature gradient (Pierfrancesco, n.d.). At the microscopic level, thermal
energy propagates through collisions and vibrations between adjacent molecules.

This type of heat exchange is governed by Fourier’s law, which is expressed as follows

(Pierfrancesco, n.d.):

g=-14% (2.1)



Where:
e A [W/mK]: thermal conductivity, which depends on the type of material
e A [m?]: cross-sectional area through which heat flows
e AT/AX: temperature gradient across the material
In building elements, the thermal resistance of a layer is defined as (/SO-6946-2017.Pdf, n.d.),
(Asociacion Espafiola & de Normalizacion, 2020):
R=1% (2.2)
Where:
e d: represents the thickness of the layer.
The sum of the resistances of the various layers (including any internal air layers, if present)
gives the total thermal resistance:
Ry = Rg; + ZR; + Ry, (2.3)
Where:
e R, theinternal surface resistance
e R,,:the external surface resistance
The inverse of the thermal resistance defines the thermal transmittance U [W/m?:K] of the
building component.

U= (2. 4)

1
R
For the calculation of conductive heat flow, reference is made to the UNI EN ISO 6946 standard
(I1SO-6946-2017.Pdf, n.d.), which states that, under steady-state conditions, the conductive
heat flow through a component is calculated as:

Qcond = U - A- (Tint = Text) (2.5)
Where:

e Tine: indoor air temperature

e T, outdoor air temperature

The phenomenon of conduction affects all the building components, such as walls, floors,
ground, etc.

It should be noted that in opaque materials, part of the thermal energy can be stored in the
mass and released later; this phenomenon is known as thermal inertia. Specifically, thermal

inertia is the ability of a material to resist internal temperature fluctuations by storing heat
12



and gradually releasing it over time. It depends on three factors: material density, specific heat
capacity, and thickness (Thermal Properties of Materials | Sustainability Workshop, n.d.).
During the energy modelling process, it is essential to take this factor into account, as it

significantly influences the simulation results.

2.1.2 Thermal Convection:

Convection is the transfer of heat due to the movement of a fluid, typically air, which carries
thermal energy from one area to another. There are two types of convection: natural
convection (fluid motion is caused by density differences due to temperature, for example
warm air rising) and forced convection (fluid is moved by external forces, such as wind or a
fan)(Pierfrancesco, n.d.), (Cengel et al., 2022) . In buildings, convection mainly occurs between
the surfaces of the envelope and the adjacent air (whether indoor or outdoor), and through
air exchange caused by mechanical ventilation.
The convective heat flow can be determined using Newton’s law of cooling, expressed as
(Cengel et al., 2022):
Qconv="h-A- (T, —Tf) (2. 6)

Where:

e h [W/mZ3K]: is the convective heat transfer coefficient, typically ranging from 5-10

W/m?2-K for natural indoor convection and around 20 W/m?K for forced convection

e Ts:the temperature of the solid surface

e Tf:temperature of the fluid
It is worth noting that in steady-state thermal calculations for buildings, surface convection
and radiation are often considered together within surface resistances: Rg; € R,,.
A particular case of convection is ventilation/infiltration: warm air can escape from a room
(and cold air can enter) through openings or air leaks, carrying heat away. These are indirect
thermal phenomena (not purely thermal in nature but with significant thermal effects) and
cause major heat losses both in winter and summer.
In summary, convection is the mechanism that acts as a thermal bridge between building

surfaces and air, directly influencing the energy balance of indoor environments

13



2.1.3 Thermal Radiation:

Radiation is the transfer of heat through electromagnetic waves.

Unlike conduction and convection, it does not require a material medium. In buildings, when
analysing radiation, both shortwave radiation (solar radiation incident on the building, mainly
in the visible and near-infrared spectrum) and longwave radiation (infrared thermal radiation
emitted by surfaces as a function of their temperature) must be considered.

The law governing this thermal phenomenon is known as the Stefan—Boltzmann law (Heat
Transfer and Thermofluid Dynamics. Part 1., 2023), which quantifies the radiative heat flux

with the following relation:

Qrad = o&(T* — Tamb*) (2.7)
Where:
e 0 =5.67 x 10 — 8 W/m?K*is the Stefan—Boltzmann constant
e ¢:the emissivity of the surface, defined as the ratio between the energy radiated by a
real surface and that radiated by an ideal black body at the same temperature. It is a
dimensionless parameter ranging from 0 to 1.
In a heated indoor space, internal surfaces (walls, floor, ceiling, furniture) constantly exchange
heat via radiation with one another and with the occupants. Similarly, on the exterior, the
building facades exchange radiation with the sky and surrounding objects. Moreover, direct
and diffuse solar radiation represents a significant source of heat gain: radiation entering
through glazed surfaces and absorbed by the building mass is partially re-emitted indoors as
heat (greenhouse effect).
All these mechanisms of heat transfer are involved in the overall thermal balance of a room
or a building.
Figure 2.1 schematically illustrates the typical thermal contributions affecting a building:
on the external surface, solar radiation, radiative exchange with the surroundings, and
convection with the outdoor air act simultaneously; on the internal surface, convective
exchange with indoor air and radiative exchange with internal surfaces occur.
The red arrow represents conductive heat transfer through the solid wall.
To accurately describe the total heat exchange, all these phenomena must be taken into
account (Awbi, H. B, 1998).
14



Energy balance of a room
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conduction
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Convective heat exchange with | 1 exchange with indoor air
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i

1

1

1

Radiant heat exchange
with the surroundings
and with the sky

Radiant heat exchange with
other internal surfaces

Figure 2. 1: Schematic representation of the energy balance of a room, illustrating the main heat transfer

mechanisms.

We now move on to examine another fundamental aspect of heat transfer: the energy balance
of an indoor space.
By combining the mechanisms described above, it is possible to formulate the thermal balance
of a space (e.g., a room or an entire building). Under steady-state conditions, the balance
simplifies to the equality between the sum of incoming and outgoing heat flows (Heat Transfer
and Thermofluid Dynamics. Part 1., 2023), (Inside Heat Balance: Engineering Reference —
EnergyPlus 9.2, n.d.). For example, in winter, under steady-state conditions and in terms of
thermal power (W), the balance can be expressed as:
QOplant + Qint + Qsol + Qconv = Qtrans + Quent (2. 8)

Where:

° Qplant: thermal power supplied by the heating system

e (Qint: internal gains (heat generated by occupants, equipment, lighting)

e (sol : solar gains through windows or absorbed by the envelope.

e (trans: heat losses through transmission (conduction through all walls, floors, etc.)

. Qvent: heat losses due to ventilation/infiltration

e (conv: considers convective exchanges between outside air and external walls and

convective exchanges between inside air and internal surfaces

15



This balance represents the heating demand under steady-state conditions: the heating
system must supply enough energy to offset losses, after accounting for passive (free) gains.

In dynamic conditions, however, the energy balance is more complex and must also consider
the accumulation or release of heat in the space, depending on its thermal capacity. A thermal
storage term is introduced, which is associated with the change in indoor temperature over

time. The energy balance is expressed as:

dTint
dt

C *

= Qplant(t) + Qint(t) + Qsol(t) + Qconv — [Qtrans(t) + Qvent(t)]

(2.9)
Where:
e dTint: instantaneous indoor air temperature
e ( [J/K]: equivalent thermal capacity of the space (related to the specific heat of the air
and the heat-exchanging building components)
It should be noted that the sign of the various terms depends on the specific context of the
building and the climatic conditions being considered.
Thus, in a real system, the indoor temperature varies over time such that the difference
between incoming and outgoing thermal contributions results in accumulation (if positive) or
release (if negative) of internal energy.
Figure 2.2 illustrates a schematic energy balance of a room: incoming flows (internal and solar
gains, and any heating input) and outgoing flows (heat losses through walls, roof, floor,
glazing, and via ventilation) determine, along with the thermal inertia of the envelope, the
evolution of the indoor temperature. Under steady-state conditions, the temperature
stabilizes when the balance is closed; under dynamic conditions, continuous thermal

fluctuations occur.

16



Energy balance of a room
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Figure 2. 2: Schematic representation of the energy exchanges between the outdoor and the external wall.

The concept of energy balance is central to all thermal simulation models, whether simplified
or detailed. In steady-state models (discussed in the next paragraph), the balance is typically
averaged over a season or month, assuming steady conditions with constant or average
temperatures and flows.

In dynamic models, instead, the energy balance is solved step-by-step over time (e.g., hour by
hour), accounting for thermal capacity and instantaneous variations in boundary conditions

(climate, occupancy, system use, etc.).

2.2 Thermal Simulation Models

To predict the thermal behaviour of a building and calculate its energy performance
indicators, various simulation models can be used. These models differ in the level of detail
with which they represent physical phenomena and in how they handle time dependency
(steady-state vs. dynamic regime) (Vivian et al., 2017).

A balance must be struck between accuracy and complexity: more detailed and dynamic
models produce more precise results and provide richer information about the building’s
behaviour, but they are also more demanding in terms of computational resources. Simpler
models (often steady-state or quasi-steady-state) require fewer input data and less processing

time but involve greater approximations (ISO, 2008), (1SO, 2017).

This section presents the main types of thermal models and introduces some software tools

for energy analysis.
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2.2.1 Static vs. Dynamic Models

2.2.1.1 Steady-state models:

Steady-state models assume that the building-system operates under constant conditions,
meaning that thermophysical quantities remain unchanged over time. In practice, a steady-
state simulation typically refers to an entire heating or cooling season, using average climatic
conditions and average loads.

For example, when calculating the seasonal heating demand in winter, a steady-state model
may use the average outdoor temperature of the coldest month or of the entire season.
Although this approach is simple, it moves the simulation away from reality, since in real
scenarios conditions vary hour by hour, and the thermal inertia of the building plays a
significant role.

Nevertheless, steady-state models provide a first estimate of energy needs and have been

widely used in energy certification methodologies and earlier technical standards.

2.2.1.2 Quasi-steady-state models (monthly method):

An intermediate case is represented by semi-steady-state models, often implemented with a
monthly time step. In this approach, also known as the quasi-steady-state or periodic steady-
state method, the year is divided into months (or into heating and cooling seasons), and it is
assumed that conditions within each month remain steady, using average values.
Twelve monthly energy balances are then carried out, using for each month the average
outdoor temperature, average solar radiation, number of system operating days, etc., and
twelve monthly consumption values are obtained and summed to calculate the annual total.
While this method introduces a certain degree of seasonal variation, it remains limited in

capturing faster transient phenomena.

2.2.1.3 Simplified dynamic models:

Dynamic models consider temporal variations and thermal inertia, solving the energy balance
over shorter time intervals (typically hourly). Simplified dynamic models aim to represent the
thermal behaviour of a building using a reduced number of parameters, while still retaining

the ability to simulate its evolution over time.
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These models are often used in regulations as a compromise between accuracy and simplicity.

2.2.1.4 Detailed dynamic models:

When significant simplifications are abandoned and all thermal exchange phenomena are
modelled in detail, we enter the domain of detailed thermal-energy simulation, often referred
to as Building Energy Simulation. These models solve the building's energy balance with a high
level of detail, considering on an hourly (or sub-hourly) basis the variations in external
conditions (temperature, solar radiation, wind), occupant behaviour and technical systems
(system activation, window openings, etc.), and distributing thermal mass across multiple
elements (EnergyPlus Input and Output Refrence, n.d.).
In this approach, a thermal balance is written for each building surface (walls, floors, ceilings,
glazing), accounting for:

(a) the heat stored in the mass of the surface,

(b) the conductive heat flow through the surface,

(c) the convective heat exchanged with the adjacent air,

(d) the radiative exchanges with other surfaces and with the outside (including solar

radiation).

At the same time, a balance is written for each internal air zone, considering exchanges with
surfaces and systems (internal gains, ventilation air, HVAC systems). These coupled equations
are solved for each simulation time step, often using numerical iteration, since variables are
interdependent (e.g., air temperature depends on heat flows from all surfaces, which in turn
depend on the air temperature).
Detailed dynamic models also integrate specific calculations for complex components, such as
complete HVAC systems including control strategies.
Such models require a substantial amount of input data (detailed weather data, properties of
each material and component, hourly usage profiles for systems and occupants, etc.) and
significant computational power, but in return they offer highly accurate predictions.
Running a detailed dynamic simulation allows for high time-resolution outputs (typically
hourly or sub-hourly) for all variables of interest: room temperatures, instantaneous heat
flows, cumulative energy consumption, and more—providing a comprehensive overview of

the building’s thermal and energy behaviour.
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In the current context, both regulations and professional practice are increasingly shifting
from steady-state methods to dynamic methods for assessing building energy performance.
However, steady-state and quasi-steady-state methods remain useful for preliminary analyses
and initial HVAC sizing.

For advanced studies and optimized design of building—system interactions, the use of

detailed dynamic models (via dedicated software tools) has now become the standard in the

engineering community. Figure 2.3 illustrates the concepts just described with a diagram.

Simplified dynamic
models

Quasi-steady-state
models

Detailed dynamic models

Steady-state

models .
e.g. Transfer function

methods, finite element
methods, finite difference

methods etc. ’

Hourly calculation Implemented in softwares
procedure of 1S0 13790 for building simulation
(now replaced by [TRNSYS, IDA-ICE,
1S0 52016), VDI 6007 EnergyPlus, ESPr..)

e.g. Lumped
capacitance models

e.g. Degree-hours
with correction
factors

e.g. Degree
Days method

Manthly calculation

procedure of 150 13790

(now replaced by
150 52016)

IS0 15927-6

Model complexity

Figure 2.3 Classification of thermal-energy models according to their complexity. The diagram illustrates the

progression from steady-state methods to detailed dynamic models

2.2.2 Energy Simulation Software: EnergyPlus and OpenStudio

In recent decades, numerous energy simulation software tools have been developed that
implement detailed dynamic models for the thermo-fluid dynamic analysis of buildings.
Among these, EnergyPlus holds a prominent position internationally, and OpenStudio serves
as a supporting platform that facilitates the use of EnergyPlus. Below are their main features,

based on official documentation and industry standards.

EnergyPlus:

EnergyPlus is currently the most well-known and widely used building energy simulation
engine in both academic and professional contexts. It is a free and open-source programme
developed by the U.S. Department of Energy (DOE) (EnergyPlus Input and Output Refrence,

n.d.). EnergyPlus allows simulation of the overall energy behaviour of a building, including the
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calculation of thermal loads (how much heat must be added or removed to maintain desired
indoor conditions) and the energy consumption of HVAC systems and other equipment
(EnergyPlus Input Output Reference: The Encyclopedic Reference to EnergyPlus Input and
Output, n.d.), (EnergyPlus Input and Output Refrence, n.d.).

The software can model in detail heat transfer through the envelope, convective and radiative
exchanges in each zone, and compute indoor thermal and humidity conditions hour by hour.
EnergyPlus also enables modular simulation of HVAC systems: users can configure heating,
cooling, ventilation, renewable energy systems, lighting, etc., by selecting components from

an extensive library and specifying their characteristics.

Advanced features include:
e Sub-hourly time steps.
e Detailed modelling of control systems (thermostats, sensors, on/off algorithms,
continuous modulation, etc.)
e Simulation of natural or hybrid ventilation systems

e Dedicated modules for daylighting and electric lighting analysis.

EnergyPlus produces highly detailed results: it is possible to obtain annual, monthly, daily, or
hourly reports for virtually any variable (temperatures, flows, energies, comfort metrics, etc.),
and even export complete time profiles for external analysis.

However, EnergyPlus itself does not have a user-friendly graphical interface: it requires the
user to provide input via a text file (IDF — Input Data File) describing the building (geometry,
materials, thermal zones), usage profiles, and HVAC systems in detail.

Creating such files manually is complex, so various support environments have been
developed. One of the most prominent is OpenStudio, described below.
EnergyPlus is constantly updated and validated by the international community, is compliant
with ASHRAE methodologies, and is often used as the reference calculation engine in research
studies and technical standards. Its flexibility allows it to model everything from simple

residential buildings to complex commercial buildings with innovative systems.
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OpenStudio:

OpenStudio is an open-source software designed to facilitate the creation, management, and
execution of energy models that use EnergyPlus. In other words, OpenStudio provides an API
in various programming languages to manipulate EnergyPlus models (OpenStudio
Documentation, n.d.), .

Using this software, it is possible to graphically build a building model by inserting all elements:
building geometry, definition of thermal zones, assignment of thermo-physical properties to
constructions (layered materials, glazing, etc.), setting of usage profiles (occupancy schedules,
lighting, equipment, ventilation, HVAC setpoints for each hour and for different day types),
and configuration of HVAC systems via a schematic graphical editor. Once the model is built,
OpenStudio allows you to run the simulation using EnergyPlus (OpenStudio QuickStart Guide,
n.d.).

OpenStudio thus serves as an integrated environment for energy simulation: its goal is to
reduce the effort required to build and update EnergyPlus models, promoting its use even in
the design phase.

Figure 2.4 shows the graphical interface of the OpenStudio Application, highlighting its tab-
based organization (envelope, internal loads, HVAC systems, simulation, results). Thanks to
tools like OpenStudio, EnergyPlus can be used not only for individual simulations but also for
comparative studies, such as evaluating different retrofit scenarios or design variants within a

relatively short time.
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Figure 2. 4 The graphical interface of the OpenStudio Application
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It is worth noting that, in addition to OpenStudio, many other interfaces and tools exist for
EnergyPlus: for example, DesignBuilder, Honeybee/Grasshopper (a plugin for parametric BIM
modeling), as well as numerous commercial and free applications.

In conclusion, EnergyPlus and OpenStudio represent a powerful combination for dynamic
building simulation: the former provides the accurate physical engine, compliant with the
most advanced calculation methodologies (validated and continuously extended by scientific
research and standards), while the latter offers a modelling environment that enables efficient
and practical application to real-world projects (Figure 2.5 shows the relationship between

the two programmes).

— !' OpenStudio

4\.

EnercryvPlus

rF.
Weather database
Spaces Characteristics Hot&Cold demand i =
Thermal 2ones characteristics Internal temperatures o P Calculations
HUAC systems External temperatures
Set Construction Losses and gains of energy
Schedules Radiation through the windows

Figure 2. 5 Simulation workflow with OpenStudio as interface for EnergyPlus, showing input definitions and

output calculations.
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Chapter 3: DESCRIPTION OF THE BUILDING AND
HVAC SYSTEMS

This chapter presents the main information regarding the building analysed in this thesis,
including details related to the construction area, materials used, climatic conditions, and the
HVAC system implemented within the facility.

It should be noted that the information provided here comes directly from official documents
of the Ajuntament de Paterna, which is the owner of the installation. Unfortunately, the
available documents are not very recent, as they date back to 2006. It is likely that renovation
and modernisation works have been carried out since then, but unfortunately, there is no

updated information available on this matter.

3.1 Centro de Salud de Paterna: characteristics

As previously mentioned, the building analysed in this energy study is in Paterna, a
municipality in the province of Valencia, at Avenida de les Corts Valencianes n228 (Figure 3.1),

as shown in the image below.

Figure 3. 1 Location of the building

It is @ manor house (Figure 3.2) that has been renovated and converted into a primary

healthcare centre. Below are some images showing the building.
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Figure 3. 2 Front view of the public building analysed in this study

The building under study is distributed over three floors, including a basement level, with a
total surface area of approximately 617.53 m?. The usable floor area is 520.22 m? and is
distributed among the following functional zones (Municipality of Paterna, n.d.):

e Administrative areas, including offices;

e A multipurpose room, intended for general use or group activities;

¢ General services, including entrance, corridors, and toilets;

* Machine room, housing the technical equipment.

Table 3.1 shows the spatial distribution along with the corresponding usable areas.

Regarding the detailed distribution of spaces, the official documents included the floor plans
for the basement and the ground floor; unfortunately, the floor plan for the first floor was not
available. However, it was possible to approximately reconstruct its geometry thanks to an

on-site visit to the building.
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FLOOR USE USABLE SURFACE (m?)
Offices: 56.00
2 offices (2x14.21 m?) 28.42
2 offices (2x13.79 m?) 27.58
Free space 70.07
Restrooms: 8.42
2 toilets (2x4.21 m?) 8.42
Communication hub: 21.89
Semi-basement Elevator 2.82
Stairs 8.82
Distributor 10.05
Service area: 51.86
Machines room 38.33
Cleaning room 4.22 m2
Distributor 8.81 m2
TOTAL 207.98 m2
Reception area 14.89 m2
Offices: 56.00 m2
2 offices (2x14.21 m?) 28.42 m2
2 offices (2x13.79 m?) 27.58 m2
Free space 55.18 m2
Ground floor Restrooms: 8.42 m2
2 toilets (2x4.21 m?) 8.42 m2
Communication hub: 21.89 m2
Elevator 2.82 m2
Stairs 8.82 m2
Distributor 10.05 m2
TOTAL 156.12 m2
Free space 102.62 m2
Restrooms: 8.42 m2
Toilets 8.42 m2
12 Floor Communication hub: 21.89 m2
Elevator 2.82 m2
Stairs 8.82 m2
Distributor 10.05 m2
TOTAL 132.93 m?

Table 3. 1 Spatial distribution of all rooms in the building with their respective usable surfaces.

Regarding the detailed distribution of spaces, the official documents included the floor plans

for the basement and the ground floor (Figure 3.3); unfortunately, the floor plan for the first

floor was not available. However, it was possible to approximately reconstruct its geometry

thanks to an on-site visit to the building.
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Figure 3. 3 The available floor plans for the documentation of Ajuntamento de Paterna

The first-floor plan, reconstructed directly in OpenStudio within the geometry section, is

shown in Figure 3.4.

Figure 3. 4 Reconstruction of the first floor through Openstudio.
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It should be noted that it was not possible to directly measure the dimensions of the internal
spaces, as access to the health centre was only permitted during operating hours. As a result,
the floor plan modelling was based on a plausible reconstruction, which may nonetheless
contain dimensional inaccuracies.

As for the building’s construction elements, the available information was limited: the
provided documents did not include details about building components (such as interior and
exterior walls, floors, or roofs), nor specifications regarding the materials used or their
thermophysical properties.

The only known data were the U-values of the various construction elements (Table 3.2).
Based on these, it was possible to create plausible assemblies for the different building
components, also referring to Spanish regulations for public building construction. The
methodology adopted is described in Chapter 4, in the subsection: Definition of material sets
and thermal properties.

The known U-values are listed below:

Description U-value
[W/(m?*K)]
Interior walls 2.60
Exterior walls 0.54
Inclined roof 0.71
Flat roof 0.75
Windows 2.60
Floor 0.75

Table 3. 2 U-value available.

3.2 HVAC system installed: Geothermal and Aerothermal

This subsection provides a detailed description of the HVAC (Heating, Ventilation, and Air
Conditioning) system installed in the health centre in Paterna. The system is designed to
ensure thermal comfort within the building by controlling temperature and air quality (Figure

3.5 shows a diagram of the system).
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Specifically, the configuration in question is responsible for cooling, heating and ventilation,

while domestic hot water production is not included, as it is supplied externally (Municipality

of Paterna, n.d.).
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Figure 3. 5 Simplified diagram of the existing system.

The following components are included in the system diagram:

Geothermal heat pump: AUREA2 65B HT
Aerothermal heat pump: CIAT HIDROPACK WE
Hydronic manifold for flow distribution

Circulation pumps for the fluids

Vertical geothermal heat exchanger with 8 boreholes
300-litre storage tank.

Distribution terminals: ducted fan coil units.

G
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The HVAC system is a hybrid configuration consisting of two heat pumps operating in parallel,

a geothermal heat pump and an aerothermal heat pump, which allow the use of both the

ground and the outside air as sources of renewable thermal energy.
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Under normal operating conditions, the geothermal heat pump serves as the primary source
for meeting the base thermal load, both for heating and cooling modes. The aerothermal heat
pump acts as a backup and only activates during peak load conditions, supplementing thermal
or cooling demand.
In heating mode, the geothermal heat pump provides a nominal thermal output of
approximately 20 kW for 10 hours per day. The aerothermal unit is activated only if the
heating demand exceeds this threshold.
In cooling mode, the geothermal heat pump can cover a cooling load of about 15,5 kW for 10
hours per day. Similarly, the aerothermal unit supplements the system only when the base
capacity is exceeded.
During the summer season, to prevent overheating of the ground, the system includes active
control of the geothermal fluid temperature: if the inlet temperature to the geothermal heat
pump exceeds 32 °C, the unit is shut down and the entire cooling load is handled by the
aerothermal heat pump, using outside air as the heat rejection source.
Regarding the heat pumps, the system includes:
e The AUREA2 65B HT pump (Figure 3.7), manufactured by CIAT (CIAT, n.d.-a), which is
a reversible water-to-water heat pump. In winter mode, it extracts heat from the
ground and transfers it to the hydronic system; in summer, the cycle is reversed to
provide cooling to the indoor spaces.
Heat exchange with the ground takes place through a vertical geothermal heat
exchanger, consisting of eight vertical borehole probes installed in the garden of the
building. Each probe has a depth of 105 metres and a diameter of 127 mm and is made
of a U-shaped plastic pipe through which a heat transfer fluid circulates.
Below is a diagram of the installed model (Figure 3.6).
At such depths, the ground temperature remains nearly constant at around 15 °C,
ensuring favourable thermal exchange conditions throughout the year and a low

environmental impact.

30



Figure 3. 6 Schematic representation of a building with a vertical closed-loop geothermal heat exchanger
system consisting of multiple boreholes. The system extracts or rejects heat to the ground to provide heating
and cooling.

e The HIDROPACK WE pump (Figure 3.7), also manufactured by CIAT, is an air-to-water
unit designed for outdoor installation, using ambient air as its energy source. It is
activated only when the heating or cooling load exceeds the capacity of the
geothermal unit (CIAT, n.d.-b).Both heat pumps are connected to hydronic circuits
equipped with circulation pumps to ensure the flow of the heat transfer fluid. The
thermal flows from the two units are directed into a manifold that supplies the internal
air conditioning system.

Distribution within the building is handled by ducted fan coil units, which receive hot

water (in winter) or chilled water (in summer) to condition the indoor spaces.

On the return water line to the heat pumps, a 300-litre storage tank is installed. This
component serves to increase the system’s thermal inertia, helping to stabilise the return
water temperature and reduce the frequency of on/off cycles of the heat pumps, thereby
avoiding short cycling that would lead to energy waste and greater wear on the components.
In this way, the overall efficiency of the system is improved, and the longevity of the

equipment is enhanced.
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Figure 3. 7 The two installed heat pumps: left the aerothermal pump, right the geothermal pump.

3.3 Weather in Paterna

For this type of energy analysis, one fundamental aspect to consider is the climate that
characterises this region. As previously mentioned, we are in Paterna, a municipality in the
province of Valencia, near the Mediterranean Sea. This proximity to the sea results in a warm
Mediterranean climate, characterised by long, hot summers and mild winters. In fact, the
average annual temperature is around 18.4 °C.

The summer period generally extends from late June to September, during which rainfall is
minimal, average temperatures can reach 27.2 °C and high levels of relative humidity are
reached (Figure 3.8).

Winter, on the other hand, occurs between December and March, with February being the

coldest month, showing an average temperature of 8.9 °C.
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Figure 3. 8 The following chart showing the temperature and relative humidity for each month of the year (data
refer to the year 2023).

The Figure 3.9 illustrates key climatic characteristics of Valencia. The graph provides
information on monthly precipitation levels, humidity, temperature comfort bands (from cool
to hot), and cloud cover percentages. It highlights that the summer period, particularly from
June to September, is characterised by warm to hot conditions, with high humidity levels
(reaching up to 78% muggy days). In contrast, the winter months tend to be cooler and drier

(Climate.Onebuilding.Org, n.d.).
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Figure 3. 9 Key climatic characteristics of Valencia
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Chapter 4: BUILDING OF THE ENERGYPLUS MODEL

The following chapter provides a detailed explanation of how the model of the healthcare
centre in Paterna was developed, which subsequently formed the basis for the simulations.
To create the model, an external graphical interface was used, as EnergyPlus does not have a
native GUI, making the geometry creation process complex and prone to errors.

The software employed to simplify this procedure, as previously mentioned, was OpenStudio,
which makes it possible to visually represent the building and export it in a format compatible
with EnergyPlus. For this reason, both OpenStudio and EnergyPlus were used in combination
to build the model, as some components present in the building were not available in
OpenStudio.

Several assumptions had to be made during the modelling process, as much of the necessary
information was unavailable. Site visits to the building enabled the collection of additional
information; however, as these inspections were carried out during public opening hours, it
was not possible to gather data in detail.

The following sections describe all the steps taken in the development of the model.

4.1 Building geometry

The first step is the creation of the building geometry. To do this, the geometry section
available in OpenStudio was used. The type of geometry implemented is FloorspacelS
(OpenStudio QuickStart Guide, n.d.), (OpenStudio Documentation, n.d.).

In order to accurately match the building’s dimensions, the available floor plans were used,
specifically those of the ground floor and the basement.

The usable floor area of these levels was available, so to model the internal spaces correctly,
an image of the basement floor plan (whose dimensions are all to scale) was imported and
then adjusted so that it matched the known usable floor area of 156 m? (green rectangle), as

shown in the Figure 4.1.
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Figure 4. 1 Basement floor plan used for modelling the internal spaces.

Subsequently, the internal spaces were divided and created, with each space corresponding
to a different thermal zone.

It is important to note that no information was available regarding the height of each floor.
Therefore, a height between 2.85 and 4 metres was adopted for each level, in accordance with
regulations for public buildings.

An exception was made for the first floor, which was assigned a height of 5.5 metres, as it also
includes an upper level with a small open space used as a conference room, without internal
partition walls, above the area called nucleo de comunicacion.

The generated floor plans are shown in Figure 4.2.

Figure 4.2 Representation of the floors in the building.
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After defining the overall geometry of the building, the next step involved creating and placing
windows, doors, and any balconies. These elements were not documented in the available
technical materials, and in particular, the exact dimensions of the building elements were
unknown.

To correctly position these components, the available floor plans of the basement and ground
floor were used, along with images from Google Maps Street View, which allowed visual
inspection of the building’s facade. Additional information was also gathered during on-site
visits.

As the final step, the surrounding buildings that could obstruct solar gains on our building
were modelled. Finaly, the orientation of the North axis was assigned to the construction,

allowing the building’s orientation to be defined. The resulting model is shown in Figure 4.3.

Figure 4.3 3D representation of the health centre, developed with Openstudio.

4.2 Define climate conditions

The weather file used for the simulations is an .epw file, a format containing climatic data
employed by EnergyPlus to simulate the energy performance of buildings under realistic
weather conditions.

The selected file was obtained from an online database (Climate.Onebuilding.Org, n.d.) that
provides a wide range of meteorological data (Figure 4.4). The chosen file represents an
aggregated dataset based on records from 2009 to 2023.

It is important to note that this type of file does not correspond to a specific calendar year.
Instead, it represents a “typical year”, generated by combining data from multiple years to
provide a general representation of the climate in Valencia. As a result, the simulation does

not refer to any single year, but to this constructed typical year.
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The Valencia weather file provides extensive information on temperature, humidity, solar

radiation, precipitation, atmospheric pressure, and other climatic parameters essential for the

energy analysis.
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Figure 4.4 All the possible file weather present in the database of Climate.OneBuilding.Org.

4.3 Definition of material sets and thermal properties

After that, the material properties were defined in order to set up the construction sets to be

assigned to the building. To do this, it is essential to know all the layers that make up the

interior and external walls, the ceiling, the floor, etc.

Unfortunately, this information was not available in the provided documentation. However,

the U-values (which, as already mentioned, are the reciprocal of the thermal resistance, R)

were available and were calculated using the following formula (Cengel et al., 2022):

Where:

e /A is the sum of the thermal resistances of the different layers that compose the

enclosure.

1 L 1
R=g=3+4+

e 1/hjis the internal surface thermal resistance.

e 1/heis the external surface thermal resistance.

1

(4.1)

The values of the various building elements are shown in Table 4.1.

Naturally, the level of accuracy that would be achieved by knowing the individual layers and

their properties (density, thermal conductivity, etc.) that make up the various building

elements would be higher compared to only knowing the U-values.
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Description U-value
[W/(m?*K)]
Internal walls 2.60
Exterior walls 0.54
Inclined roof 0.71
Flat roof 0.75
Windows 2.60
Floor 0.75

Table 4. 1 U-value available.

Since only the U-values of the building elements were available, at the beginning the 'No-Mass
Materials' category was used. To define this type of material, it is only necessary to know the
thermal resistance, which is calculated as the inverse of the values shown in the table above.
Therefore:

R=1/U (4.2)
No-mass materials are a category of materials that only consider global properties, such as
thermal resistance. They do not account for thermal capacity or thermal inertia, since they
have neither thickness nor density. This makes the simulation simpler and faster, but also less
accurate, as thermal inertia, the ability of a material to store and release heat over time, is not
considered.
After that, the construction set for the windows was created, and it was only necessary to
define the U-value and the solar heat gain coefficient, which was set to 0.6. The latter is a
parameter that measures the amount of solar radiation incident on a glazed surface that is
transmitted into the building as heat.
Subsequently, the construction sets were applied to the various building elements.
This process was initially carried out to perform the first simulations. Later, based on the
known U-values, a plausible layer composition was developed for each envelope element,
ensuring consistency with the corresponding thermal resistance (R) values and referring to
the typical construction profiles of healthcare buildings in Spain and in Italy (only to see the
properties of the materials) (Ministerio de Fomento (Gobierno de Espafia), 2019), (UNI, 1994).
The procedure was as follows: first, the R-value was calculated for each building component

as the inverse of the U-value.
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Next, a realistic stratification was created for each building element (walls, roofs, floors, etc.),
based on technical standards and reference documents describing typical building layer
assemblies.
For each construction material, the following properties were defined:

e thickness,

e density,

e thermal conductivity,

e specific heat capacity.

The selection of these parameters was based on typical thermophysical properties of standard
building materials, ensuring that the overall stratification of each envelope element matched
the assigned U-value.

Figure 4.5 shows the example of the concrete (100mm) and Table 4.2 lists all the materials

that were defined.

Roughness: Thickness:

Smooth +| 0100000 m
Conductivity: Density:

1.500000 W/m-K  2000.000000 kg/m?
Specific Heat: Thermal Absorptance:
1000.000000 J/kg-K  0.900000
Solar Absorptance: Visible Absorptance:

0.700000 0.700000

Figure 4.5 Openstudio screen showing all fields to be filled in with the properties of each material. In this case:

concrete.
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Building element

Internal walls

External walls

Inclined roof

Flat roof

Floor

Materials
Plaster
Centralcore

Externalplaster
(20 mm)

Mineralwool
(insulation)

Concrete block
Internalplaster
(15 mm)

Tiles

Mineralwool
(insulation)

Plasterboard

Polystyrene
insulation

Concrete slab

Plasterboard
Tiles

Concrete slab

Rigid foam
insulation

Plasterboard

Thickness (m)

0.015
0.070

0.020

0.063

0.100

0.015

0.020

0.047

0.0125

0.041

0.150

0.0125
0.010

0.150

0.037

0.0125

Conductivity

0.5
1.0

1.0

0.04

1.5

0.5

1.0

0.04

0.25

0.04

1.5

0.25
1.0

1.5

0.04

0.25

Density
(kg/m®)

1200
1500

1800

30

2000

1200

2000

30

800
30
2400

800
2000

2400

30

800

Table 4. 2 Properties of the materials used for the model.

40

Specific heat

(J/kgK)

1000
1000

1000

1000

1000

1000

1000

1000

1000

1000

1000

1000
1000

1000

1000

1000



4.4 Define the internal heat gains and human activity

After defining the materials that make up the building elements of our model, the next step
was to define the internal heat gains, occupant activity, and light definitions (Brackney et al.,
2018), (OpenStudio Documentation, n.d.).

To define these loads, reference was made to the Spanish standard UNE-EN 16798-1 and the
available documentation relating to the Paterna building. However, several pieces of
information were not available, and it was therefore necessary to make plausible
assumptions.

About the building’s opening hours, it operates from 8:00 to 20:00 from Monday to Thursday,
while on Fridays it closes at 16:00. The healthcare centre remains closed at weekends. In
addition, all official public holidays on which the building is closed were considered, based on
the working calendar of Paterna municipality.

The UNE-EN 16798-1 standard provides predefined occupancy schedules, but these were not
suitable for the specific operating hours of the building in question. For this reason, the
occupancy schedule was defined using logical criteria and reasonable assumptions,
considering key periods of activity, such as staff arrival times, peak occupancy during busy

periods, and the reduction in occupancy during the lunch break (see Figure 4.6).

Schedule Name:  Occupancy schedule Schedule Type: Fractional

Default day profile.

Schedule Day Name:  Schedule Day 18

Lower Limit: 0.00 S Upper Limit: 1.00

Mouse over horizontal line to set value

0.86

0.71 ‘

0.57

0.43

0.29

0.14

I

1 I I 1 I
0:00 4:00 8:00 12:00 16:00 20:00 24:00

Figure 4.6 Occupancy schedule made with Openstudio.
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The following table (Table 4.3) presents the parameters and setpoints derived from the
Spanish standard UNE-EN 16798-1, together with static values for internal loads, ventilation
rates, and heating/cooling setpoints.

It should be noted that this standard provides example parameters for various building
prototypes. For the healthcare centre analysed, the prototype that most closely matched our
case was selected, although some parameters were adjusted to better reflect the specific

characteristics of the building.

_ PARAMETER VALUE | UNIT

Occupants (mzlperson) 5.4 mzlperson

Occupants (total) 21.7 Wm?

Occupants (dry) Wm’

N LI\ NN IYRY Equipment 8 Wm

Lighting § :

Humidity production 11.11 gm_2 h

CO, production 346 Lm’h’

Min. T, in unoccupied hours 16 °C
Max. T, in unoccupied hours 32 °C
Min. T,, 20 5
Max. T,, 26 °C

Ventilation rate (min.) 3.8 Ls'm

SET POINTS

Ventilation rate for CO, emissions 1.84 Ls'm

Maximum CO, concentration (above the outside) 500 Ppm

Minimum relative humidity 25 %

Maximum relative humidity 60 %

Illumination, illuminance in working hours 500 Llux

Table 4. 3 The parameters and setpoints obtained from the Spanish standard UNE-EN 16798-1
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To implement the internal heat gains in OpenStudio, the first step was to create the loads: the
loads related to occupants, lighting, and equipment used inside the building were defined.
After that, the schedules were defined, indicating how the various loads are used throughout

the day.

Figure 4.7 illustrates the workflow used in OpenStudio for assigning internal loads and usage

schedules.

Lights and appliances

IHG Fractional schedule IHG schedule

Light_150 X =
w
‘ - W
\.\'r/ 2 0-1
/m W/m2
Occupancy
People IHG Activity schedule Fractional schedule IHG schedule
People_1 X X —
px
(/m2 W/px 0-1 w
px/m2 /px W/m?

Figure 4.7 the workflow used in OpenStudio for assigning internal loads and usage schedules.

As shown, it is necessary to define each internal load (people, equipment, or lighting) and
assign the corresponding schedule. For occupancy-related loads, an activity schedule must

also be specified.

Regarding occupancy, a Fraction Radiant value of 0.3 and a Sensible Heat Fraction value of
0.58 were defined (Figure 4.8). The former indicates the portion of the thermal load generated
by people that is transferred via radiation to surrounding surfaces, while the latter represents

the share of heat that directly affects the air temperature (sensible heat).
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Name:

QOccupancy_PATERNA

Number of People: People per Space Floor Area: Space Floor Area per Person:

people/m? 5.400000 m?/person
Fraction Radiant: Sensible Heat Fraction: Carbon Dioxide Generation Rate:
0.300000 0.580000 0.000038 LisW

Figure 4.8 Occupancy schedule made with Openstudio.

About the lighting loads, a value of 8 W/m? was assigned to common areas (such as toilets,
reception, and waiting room), while for the functional zones a load of 10 W/m? was used.
The defined parameters are shown in the following figures (Figure 4.9), with a constant

Fraction Radiant value of 0.3.

Name: Name:

Lights_common area Light_functional room

Lighting Power: Watts Per Space Floor Area: Lighting Power: Watts Per Space Floor Area:
W 2.000000 W/m? W 10.000000 W/m?

Fraction Radiant: Fraction Visible: Fraction Radiant: Fraction Visible:

0.300000 0.000000 0.300000 0.000000

Return Air Fraction: Return Air Fraction:

0.000000 0.000000

Figure 4.9 Occupancy schedule made with Openstudio.

Next, the internal loads related to equipment used within the building were defined. Due to
the lack of detailed information, plausible assumptions were made (Figure 4.10). Specifically,
the following values were selected:

e Fraction Latent: 0.05, representing the portion associated with moisture generation

e Fraction Radiant: 0.40, representing the heat emitted by radiation

e Fraction Lost: 0.30, representing the portion of energy dissipated and not transferred

to the internal environment.
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Name:

Equipment_PATERMA

Design Level: Watts Per Space Floor Area:
W 8.00000 W/m?

Fraction Latent: Fraction Radiant:

0.050000 0.400000

Fraction Lost:

0.300000

Figure 4.10 Parameters defined for Equipment Paterna

Once the internal loads were established, the corresponding schedules were assigned. For
lighting, equipment, and occupancy, the same occupancy profile was used (figure 4.6).

To represent the physical activity level of the occupants, a constant profile of 120 W/person
was defined, in accordance with typical values for light activity in healthcare environments.
Schedules for cooling and heating were also defined. The heating schedule provides for a
temperature of 21 °C during working hours, while for cooling a schedule with a temperature

of 26 °C was defined during periods when the HVAC system is in operation (Figure 4.11).

Schedule Name:  Caling_Setpoint Schedule Type: Temperature
Sehedule Name:  Heating Setpaint Schedule Type: Temperature
Default day profile.
Default day profile.
Schedule Day Name: ~ Schedule Day 23
Lower Limit: 0.00 :  Upper Limit: 5000 Schedule Day Name:  Schedule Day 22

Lower Limit; 0,00 £ UpperLimit: 20.00
Mouse over horizontal line to set value 3

Type value and press enter

o ' ! | | '
0:00 400 800 12:00 16:00 20:00 2400 0 ' | | | "
000 400 00 1200 1600 2000 2400

Figure 4.11 The heating schedule and cooling a schedule.

Finally, a constant air infiltration profile of 0.3 air changes per hour was defined. This
parameter represents the number of complete air exchanges per hour and provides an
estimate of accidental ventilation caused by old window frames or other sources of
infiltration.

In addition, a constant infiltration profile of 2 air change per hour was assigned for the main
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entrance door, as this is an automatic door that opens and closes frequently during working
hours.

The final figure (Figure 4.12) shows the load assignment interface within the thermal zones of
the model, including the corresponding schedules for each load. This is how the graphical
interface appears once all internal loads and their associated schedules have been applied to

the thermal zones.

Space Name o | D D D
Load Name Multiplier Definition Schedule Activity Schedule
(People Only)
D Apply to Selected Apply to Selected Apply to Selected
""""" 1 [peopleActivity |
D * Peaple 1 1.000000 People_PATERNA Lgcsufafc_y i:llegiu\_ej kP_eEpl_eéct_waJ
D ',' Lights 1 Lights_common area LOccupancy schedu\ej
1000000 | |  —moooamsTT
Area de comunicacion O L' Electric Equipment 1 Equipment_PATERNA LOccupancy schedu\ej
1.000000 [ ——=" 1
[J | 4 Iinfiltration_0.2vol/h Infiltration |
= 1 F""" 1
| S — J | J

Figure 4.12 The load assignment interface.

EnergyPlus assumes an ideal model: when the HVAC system shutdown periods are defined
and the occupancy schedules for people and internal loads are set, the programme considers
the power consumption during building closure hours to be zero.
In reality, however, residual consumption is recorded even during night hours or periods of
inactivity, with values ranging from around 900 kWh to over 2000 kWh per year.

To take this into account and ensure the simulation better reflects actual energy use, a
constant night-time load of approximately 1500 W was introduced, applied throughout the
simulated year. This value represents an average estimate of the consumption due to
permanent loads, such as emergency lighting, equipment on standby, security systems, and
other minimal electrical loads that remain active even when the building is closed.

Although in practice these power peaks vary over time, the approach adopted provides a more

realistic representation of the building’s overall energy consumption.
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4.5 HVAC System Modelling

This subsection describes the design and simulation of the HVAC system using energy
modelling software tools.
The system is responsible for managing heating, cooling and ventilation, but it does not
provide domestic hot water. To define the system, both OpenStudio and EnergyPlus were
used in parallel. OpenStudio was employed to construct the various loops and to implement
the geothermal heat pump, while EnergyPlus was used to implement the air-to-water
aerothermal heat pump, as this component is not available in OpenStudio.
Once the first part was completed in OpenStudio (Brackney et al., 2018),(OpenStudio
Documentation, n.d.), the file was exported in IDF format. IDFEditor (an official tool included
with EnergyPlus used for viewing and editing “.idf” files (EnergyPlus Input and Output
Refrence, n.d.), (EnergyPlus™ v9.3.0 Documentation — Engineering Reference. U.S.
Department of Energy, n.d.)) was then used to add the aerothermal heat pump.
The construction of the HVAC system is described in detail below, with a focus on the loops
that comprise the system.
The system consists of four main circuits:

e Hot Water Loop: a hot water circuit for heating

e Chilled Water Loop: a chilled water circuit for cooling

e Geothermal Loop: a geothermal exchange circuit with the ground

e AirLoop HVAC: a primary air circuit for the distribution of treated air to the building

zones

The following subchapter shows the model implementation realised in OpenStudio, followed

by the part realised with the IDF Editor (EnergyPlus).

4.5.1 Model Implementation in OpenStudio

4.5.1.1 Hot water loop:

The first loop implemented in OpenStudio is the hot water loop, which is a hydronic loop. This
loop is designed to supply thermal energy for space heating, particularly feeding the heating

coils installed in the air handling units.
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Figure 4.13 shows the Supply Equipment, the section responsible for the generation,

processing, and delivery of thermal energy to the conditioned zones.

[
a
0
K
0

Supply Equipment ¥

Figure 4.13 Hot Water Loop Supply Equipment.

As shown, a 300L water heater mixer was added, followed by a variable speed pump. In
parallel, a heat pump modelled as HeatPump:WaterToWater:EquationFit:Heating (simulating
the geothermal heat pump and later connected to the Geothermal Loop), a Boiler:HotWater
and an adiabatic pipe were inserted.

Note that in the real system in Paterna, no Boiler:HotWater is present; instead, an
aerothermal heat pump is used. A placeholder object was added so that, once the model is
finalised in OpenStudio and exported to IDF format, the placeholder can be directly replaced
with the aerothermal heat pump in the IDFEditor.

This approach was chosen because constructing complex branches in EnergyPlus can be
challenging and error prone. In this case, it is only necessary to create the Aerothermal
HeatPump component in the IDF Editor, provide the required specifications, and replace the
placeholder while modifying the branch and plant equipment list accordingly.

A bypass pipe (adiabatic) is also included in the Supply Equipment to ensure the hydronic loop

can close correctly even when no equipment is operating.
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From an engineering standpoint, the presence of the WaterHeater:Mixed tank prevents short
cycling (frequent start-stop operations) of the heat pump or boiler, ensuring longer operating
cycles and improved efficiency.

At the end of the Supply Equipment, a Setpoint Manager was placed, specifically, a Scheduled
HW Temp, targeting the Supply Outlet Node of the loop.

In the model, the supply hot water temperature is managed by a SetpointManager:Scheduled,
which requires a water temperature of 50 °C.

On the Demand Equipment side (where the end-use equipment is located), shown in Figure
4.14, heating water coils were added (each coil draws water from the hot water loop and
returns it cooler after transferring heat to the air), which were then connected to
FanCoil:FourPipe units with variable fan and fluid flow, providing space heating. Each thermal

zone in the building has a dedicated heating coil, plus an additional coil used in the AirLoop.

I Demand Equipment l

—o—F=——o0—
—o—EF=—o0—
—o—%f =—o—
—o—F=—o0—

—o—E—o—

=

——-o—E =—o0—
=

Figure 4.14 Hot Water Loop Demand Equipment side.

4.5.1.2 Chilled water loop

This is also a hydronic loop, designed to supply chilled water to fan coils for building cooling.
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Figure 4.15 shows the Supply Equipment, where again a 300L water heater mixer was added,
followed by a variable speed pump. In parallel, a
HeatPump:WaterToWater:EquationFit:Cooling unit was placed (paired with the heating pump
previously defined in the hot water loop), along with an adiabatic pipe and a
Placeholder_AerothermalCooling component (which will later be replaced).

The water heater mixer in this loop serves the same function as in the hot water loop.

In the developed model, it was necessary to insert two separate storage tanks: one in the hot
water loop and one in the chilled water loop. This was required due to a structural limitation
in EnergyPlus, which allows each WaterHeater object to be assigned to only one PlantLoop.
Therefore, it is not possible to associate a single tank with multiple loops, even if, the thermal
storage would be shared.

From a simulation standpoint, modelling the tank in only one loop would result in an
incomplete representation of the system’s dynamic behaviour.

As such, the component was duplicated: two identical tanks were inserted, each with the
same physical properties (volume, stratification, losses), one in the hot water loop and one in
the chilled water loop. This allows for accurate thermal storage representation in both
operating modes, improving numerical stability and ensuring a more coherent simulation. The
main limitation is a slight overestimation of the system’s thermal inertia, which is acceptable

and preferable to neglecting the tank’s role in one of the circuits.

(8]
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é{\

(x]

________________________

_________________________

Supply Equipment
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Figure 4.15 Chilled Water Loop Supply Equipment

In the developed model, a Scheduled CHW Temperature setpoint manager was used to define
the target temperature of the chilled water at the outlet of the Supply Equipment side.
The chilled water temperature supplied to the terminal units (fan coil units and air handling
units) was set to 7°C throughout the year, to ensure thermal comfort.

Figure 4.16 shows the Demand Equipment side, where the cooling water coils are connected
to fan coil units with variable fan and variable fluid flow, which provide cooling.
Each thermal zone in the building is served by its own coil, and an additional cooling coil is

connected to the AirLoop.

Figure 4.16 The Chilled Water Circuit Demand Equipment

4.5.1.3 Ground Loop

The following loop is a geothermal circuit, designed to operate the geothermal heat pumps.
In this loop, the thermal energy stored in the ground is utilised to provide both heating and
cooling to the building.

It is modelled in EnergyPlus as a separate Condenser loop, where the working fluid (a water-
glycol mixture) circulates through a vertical geothermal heat exchanger.

On the supply side, the geothermal heat exchanger is represented using the
GroundHeatExchanger:Vertical object. This model simulates the thermal exchange of vertical

geothermal boreholes with the surrounding soil over time. As input, key parameters were
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provided, such as the depth of the boreholes, the thermophysical properties of the soil
(thermal conductivity and volumetric heat capacity), the diameter of the boreholes and pipes,
as well as the undisturbed ground temperature.

A circulation pump is also included to enable the movement of the heat transfer fluid within
the loop. In this case, the working fluid is water mixed with 20% glycol. The component used
is @ Pump:VariableSpeed, selected to allow better modulation of the flow and improved
system efficiency.

The Setpoint Manager associated with the geothermal circuit was configured to simulate the
average temperature of the geothermal fluid entering the heat pump, thus realistically
representing the thermal conditions of the subsoil. This temperature was set at 18 °C and kept
constant throughout the year, based on the depth of the vertical boreholes, which is 150
metres. At such depth, seasonal temperature variations in the ground are minimal, assuming
of a constant temperature appropriate. Furthermore, the chosen value of 15°C considers the
natural geothermal gradient, i.e. the increase in temperature with depth, which is typical of
subsurface thermal profiles.

Figure 4.17 shows graphs that illustrate how the temperature at a certain depth becomes
essentially stable and unchanging.
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12 13
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Figure 4.17. Temperature trend as a function of depth (Creus Solé, 2012).

On the demand side (Figure 4.18), the two geothermal heat pumps are arranged in parallel,

one for heating and one for cooling, along with an adiabatic pipe that allows the fluid to
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circulate even when the heat pumps are not operating. These heat pumps are the same

components that were already defined in the previous loops.

Supply Equipment

Demand Equipment

o8

Figure 4.18 Geotermal Loop, with supply and demand equipment.

4.5.1.4 AirLoop HVAC

The AirLoop HVAC system represents the primary air distribution system within the building.
Specifically, it consists of a central air handling unit that cools the air before distributing it to
the various zones via ducts. Each zone is equipped with a terminal unit that regulates the
airflow and, if necessary, reheats the incoming air to reach the desired temperature (reheat
function).

Figure 4.19 illustrates the logical scheme of this air circuit: the upper section represents the
air intake and treatment system, while the lower part schematically displays the served zones

with their corresponding terminals.

53



o—
o b0 [Xd ]
o {v
Supply Equipment Y
4 Demand Equipment
[e]
o | N o
L A,
N\
L LS9
» E N
—O0— . —o0——
L )
- E N
00— . —O0——
L )

Figure 4.19 AirLoop HVAC.

The components found on the supply side are described below in sequence.
The first component is the Outdoor Air System, depicted by two vertical lines. This system
regulates the ratio between fresh outdoor air and returns air extracted from the occupied
spaces. It should be noted that this system operates using 100% outdoor air with exhaust,
without recirculation.

Next is the cooling coil, connected to the chilled water loop. Once the air enters the ducts, it
passes through this coil, which allows the temperature of the air leaving the unit to be
controlled.

Normally in an HVAC system, the cooling coil would also take care of decreasing the humidity
inside the building, but this is not the case here.

Following the cooling coil is the heating coil, connected to the hot water loop. This component
can function as a preheat coil during the winter to obtain the desired air temperature.

The final component on the supply side is the supply fan, responsible for pushing the air into
the distribution ducts. It is modelled as a Fan:ConstantVolume: a fan that operates at constant
flow rate.

Moving to the demand side of the AirLoop, we find the zone terminals. In Figure 4.19 each

thermal zone is represented by a labelled box connected to a diffuser icon. There is one
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diffuser (for the model was used: AirTerminal: SingleDuct: VAV: NoReheat) for thermal zone
in the building.

To control the temperature of the air supplied by the central mechanical ventilation system,
a SetpointManager:Scheduled:DeckTemperature was used (EnergyPlus Input Output
Reference: The Encyclopedic Reference to EnergyPlus Input and Output, n.d.). This object
allows for the specification of a target air temperature at the exit of the terminals, known as
the deck temperature. This temperature represents the setpoint that the heating or cooling
coils within the AirLoop must achieve to ensure appropriate thermal conditions for the air
entering the zones.

In the model, two distinct values were imposed using a seasonal schedule: 15 °C in summer,
to support effective cooling and 21 °C in winter, a value sufficient to guarantee thermal
comfort in the served zones without causing excessive overheating within the ductwork.
These values are not mandated by EnergyPlus or ASHRAE standards, but fall within the
commonly applied supply air temperature ranges in practice (x12-16 °C for cooling and 20—
22 °C for heating) as discussed in design guides such as Handbook — HVAC Systems and
Equipment (American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2020)
Figure 4.20 shows a screenshot from OpenStudio where the components added to each

thermal zone can be seen, along with their respective schedules: cooling and heating.

[ A Cooling ] Heating
Sizing Sizing Custom
Parameters || Parameters ||
Name o (D G G D D D GRS GEE—
Rendering Color Turn On Air Loop Name Zone Equipment Cooling Thermostat | Heating Thermostat | Humidifying Setpoint | Dehumidifying Setpoi
Ideal Schedule Schedule Schedule Schedule
Air Loads
[:] ( Apply to Selected | Apply to Selected \ ( Apply to Selected | |‘ Apply to Selected Apply to Selected \ Apply to Selected
5 Fan Coil with Const Fan '
Air Loop HVAC —_——
3 i ! OO B | O | lvanoree | [cooling Setpoi ] | [Heating_Setpoint| 1 1
TZ- Vestuario Masculino D . D VAV No Rht “C_OE|TQ:S_E|ED_\HL defifg_j_eifcﬂnb L ) A
"
(S
Fan Coil with Const Fan '
Air Loop HVAC S
3 [Cooling.Setpoir ] | (Heating_setpoint )| [ [
TZ-Area Comunicacion D . D VAV No Rht 1 \EQEng__S_EIBC!ﬂL def'@g__s_elfo_m_ll A A
[
G

Figure 4.20 Openstudio screen, representing the components entered for each thermal zone and their setpoints.
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4.5.2 Model Implementation in IDF Editor

Once the modelling in OpenStudio was completed, the energy model was finalised using
IDFEditor (Figure 4.21 shows the main screen), a tool included with EnergyPlus that allows

simplified editing of IDF files.

£k DF Editor
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Figure 4.21 Screenshot of the programme, in which you can see how it is structured.

As can be seen, this tool makes it possible to add, copy or delete objects without having to
manually type the text.

However, it presents certain limitations: in particular, it does not offer any 2D or 3D
visualisation, making the creation and management of loops rather complex. For this reason,
IDFEditor was used exclusively for the replacement and integration of components that had
already been defined.

The choice to use IDFEditor proved beneficial for several reasons. First of all, this tool provides
direct and structured access to all the model objects, organised by category. This makes it
possible to intervene quickly and accurately on object parameters without manually editing
the IDF file as raw text, thereby reducing the risk of syntax errors that could compromise the

simulation.
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In addition, compared to editing the IDF file with a standard text editor, IDFEditor simplifies
navigation through the many components present in the model and makes it easier to identify
mandatory and optional fields for each object, thanks to its tabular interface. Another
advantage is the ability to make incremental modifications to models already generated by
other tools, such as OpenStudio, without having to recreate the geometry or the structure of
the plant systems.

The main steps carried out are described below.

After opening the file in IDFEditor, the first operation was the insertion of the aerothermal
heat pumps. In total, three components were added: one for heating and two for cooling. The
duplication of the cooling pump was necessary because the real system is equipped with two
compressors, which cannot be represented as a single component within EnergyPlus.

This choice was particularly significant for the analysis presented in Chapter 5, in which data
collected from sensors during the period between late May and June are examined. During
this interval, it was essential to monitor separately the consumption and power peaks of the
two compressors, especially as the geothermal heat pump was not operational due to a fault.
Accurate modelling of the two aerothermal compressors was therefore essential to faithfully
represent the actual behaviour of the system during that period.

The data entered into the components are detailed in the Figure 4.22 and Figure 4.23:

HeatPump:PlantLoop:EIR:Cooling and HeatPump:PlantLoop:EIR:Heating.

Field Units Obijl Obj2

Name Aerothermal_HP_Cooling_Comp1 Aerothermal_HP_Cooling_Comp2
Load Side Inlet Mode Name Node 190 Node 132

Load Side Outlet Node Name Node 191 Node 133

Condenser Type AiSource AirSource

Source Side Inlet Node Name Aerothermal_Cooling_Outdoor_air_Inlet_1 Aerothermal_Cooling_Outdoor_&ir_Inket_2
Source Side Outlet Node Name Aerothermal_Cooling_Outdoor_guir_Outlet_1 Aerothermal_Cooling_Outdoor_air_Dutlet_2
Heat Recovery Inlet Node Name

Heat Recovery Outlet Hode Name

Companion Heat Pump Name Aerothermal_HP_Heating Aerothermal_HP_Heating

Load Side Reference Flow Rate m3/s autosize autosize

Source Side Reference Flow Rate m3/s autosize autosize

Heat Recovery Reference Flow Rate m3/s autosize autosize

Reference Capacity W 37000 37000

Reference Coefficient of Performance Wi 29 249

Sizing Factor 1 1

Capacity Modifier Function of Temperature Curve Name CoolingCapFT_Aerothermal CoolngCapFT_Aerothermal
Electnc Input to Output Ratio Moditier Function of Temg CoolingEIRFT_Aerothemmal CoolingEIRFT_Aerothermal
Electnc Input to Output Ratio Moditier Function of Part | CoolingEIRFPLA_Aerathermal CoolingEIRFPLA_Aerothermal
Contral Type Load Load

Flow Maode ConstantFlow ConstantFlow

Minirmum Part Load R atio

Miniraum Source Inlet Temperature & -100 -100

Maxirmum Source Inlet Temperature [ 100 100

Figure 4.22 This is the IDFEditor screen showing the element: HeatPump:PlantLoop:EIR:Cooling,

with its related data (COP, capacity, etc.).
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Field Units Obit

MName Aerothermal_HP_Heating

Load Side Inlet Node Name: Node 39

Load Side Outlet Node Name Node 43

Condenser Type AnSource

Source Side Inlet Node Name Aerothermal_Heating_ Outdoor_air_|nlet
Sowrce Side Dutlet Node Mame Aerothermal_Heating_Outdoor_air_Outlet
Heat Recavery Inlet Mode Name

Heat Recovery Outlet Node Name

Companion Heat Pump Name Aerothermal_HP_Cooling_Comp1
Load Side Reference Flow Rate: m3/s aulosize

Source Side Reference Flow Rate m/s autosize

Heat Recovery Reference Flow A ate mdfs autosize

Reference Capacity W 82600

Reference Coefficient of Performance wiw 31

Sizing Factor 1

Capacity Modifier Function of Temperature Curve Name HeatingCapFT_Aerothermal
Electric Input to Output Ratio Modifier Function of Temg HeatingEIRFT_Aerothermal
Electric Input to Output Ratio Modifier Function of Part | HeatingEIRFPLR_Aerothermal
Heating To Cooling Capacity Sizing Ratio 1

Heat Pump Sizing Method CoolingCapacity

Control Type Load

Flow Mode ConstantFlow

Minimum Part Load R atio

Minimum Source Inlet Temperature c -100

Mazximum Source Inlet Temperature = 100

Figure 4.23 This is the IDFEditor screen showing the element: HeatPump:PlantLoop:EIR:Heating,

with its related data (COP, capacity, etc.)

A crucial step was the correct connection of the nodes to the heat pumps, along with updating
the branch objects and the PlantEquipmentLoop to include the new components. It was also
necessary to create a node connected to the aerothermal heat pumps representing the
outdoor environment and in particular, the air outside the building, which serves as the source
for the aerothermal pumps.

The next step was the updating of the DesignSpecification:OutdoorAir objects to define the
outdoor air flow rate supplied to the thermal zones. In the absence of direct data from the
building’s official documentation, reference was made to the Spanish standard UNE-EN
16798-1:2020, which recommends a value of 3.8 I/(m?s) for buildings of this type (Figure

4.24)(Asociacién Espaiola & de Normalizacion, 2020).
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22] Designspecification:Dutdoordir
]

[---] DesignS pecification: Dutdoordir: Spacelist Explanation of Object and Current Field

[-==] DesignSpecification:ZonediDistibution _ — — -

[0001] SizingParameters Object Description: This object is used to describe general outdool
[0022] Sizing:Zone are referenced by other objects.

[--] DesignSpecification:ZoneHVAL: Sizing i o . . ) . .
[-] DesignSpecification:AirT erminal: Sizing Field Description:  This input is only used if the field Outdoor Air Me
[0001) Sizing System ID: N4

[0003) Sizing Plant Default: 0 .

[---] OutputControl:Sizing:Style Range: 0 <=¥ but no maximum

Field Units Dbyl Obj2 Obi3

Name TZ-Vestuario Masc TZ-Area Comunicac TZ-Bathroom1-2 Ze
Outdoor Air Method Sum Sum Surn

Outdaor Air Flow per Person m3/s-perzon 0 1] 1]

Outdoor &ir Flow per Zone Floor Area m3/s-me 0,0038 0,0038 00038

Outdoor Air Flow per Zone m3/s 1] 1] n

Outdoar Air Flow Air Changes per Hour 1/hr 1] 1] n

Outdoor Air Schedule Name

Proportional Control Minimurn Outdoor Air Flow Rate Scl
Figure 4.24 Screen showing data for DesignSpecification:OutdoorAir.

After these operations, the model could be considered almost complete.
It should be noted that the autosize parameter was used for many fields related to the
components and loops. This allows the programme to automatically calculate these values
during the sizing phase. However, the use of autosize may lead to the risk of oversizing or
undersizing, as EnergyPlus performs sizing based on theoretical loads and ideal conditions,
which may differ significantly from the actual operating conditions of the system.

Proper sizing in fact depends on various factors, such as usage profiles, internal loads,
ventilation, climatic conditions, and other parameters. Any inaccuracies in these data may
compromise the reliability of the results. It will therefore be the comparison with real data
that highlights any discrepancies and enables the reliability of the developed model to be

assessed.
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Chapter 5: SIMULATION AND ANALYSIS OF RESULTS

This chapter describes the energy simulation process of the healthcare building located in
Paterna (Figure 5.1 shows the programme launch screen with the chosen settings) and the
analysis of the results obtained. The main objective is to validate the developed model by
comparing the simulated data with the available real data, in order to assess the reliability and
accuracy of the model in representing the building’s energy behaviour.

To achieve this, real data from various sources were used. Monthly energy bills (available for
almost every month from 2023 to May 2025), hourly records of the active power consumed
by the entire building (from 1/6/2024 until 31/5/2025), and data collected through sensors

installed in the HVAC system were considered (only for some periods in June 2025).

& Ep-Launch — X
| File Edit View Help

File | Group of Input Fies | History | Utiities |
| [ Ineut File

[C: ‘Usershrizzo\Desktop\Modello 2024\Modelo2024. idf LI

Browse... Edit - Text Editor Edit - IDF Editor |

‘Weather File

[C:\U sers\izzo\Deskiop\ESP_VC_Valencia AP 082840_TMYx, 2003-2023\ESP_VC_Valencia AP.082840_Tt j

Browse...

Wiew Results
£ Tables | Emors | | | BND | | |
(]
- | RoD | | | | | __Eoo |
<
Vaiiables | MDD | | | | | |
B0 | MTD | | sHD | £so | | [
sv6 | 7z | | I | |
| ssz | | Audt | | |

Simulate. . |
EnergyPlus 24.2.0 Exit |

Figure 5. 1 Simulation launch screen, where in addition to selecting the model to run,

the type of weather file chosen.
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Due to certain issues that occurred within the facility, the comparison between simulated and
real data was conducted considering different operating scenarios:

e Aperiod (all of 2023, except March for which the bill is missing, all of 2024 and the first
months of 2025 up to March), during which the system operated in standard mode,
with the geothermal system functioning and contributing to the building’s climate
control.

e A period (April and May 2025) during which, due to faults, only the aerothermal heat
pump was in operation. This required modifications to the model (developed in
Chapter 4). Furthermore, during this period it was necessary to adjust the occupancy
and HVAC system operation schedules, as the building was completely closed for a

time due to a fire.

The simulation was carried out using EnergyPlus software, with a weather file in EPW format
representative of a typical meteorological year. For each year analysed, only the RunPeriod
parameters (defining the period considered for the simulation) were modified to correctly
reproduce the real calendar, closure days, and extraordinary events. It should be noted that
EnergyPlus allows only annual or shorter simulations.
As mentioned previously, the developed model was compared with the real data at both
monthly scale (total consumption in kWh) and hourly level (where available) in terms of
absorbed power. Given the nature of the weather file used (a typical year rather than the
specific actual year), a perfect day-by-day match in consumption is not to be expected. The
aim of the analysis is to verify that the simulated values are of the same order of magnitude
and correctly reproduce the seasonal trend and main consumption dynamics.
To assess discrepancies and the quality of the model, various statistical indices were
calculated, some of which are recognised internationally:

e Monthly percentage deviation.

e MAPE (Mean Absolute Percentage Error) — mean absolute percentage error.

¢ NMBE (Normalized Mean Bias Error) — measures the normalised mean bias.

e RMSE (Root Mean Square Error) — the root mean square of the deviations between

the simulated values and the actual values.
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e CV(RMSE) (Coefficient of Variation of RMSE) — the RMSE normalised to the actual
mean value

e R? (coefficient of determination) — measures the model’s ability to explain the
variability of the real consumption.

e CVSTD (Coefficient of Variation of the Standard Deviation) — a statistical index that

measures the relative variability of the real data.

The statistical indicators calculated were compared with the limits and recommendations
provided by the main international standards and guidelines for the validation of energy
models. ASHRAE Guideline 14 was considered, as it provides a set of standardised methods
and procedures for validating energy models by comparing simulations with real data.

It should be noted that not all the indices described are included in technical standards.

In the following sections, the results of these indices are reported and analysed, and the main

factors contributing to the discrepancies between simulated and real data are discussed.
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5.1 Statistical indicators and regulatory references

To assess the consistency between the simulation results and the actual measured data,
several statistical indicators commonly used in the validation of energy models were
calculated. This section presents the indicators used, their formulas, the results obtained, and
the comparison with the limits set by ASHRAE Guideline 14 (Figure 5.2 shows the limits

imposed by certain regulations).

Guideline/ Protocol Monthly Criteria (%) Hourly Criteria (%)
NMBE CV(RMSE) NMBE CV(RMSE)
ASHRAE Guideline 14 |59] =5 15 +10 30
IPMVP |60 - - +5 20
FEMP [61 x5 13 +£10 30

Figure 5.2 Error limits specified by various guidelines and protocols for a building energy simulation model to be
deemed calibrated (Chong et al., 2021).

A description of the statistical indicators adopted is provided below, including their definition,

calculation method, and the values resulting from the comparison between the simulation

and the measured data.

5.1.1 Monthly percentage deviation:

For each month, the percentage deviation between the simulated value and the

corresponding actual measured value was calculated. The percentage deviation is defined as:

Deviation% = 3R+ 100 (5. 1)

4

Where:

-S; is the simulated consumption for month i;

-R; is the corresponding actual consumption for month i;
As written, the formula indicates that a positive value corresponds to an overestimation by
the model (i.e. the simulated value is greater than the actual value), whereas a negative value
indicates an underestimation (i.e. the simulated value is lower than the actual data).
Below is a table reporting the simulated values, the actual monthly consumption from the
utility bills, and the corresponding deviation.
It should be noted that all bill values shown in the table are known, except for March 2023,

where the value for March of the following year was used for comparison.
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The simulation results differ from year to year despite the use of the same weather file, as the
simulation runtime was adjusted for each year. Specifically, the start date of the simulation

was changed to match the actual opening and closing days of the building.

Simulation [kWh] Bill Data [kWh] Deviation %

2023 January 7.557,92 7794 -3,03
February 6.030,92 8087 -25,42
March 5.202,64 5531 -5,94
April 3.235,00 3792 -14,69
May 3.342,36 2598 28,65
June 5.412,92 5585 -3,08
July 7.114,58 7140 -0,36
August 7.835,11 7127 9,94
Septembet 4.991,03 5178 -3,61
October 3.602,08 3687 -2,30
November 4.666,97 4774 -2,24
December 6.119,39 5914 3,47

2024 January 7.907,56 7207 9,72
February 6.214,53 6931 -10,34
March 4.994,67 5531 -9,70
April 3.381,31 2886 17,16
May 3.344,11 2674 25,06
June 5.108,81 4584 11,45
July 7.347,83 6908 6,37
August 7.532,25 6373 18,19
Septembet 4.834,36 4961 -2,55
October 3.777,25 3463 9,07
November 4.461,94 4901 -8,96
December 6.373,06 6712 -5,05

2025 January 7.279,22 7413 -1,80
February 6.153,17 6932 -11,24
March 4.714,50 5696 -17,23
April 3.795,94 3643 4,20
May 3.185,00 3016 5,60

Table 5.1 Values obtained from simulations, bills and their deviations for all the following months.

As can be seen from the table, the model shows varying monthly discrepancies.
In general, the developed model accurately reproduces the seasonal pattern of actual
consumption, showing higher values during the summer and winter months due to cooling
and heating demand, and lower consumption during the transitional months, when the

climate is milder and aligns better with the desired setpoints in the health centre.
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See also the Figure 5.3 and Figure 5.4 below, where the simulation data and actual monthly

consumption are plotted graphically, in kWh.
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Figure 5. 3 Comparison of monthly energy use: simulated data vs actual bills. The simulation shows good

agreement overall, with limited deviations during peak periods.
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Figure 5. 4 Monthly comparison of simulated energy consumption versus actual bills. The chart illustrates the

seasonal variations and overall alignment between the simulation results and measured data.

Although the consumption trend of the simulation generally reflects the actual data, some
significant discrepancies emerged, which deserve further analysis.

In particular, as can be seen from the table above, in February 2023 the model underestimated
actual consumption by 25.42%, suggesting possible inaccuracies in the definition of occupancy
profiles, internal loads, or system operating schedules, or that the month in question was
particularly cold, with actual temperatures significantly lower than those represented in the

EPW weather file.

In general, for February (including 2024 and 2025), the model tends to underestimate the
actual consumption of the building. This could be due to a much higher actual occupancy
profile, as February typically coincides with the peak of seasonal flu cases.

The most problematic month appears to be May, particularly in 2023 and 2024, where the
simulation overestimated electricity consumption by 28.65% and 25.06% respectively. In
contrast, in 2025 the deviation was reduced to a more acceptable 5.60%, falling within the
margin generally considered acceptable for this type of simulation. This trend highlights some
predictive instability of the model during the spring months, which may be influenced by
multiple factors.

Firstly, May represents a transitional period between heating and cooling seasons, where even
slight discrepancies in external temperatures or control profiles can significantly affect system
operation.

Another possible explanation concerns the modelling of internal loads and occupancy profiles,
which may not accurately reflect reality. If these aspects are not well represented in the
model, the simulated consumption will inevitably be overestimated. This is the most likely
hypothesis, as a closer look at the consumption figures for May 2023 —the month with the
greatest deviations—shows heating consumption of just 45.99 kWh and cooling consumption
of 377.89 kWh, both very low values that do not explain why the utility bills were even lower.

This suggests that the assumptions regarding occupancy, occupant-related loads and electrical
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loads may not accurately reflect the actual conditions in the building; or that the building may
have been unusually closed for several days during this month.

An interesting dynamic is also observed in April, which shows opposite behaviours in the two
years analysed: in April 2023 there was a negative deviation of -14.69%, suggesting an
underestimation of thermal loads or a HVAC control strategy that was not responsive enough
to the building’s actual needs. In contrast, in April 2024 there was an overestimation of
17.16%, indicating a completely different situation, probably due to very different weather
conditions between the two years. This hypothesis is confirmed by the bill data: from 3792
kWh in 2023 to just 2886 kWh in 2024—a drop of nearly 1000 kWh, proving how difficult it
can be to model these transitional months accurately.

It is clear that the model, based on static assumptions or simplified control curves, struggles
to capture interannual climate variations, making accuracy during the spring months
particularly critical.

Another month worth analysing is August. For this month only two actual values are available
for comparison (2023 and 2024), showing that the model tends to overestimate consumption
by 9.94% and 18.19% respectively.

The utility bill data also show significant variations: consumption was 7127 kWh in 2023 and
6373 kWh in 2024, considerably lower. This shows that actual temperatures varied
significantly between the two years. The model’s overestimation is likely due mainly to
incorrect modelling of internal loads, probably related to building occupancy.

User behaviour must also be considered: August is often a holiday month for many people. As
aresult, even if the model predicts high cooling demand based on climatic conditions, in reality
spaces may have been partially or completely unused, leading to reduced consumption. As
the model does not account for this aspect (for example through weekly schedules or reduced
occupancy profiles), it tends to overestimate the building’s energy demand.

As for the winter months, particularly September, October, November, December, and
January, the energy model shows good capability in representing the actual electricity
consumption trend. During this period, the discrepancies between simulated and measured
values generally remain limited, with a maximum deviation of 9.72% recorded in January

2024, which falls within an acceptable range for dynamic building simulations.
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A more detailed analysis of these months shows that the model tends to alternate between
overestimating and underestimating consumption depending on the year. This suggests that
the model overall is able to capture the actual variability range of the real data, often
positioning itself midway between the extremes seen in the different years. This consideration
is particularly valid for October, December and January, where the differences between
simulation and utility data are modest and well balanced over time.
These results can be interpreted as a sign of the model’s good reliability during the colder
months, when climatic conditions tend to be more stable and predictable compared to the

transitional periods.

5.1.2 MAPE (Mean Absolute Percentage Error).

It is the mean absolute percentage error, that is, the average normalised deviation with
respect to the actual data. It is calculated as the arithmetic mean of the absolute values of the

monthly percentage errors. The formula is (Fanti, n.d.):

MAPE =

200y |S""R"| (5.2)

n =1 Ri

Where:

-n number of months considered

The MAPE provides an indication of the typical percentage error made by the model,
regardless of the sign (over- or underestimation). A low MAPE value indicates that, on average,
the percentage difference between simulated and actual data is small. In this case, MAPE is
useful for expressing the average monthly accuracy of the model over the year in a concise
way.

Although this index is not standardised by ASHRAE, it is widely used to provide a first
indication of the model’s reliability.

Below are the calculated values, presented year by year and as a total.

PERIOD MAPE

2023 8,56
2024 11,13
2025 8,01
Total 9,53

Table 5.2 MAPE values, for each period considered.
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Although it is not normalised by ASHRAE, values below 10% can be considered “good”, while

values above 10% are still regarded as “acceptable”.

5.1.3 NMBE (Normalized Mean Bias Error)

The NMBE (Normalized Mean Bias Error) is one of the main and most reliable indicators used
in the regulatory validation of energy models (as required by ASHRAE).
NMBE measures the normalised mean bias, that is, the systematic tendency of the model to
overestimate or underestimate actual consumption. It represents the normalised mean error,
typically expressed as a percentage. It is calculated as (ASHRAE (American Society of Heating,
Refrigerating and Air-Conditioning Engineers), 2014):

z:?=1(5i_Ri)

NMBE = =
(n—p)*R

(5.3)
Where:

- R isthe average actual consumption over the period considered.
- pis the number of degrees of freedom lost; ASHRAE standards require this to be

set to 1 when utility bills are used for calibration.

In practice, NMBE measures the systematic tendency of the model to over- or underestimate:
a positive NMBE indicates an average overestimation, while a negative NMBE indicates an
average underestimation.

This index is particularly important in calibration because it reveals systematic errors (biases)
that can be corrected by appropriately adjusting the model parameters. In validation, it is
typically required that the bias remains within certain limits.

The main standard of reference for the validation of building energy models is ASHRAE
Guideline 14. According to this guideline, for a model to be acceptable, the NMBE values
calculated from a monthly energy simulation should be below 5%. The values for each year

and the overall total are reported in Table 5.3.

PERIOD NMPE
2023 -3,40
2024 3,71
2025 -7,36

Total -1,00

Table 5.3 NMPE values, for each period considered
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As highlighted in the table, the NMBE values for 2023 and 2024 are below 5%, showing a very
limited average bias. This confirms that the model is well calibrated according to international
criteria (ASHRAE Guideline 14 specifies [INMBE| < 5% on a monthly basis (ASHRAE (American
Society of Heating, Refrigerating and Air-Conditioning Engineers), 2014), (La Calibrazione Dei
Modelli Di Simulazione Energetica: Un Caso Studio | Articoli | Ingenio, n.d.)).

Despite significant discrepancies in certain months, such as —2056 kWh in February 2023 or
+744 kWh in May 2023, these errors offset each other, giving the model a reliable average

response compared to the actual data.

For 2025, the NMBE stands at —7.36%, which is slightly beyond the threshold, indicating a
tendency to underestimate actual consumption. This anomaly is mainly due to the fact that
the available data covers only the winter period (up to May), during which actual
consumption—particularly in January, February, and March—consistently exceeded the
simulated values. In addition, the model shows a structural tendency to underestimate
consumption in February and March, a phenomenon observed across all three years
considered. This behaviour suggests that the occupancy profiles and internal loads for the
colder months may not be optimally parameterised.

On the other hand, during the spring and summer months, the model tends to slightly
overestimate consumption, thereby offsetting the negative deviations seen in winter. This
dynamic allows the overall NMBE value, calculated for the entire sample (2023-2025), to
remain close to zero (—1.00%), confirming that, despite periodic discrepancies, the model does

not produce a significant systematic bias.

5.1.4 RMSE (Root Mean Square Error)

It indicates the root mean square of the deviations between the simulated values and the
actual values, expressed in the same unit (kWh) (Fanti, n.d.), (ASHRAE (American Society of

Heating, Refrigerating and Air-Conditioning Engineers), 2014):

1
RMSE = \/E ?zl(Si - Ri)z (5 4)
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This index represents, in units of energy (kWh in our case), the standard deviation of the
monthly errors. Unlike MAPE, RMSE is more sensitive to larger errors (as the error is squared),
and therefore it penalises the presence of individual months with very high error more heavily.
A low RMSE means that the model is able to predict consumption with little dispersion
compared to the actual values. It provides an indication of the order of magnitude of the
average error in kWh. For example, an RMSE of 1000 kWh means that the standard deviation
of the monthly deviations is approximately 1000 kWh on average.

The RMSE values obtained are in Table 5.4.

PERIOD RMSE[kWh]
2023 731,30
2024 619,48
2025 640,27

Table 5.4 RMSE values, for each period considered.

ASHRAE Guideline 14 and other standards do not specify thresholds for absolute RMSE. To
assess whether the values obtained can be considered “good”, it is necessary to calculate the

CV(RMSE), which is analysed below.

5.1.5 CV(RMSE) (Coefficient of Variation of RMSE)

It is the coefficient of variation of the RMSE, that is, the RMSE normalised to the actual mean
value (similar to NMBE but applied to the RMSE). It is calculated as (Chong et al., 2021),

(ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers), 2014):

RMSE

CV(RMSE) = — X 100 (5.5)

It represents the percentage variability of the errors relative to the average consumption,
showing how large the typical error (RMSE) is in proportion to the building’s average monthly
consumption. For example, a CV(RMSE) of 10% means that the root mean square error
corresponds to about 10% of the actual average monthly consumption.

This index is widely used in international guidelines to express the accuracy of a calibrated
model, as it provides a relative measure that is easy to compare across different cases.
CV(RMSE) quantifies the model’s precision in tracking monthly variations in actual data,

complementing NMBE, which captures only the systematic bias.
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PERIOD CV(RMSE)

2023 13,06
2024 11,78
2025 11,99

Table 5.5 CV(RMSE) values, for each period considered.

The CV(RMSE) values calculated for each year prove a very good level of model accuracy
overall. In 2023 a value of 13.06% was obtained, 11.78% in 2024, and 11.99% in 2025. All these
results are well below the 15% threshold recommended by ASHRAE Guideline 14 for monthly-
based simulations (ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning
Engineers), 2014), (La Calibrazione Dei Modelli Di Simulazione Energetica: Un Caso Studio |
Articoli | Ingenio, n.d.).

Meeting this threshold in each year confirms that the model achieves a good level of reliability
and predictive accuracy and can therefore be validated according to international standards
(ASHRAE).

These results strengthen the validity of the calibration performed, indicating that the
simulations adequately reflect the building’s monthly energy consumption while accounting

for possible seasonal or operational variations across the years.

5.1.6 Coefficient of determination R"2

The coefficient of determination (R?) is a statistical indicator used to assess the goodness of
fit of a predictive model against observed data. In the context of energy simulation, R?
measures how effectively the model is able to reproduce the trend of actual energy
consumption through the simulation results.

More precisely, R? quantifies the proportion of variance in the actual data that is explained by
the simulated model. An R? = 1 indicates a perfect match between simulated and measured
data, while an R? = 0 indicates that the simulation does not explain any of the observed
variability.

The formula for calculating the coefficient of determination is as follows:

Z?:1(Ri_5i)2

2 1 _
RE=1=%¢ R ro?

(5.6)
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Unlike other standardised indicators such as NMBE and CV(RMSE), the coefficient of
determination is not a mandatory requirement according to ASHRAE Guideline 14 or the
IPMVP. However, it is widely used in academic and technical fields as an additional tool to
check the consistency between the simulated and actual trends. According to some well-
established practice, a value of R? > 0.75 is generally considered acceptable for calibrated
energy models, especially when supported by satisfactory NMBE and CV(RMSE) values (Chong
et al., 2021).

The values calculated are reported in Table 5.6.

PERIOD R"2
2023 0,82
2024 0,77
2025 0,89

Table 5.6 R”2values, for each period considered.

As can be seen, the values are below 0,75, showing that the model is more than acceptable.

5.1.7 CVSTD (Coefficient of Variation of the Standard Deviation)

The CVSTD represents the relative variability of the actual data (for example, the measured
monthly energy consumption) with respect to their mean. It indicates how dispersed the

values are compared to the average, and is calculated as:

CVSTD = %R x 100 (5.7)

Where:

— oy is the standard deviation of the actual consumption, calculated as:

S (R;—R)?
op = /% (5. 8)

— R is the mean actual consumption.

This index is also referenced in ASHRAE Guideline 14, where it is used to describe the natural
variability of the actual data (ASHRAE (American Society of Heating, Refrigerating and Air-

Conditioning Engineers), 2014). CVSTD allows us to understand how much the actual
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consumption fluctuates from month to month and to place the model's predictive errors in
the context of this variability.

The values obtained are reported in Table 5.7.

PERIOD CVSTD [%]
2023 29,43
2024 29,52
2025 21,10

Table 5.7 CVSTD values, for each period considered.

The values obtained indicate that, over the course of the year, the energy consumption
recorded in the utility bills shows significant variations from month to month. This marked
variability reflects the seasonal behaviour of the building and implies greater complexity in
calibrating the simulation model, as accurately reproducing such monthly fluctuations
requires more precise modelling.

It should be noted that for 2025 the CVSTD value is lower compared to previous years, as the
analysis covered only a limited period (specifically the winter months) rather than the entire

calendar year.

5.2 Causes of discrepancies

Although the developed model showed a good level of accuracy, as confirmed by the
statistical indicators and the overall comparison with actual data, some discrepancies
between simulated and actual energy consumption remain.
The main factors that may have contributed to these differences are described below:
e Geometrical approximations
The simulated model of the building may not exactly match the real building. This is
mainly due to the incomplete and limited documentation provided by the
Ayuntamiento of Paterna. In particular, floor plans for the first floor and the mezzanine
were not available. These areas were modelled based on site visits to the health
centre; however, since the visits were conducted during public opening hours, it was
not possible to access or measure all rooms, and measurements were limited to the
corridors. The exact dimensions of doors, windows, and floor heights were also

unavailable.
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Small volumes or details (such as technical shafts, projections or geometric
irregularities) may have been omitted in the model, or the shape of the building may
have been simplified using regular geometries. These approximations can affect the
calculation of heat loss surfaces, conditioned volumes and airflow rates, thus altering

the simulated thermal balance compared to reality.

Uncertainties in materials and construction layers

The available documentation did not include information on the construction layers of
the building envelope. The only data provided was a table of U-values. However,
defining material layers was necessary to create the model; otherwise, the simulation
would not account for effects such as thermal inertia.

The construction layers were therefore assumed based on Spanish standards. Material
properties (conductivity, density, specific heat) were selected so that the final U-value
matched the given figures, but these may not reflect the actual performance of the
built structure. For example, insulation may not have been uniformly installed, and
thermal bridges (e.g. structural joints, columns, window frames) were not modelled,
although they increase real heat losses or gains. These factors can cause discrepancies
between simulated and actual thermal demand, particularly in winter (heat losses) and

summer (heat gains).

Assumptions about usage profiles, occupancy and internal loads

Accurate simulation requires defining hourly profiles for occupancy, equipment use
and lighting. These profiles are often based on standards or estimates (e.g. a certain
number of occupants during the day, a typical internal load for medical equipment). In
reality, the use of the health centre can vary greatly from day to day and season to
season: for example, closed clinics on certain days, equipment left on beyond
scheduled hours, or variations in the number of staff, patients and visitors.

Such discrepancies directly affect internal loads and therefore energy consumption: if
the model overestimates internal loads, it will predict higher consumption (or lower

heating demand due to internal heat gains) than in reality, and vice versa. The accuracy
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of these inputs is crucial, but inevitably subject to uncertainty, as they are stochastic

variables dependent on random factors.

Limitations of the weather file (.epw)

Another source of uncertainty is the weather file used. The file adopted represents a
statistical average year and does not capture climatic extremes or the specific
conditions of a particular year. It therefore does not account for exceptionally hot
summers, harsh winters, or simply days with temperatures very different from typical
values. Furthermore, the local weather file may not reflect the specific microclimate
of the Paterna site (e.g. local shading, prevailing winds), as the exact location of the

reference weather station is unknown.

Estimates of ventilation and air infiltration

Ventilation and air infiltration have a significant impact on thermal demand,
particularly in a healthcare building where high air change rates are required to ensure
hygiene and air quality. In the model, mechanical ventilation was defined according to
UNE-EN 16798-1:2020, but actual system operation may differ, and documentation on
this point was very limited.

Air infiltration (e.g. draughts, doors opened for ambulances or visitors) is also difficult
to quantify precisely. The model assumes a fixed infiltration rate (0.4 vol/h for
windows, 2 vol/h for the main door), but actual infiltration depends on wind
conditions, user behaviour and the building’s airtightness. Incorrect assumptions may

lead to over- or underestimation of energy consumption.

Use of the AUTOSIZE function

In the EnergyPlus model, the AUTOSIZE function was used to automatically dimension
certain HVAC components (such as heat exchange coils, air flow rates, etc.) for which
no specific data were available. The use of autosizing is very useful during the
simulation stage, as it allows the software to calculate the design values required to

meet the extreme loads defined on the design days.
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By setting the input fields to “Autosize”, EnergyPlus automatically calculates the
required capacities. However, it should be noted that the autosizing results may not
exactly match the actual sizes of the installed systems.

For example, the software may determine that an air flow rate X is required to
adequately cool a particular area to the design temperature, while the real system may
have a slightly different flow rate (due to intentional over- or undersizing in the actual
design).

It is important to consider that if the autosize value is not accurate, this can lead to

overestimation of energy consumption.

Unmodelled losses and inefficiencies

The model assumes ideal insulation and perfect distribution efficiency. In reality, there
are heat losses along distribution networks (e.g. pipes crossing unconditioned spaces
or the ground), as well as pressure losses requiring pumps and fans to work harder

than the model predicts.

Unknown loads

From the comparison with records of the active power absorbed by the entire building
on an hourly basis, it was observed that even when the building is closed and the HVAC
system is switched off, the active power readings are not zero. This is because, in the
case of the real building, there are certain base loads, such as servers, modems,
routers, emergency lighting, alarms, fire prevention systems, refrigerators, equipment
in standby mode, and security or surveillance systems.

EnergyPlus assumes an ideal model; therefore, when HVAC system shutdown times
and building closure times are defined, the programme assumes zero power
consumption during these periods.

In reality, however, the recorded values range from around 900 kWh to over 2000 kWh
per month. To account for this, a constant night-time load of approximately 1500 W
was included for the entire simulated year, although in practice these power peaks are

variable.
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The combination of these factors makes it difficult to isolate the cause of a specific
discrepancy. Often, errors partially offset each other (e.g. the model may overestimate
consumption for one reason and underestimate it for another, resulting in a reduced overall
error). The calibration process aims precisely to identify and adjust the most sensitive

parameters to achieve a better match with measured data.
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Chapter 6: ENERGY OPTIMISATION AND RETROFITTING
STRATEGIES

After successfully validating the energy model developed in OpenStudio/EnergyPlus,
demonstrating its ability to reproduce the actual energy consumption of the building with
good accuracy, two main objectives were identified: on the one hand, to further refine the
accuracy of the model in order to have an even more reliable tool for future simulations; on
the other hand, to propose optimisation measures for the actual building aimed at reducing

energy consumption and improving indoor comfort.

6.1 Modelimprovements

Improving the accuracy of the model is a key aspect in ensuring results that are increasingly
representative of the actual behaviour of the building. It is important to point out that
achieving a perfect match between simulation and real data is, in fact, impossible due to the
numerous variables and assumptions that inevitably play a role in the modelling process.
Nevertheless, through specific measures it is possible to significantly reduce the discrepancies.
First of all, it would be advisable to collect more detailed and comprehensive information
about the HVAC system and its main components, such as heat pumps, circulation pumps, fan
coil units and mechanical ventilation units. In particular, it would be useful to have the
complete technical specifications of the terminal units and distribution systems, including data
on the actual pressure losses of the hydronic and air distribution networks, as well as other
specific construction parameters of the various components.

Another important aspect concerns the actual airflow supplied to the rooms: in the present
model, this value was determined in accordance with current regulations, but it may not
precisely correspond to what actually occurs in the building. Having direct measurements or
field data would make it possible to further refine the system representation and increase the
accuracy of the simulation.

It is important to highlight that EnergyPlus does not allow the construction details of HVAC

components to be defined at a geometric or structural level: for example, it is not possible to
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model the presence of two compressors in the air-source heat pump. The software uses
“equation-fit” models based on performance curves that represent the overall behaviour
(capacity, COP, flow rates, defrost). This means that, although it is possible to simulate the
overall energy performance of the system, it is not possible to parameterise or distinguish
specific internal components, such as multiple compressors or separate stages and their

operating dynamics.

I “" I”

As a result, the model does not represent the actual “mechanical” complexity, which
constitutes an inherent limitation.

Another important aspect concerns the occupancy and actual use of the building. To further
refine the model, it would be essential to record the actual occupancy of the facility, with
hourly and monthly data, in order to check the plausibility of the occupancy schedules used
and to identify any periods of the year characterised by low attendance (for example during
holidays, vacation periods or special closures). Similarly, it would be advisable to update the
operating schedules of the HVAC system, lighting and equipment based on the actual patterns
of use.

Another key refinement would be the use of a weather file in .epw format referring to a
specific year for which real data are available (for example utility bills, power logs and other
measurements). This would allow a more precise comparison between simulated and actual
consumption on a daily or hourly basis and make it easier to identify any discrepancies and
their causes. Unfortunately, in the present work this was not possible because weather files
for individual years are not available free of charge on the EnergyPlus website or other sites,
but only for a fee.

Another factor that significantly affects the accuracy of the model is the lack of up-to-date and
complete data regarding the geometry and dimensions of the building components. To
improve the precision of the simulation, it would be essential to gather more detailed
information on the geometric configuration of the structure. Indeed, the documents provided
by the Municipality of Paterna did not include plans of the first floor and mezzanine, nor the
heights of the different levels or the exact dimensions of doors and windows. Likewise, no

information was provided on any thermal bridges present in the building, which, although

contributing to a lesser extent, can generate significant heat losses during the winter season.
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It should be noted that EnergyPlus does not allow thermal bridges to be simulated directly, as
the software is based on one-dimensional models of heat transfer.

However, it is possible to account for their effects indirectly, for example by adjusting the
global U-values or by adding surfaces representing areas of greater heat loss. Although these
methods constitute an approximation, they can help reduce the overall error of the model.
Still related to the building, in order to improve the energy simulation it would be necessary
to obtain more information regarding the construction build-up of the building; in fact, no
information on this was available from the documents consulted, although it is important in
order to account for heat flow and other phenomena such as thermal inertia.
The integration of the improvements described above would contribute significantly to
increasing the accuracy of the model and reducing the gap between the simulation and the

actual behaviour of the building.

6.2 Energy Optimisation and Retrofitting Strategies

The term optimisation refers to a set of interventions aimed not only at improving the
operation of HVAC systems and the building, but primarily at reducing energy consumption
without compromising comfort or safety, thereby improving the building’s overall energy
rating. In fact, energy efficiency in buildings refers to their ability to use energy effectively to
carry out essential functions such as heating, cooling, lighting, and the operation of appliances
(‘Qual é il coefficiente di conducibilita termica?’, n.d.). Improving energy efficiency essentially
means reducing the annual primary energy consumption per square metre, a key indicator

used to classify the building's energy performance.

Enhancing energy efficiency is closely linked to the decarbonisation targets set by the
International Energy Agency (IEA), as outlined in Chapter 1.1, which foresee a progressive
reduction in emissions from the building sector, ultimately reaching carbon neutrality by 2050.
In this context, energy efficiency remains one of the most effective strategies for significantly
lowering greenhouse gas emissions, contributing to the achievement of international climate

goals.

Why is energy efficiency so important?
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There are several reasons why this aspect is so crucial. The main ones are outlined below:

e Cost savings: By reducing energy consumption, there is inevitably a direct decrease in
utility bills.

e Environmental sustainability: As discussed in Chapter 1, the building sector is
responsible for a significant share of global CO, emissions. Improving its efficiency
makes a tangible contribution to emission reductions and to the fight against climate
change, the effects of which are becoming increasingly evident today.

e Conservation of natural resources: Lower energy consumption helps to preserve non-
renewable resources such as gas, oil, and coal.

e Increased property value: Buildings with high energy efficiency typically have greater

commercial value.

There are several ways to improve the performance of the Paterna building, from little
changes to bigger ones that involve retrofitting. The list of possible actions is:

e Insulating the outside of the structure from heat.

e High-performance windows and reduction of infiltration.

e Occupant behaviour.

e Advanced Building Systems and Automation

e Lighting.

e Sustainable Technologies.

e Control of indoor humidity for comfort.

6.2.1 Insulating the outside of the structure from heat.

One of the best ways to cut down on a building's energy use is to improve its thermal
insulation. It is easier to keep the temperature inside stable when walls, roofs, and floors are
well insulated. This means that you won't have to heat or cool the house as much in the winter
or summer. Using a thermal cladding system to insulate the outside walls has been shown to
be a very effective way to reduce heat loss, make the inside more comfortable, and lower the
amount of energy needed for heating (La Calibrazione Dei Modelli Di Simulazione Energetica:

Un Caso Studio | Articoli | Ingenio, n.d.), (‘Qual é il coefficiente di conducibilita termica?’, n.d.).
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This is because the insulating panels create a barrier that keeps heat in and sound out. Also, if
possible, adding insulating layers over the floor slabs or utilising blown-in materials to insulate
the cavity walls can make the building envelope even more resistant to heat.
It is also important to pay close attention to horizontal structures like floors, slabs, and roofs.
To keep heat from escaping through the roof and into the ground, these parts need to be
properly insulated. Putting insulating materials under the floor makes it work better thermally,
which lowers the need for both heating and cooling.

The building's external walls and roof have a relatively high thermal transmittance (U-value)
(around 0.54 W/m?ZK for external walls and 0.75 W/m?K for the roof), which means that the
insulation is not good enough or is not there at all. These days, an energy-efficient building
envelope for moderate climates like Valencia usually has much lower U-values, with a
suggested limit of U < 0.38 W/mZ2K (‘Qual é il coefficiente di conducibilita termica?’, n.d.),(Cho
et al.,, n.d.). So, the major way to greatly cut down on heat loss and, as a result, energy use for

internal climate management is to improve the insulation of the building envelope.

6.2.2 High-performance windows and reduction of infiltration.

Windows, doors, and other openings on the outside of a structure are very important for how
well it uses energy. During the winter, high-efficiency glass with low-emissivity double or triple
glazing and thermally fractured frames helps keep heat from escaping through the clear
surfaces. In the summer, it helps keep heat from coming in via the clear surfaces. By replacing
old frames with newer, more efficient ones, the building's total thermal insulation is improved,
which helps keep the inside at a pleasant temperature with less need for heating and cooling.
The windows and doors in the building's first energy model have U-values of about 2.60
W/m2K. If you put in modern triple-glazed units, this number may go down to about 1.2
W/m2K, which would be a clear gain in energy efficiency.

Another important factor is lowering the amount of air that leaks out and undesired
infiltration via the building envelope. If there are worn seals or cracks in the frames, for
example, these infiltrations can make insulation less efficient. The first energy model used an
infiltration rate of 0.3 vol/h. This number might be lowered to 0.2 vol/h by making windows
and doors more airtight (with new seals, airtight locking mechanisms, joint sealing, etc.), which

would cut down on the amount of conditioned air that escapes.
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The main entrance door is a very important aspect of our case study. It is automatic and opens
and closes a lot during the day, which makes it a big source of uncontrolled thermal exchange.
Installing an entrance lobby with a double-door system and a small vestibule in between could
be a feasible solution. This keeps the air from moving directly between the inside and outside
when the outside door opens. Some studies say that using a double-door vestibule can save
energy by 0.06% to 5.61%, depending on the style of structure and the temperature zone
(L’efficienza Energetica Negli Edifici, n.d.).

The envelope's airtightness is greatly enhanced by lowering both air infiltration and heat

transmission through apertures. This means that space cooling needs less thermal energy.

6.2.3 Occupant behaviour.

People's everyday habits can have a big effect on how much energy a building uses, even if it
gets technical advancements. To get the most savings possible, it's important to employ
conditioned rooms in the right way. For instance, you should keep windows and doors closed
when the HVAC system is on to protect heated or cooled air from escaping.
In the same way, utilising interior shading devices like blinds or curtains during the hottest
parts of the day in the summer helps keep solar heat from getting into the building, which
makes cooling systems work less hard.

Turning off lights and equipment when they aren't needed is a tiny thing that can help cut
down on waste. In short, it's very important to raise awareness and teach people how to use

the facility in an "energy-conscious" way.

6.2.4 Advanced Building Systems and Automation

With the help of new technologies like smart sensors, home automation devices, and control
units, it is now possible to regulate heating, cooling, and lighting systems in a more accurate,
efficient, and flexible way.

Automatic adjustment of thermal comfort based on real occupancy or time-of-use schedules
is very helpful in avoiding energy waste by making sure that energy is only supplied when and
where it is needed.

Distribution terminals, like fan coils, radiators, or supply diffusers, are also very important and

need to be the right size, calibrated, and able to be changed. Terminals that are well-managed
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and work properly can give off the right amount of heat or coolness at the right moment, so
there is no need to overheat or cool.

Using clever thermostatic valves or local control systems is another way to improve things.
The first type are electronic devices that are put on heating terminals. They employ built-in
sensors and wireless communication to automatically adjust the temperature of each room
based on user settings, occupancy, or schedules. The latter let HVAC systems be managed
separately and automatically in different areas of a building, changing how they work to meet
unique needs.

These technologies let you change the thermal output based on how the area is actually being

used. This makes people more comfortable and uses a lot less energy.

6.2.5 Sustainable Technologies.

Adding sustainable technologies like photovoltaic (PV) systems can help the building use less
energy and become less carbon heavy. These systems let people make their own electricity
from renewable sources, which means they don't have to rely as much on the national grid
and the CO, emissions that come from using energy are fewer.
The building being studied already has a geothermal heat pump and an air-source heat pump.
Adding a PV system would be a great way to lower its overall environmental effect. The
electricity made might be used to run the heat pumps and other services in the building. This
would make the facility more energy-independent and help meet the goals for reducing

carbon emissions.

6.2.6 Lighting.

Lighting is an important part of a healthcare centre like the one we looked at. It not only makes
sure that people can see well, but it also helps save energy. Replacing old light fixtures with
high-efficiency LEDs is a very effective way to lower the installed power density from its
current level of about 8-10 W/m? to just 5-6 W/m?, while still meeting lighting standards (with
a minimum required illuminance of 500 lux).

This decrease has a direct effect on the building's overall energy demand, which helps
minimise power use and, as a result, the indirect emissions that come from using artificial

lighting.
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6.2.7 Control of indoor humidity for comfort.

Controlling the relative humidity in indoor environments is the last thing to think about, and
it's more about comfort than conserving energy. In the summer, humidity levels in Valencia
are usually rather high, between 60% and 80% (L’efficienza Energetica Negli Edifici: Cos’é e
Come Migliorarla, n.d.). Too much humidity inside can make the air feel uncomfortable, even
when it's not too hot.

Adding active humidity management to the HVAC system can make summer more
comfortable. Adding a dehumidifying cooling coil to the air handling unit could make this
happen. The outdoor air would go through a coil of cold water that would remove moisture
by condensation.

To keep the supply air from getting too chilly (which happens when you dehumidify), a
reheating coil would be used to warm the air a little bit before it reaches the rooms. This is
especially important in the winter. This setup would help keep the temperature and humidity
of the supply air at their best, which would make the thermal-hygrometric comfort better.
This plan might use a little more energy because the cooling and heating coils will have to
work harder, but it will make the inside of the building more comfortable for people who live

there.

6.2.8 Simulation of Retrofit Scenarios and Impact Assessment

We made a variety of changes to the energy model of the Paterna building based on the
optimisation tactics outlined above to see how well they worked to lower overall energy use.
The modified simulation had the following improvements:

¢ Improved insulation of the building envelope:

The external walls and roof were changed to lower their thermal transmittance (U-values),
which made the building's overall insulation better. The new values are 0.35 W/m?2K for the
roof and 0.50 W/m?3K for the external walls. This cuts down on heat loss to the outside.
¢ Virtual replacement of windows and doors:

The U-values of windows and doors were decreased to make it look like they were using high-
performance frames with triple glazing. This adjustment brought the U-values down from 2.60

W/m2K to 1.20 W/m?K, which made the insulation better during both the heating and cooling
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seasons.

* Reduced air infiltration:

The rate of air coming in through the windows went from 0.3 to 0.2 vol/h, and the main
entrance door was set to 1 vol/h, which is like having a double-door vestibule to keep air from
coming in and out of the house too much.

¢ Lighting improvements:

High-efficiency LEDs were used to cut the power density of the installed lighting from about
8-10 W/m? to just 5-6 W/m?.

¢ Heat pump operation strategy:

The geothermal heat pump, which has a higher COP, was chosen as the main system for both
heating and cooling. The air-source heat pump was set up as a backup system that only worked

during peak loads or very bad weather.

After implementing these changes, a new annual simulation was run. The comparison focused
on the year 2024, selected as a reference due to its regular building operation and the

availability of complete energy consumption data. The results are summarised in Table 6.1.

2024  Existing System Optimised System

Total consumption [kWh] 65.277,78 57.641,94
Heating [kWh] 16.204,81 15.177,33
Cooling [kWh] 12.411,06 11.347,83
Illumination [kWh] 9.715,47 6.051,47

Table 6. 1 Consumption of the real system and the optimized system.

The total energy saving amounted to 7,635.84 kWh, equivalent to an 11% reduction compared
to the baseline scenario. This result confirms the effectiveness of the implemented measures
in improving both envelope and system efficiency, significantly reducing energy demand for
heating, cooling and lighting. Specifically, a reduction was observed in both heating and

cooling needs, demonstrating the importance of improving thermal insulation.

The application of external wall insulation and roof insulation increased the building’s thermal
inertia and reduced winter heat losses, leading to lower heating loads. Simultaneously, it

helped prevent overheating during the summer, reducing cooling demand. These
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interventions therefore had a dual impact on indoor thermal-hygrometric comfort, stabilising

indoor temperatures during periods of climatic variability.

The replacement of windows and the reduction in air infiltration also had a positive effect,

minimising heat losses and improving the building’s dynamic thermal behaviour.

A wide range of technical and management strategies are available to improve a building’s
energy performance and reduce consumption. The approaches analysed — from occupant
awareness to envelope retrofitting, HVAC optimisation and renewable energy integration —
are complementary and, if implemented together, can provide significant energy, economic

and environmental benefits.

It is essential to highlight the importance of continuous consumption monitoring and regular
system maintenance to preserve the energy savings achieved and identify further areas for
improvement.

During the design and planning phases, the use of dynamic energy simulation tools such as
EnergyPlus and OpenStudio is a valuable resource. These tools enable detailed quantification

of each measure’s impact, guiding designers towards the most effective solutions.
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Chapter 7: CONCLUSIONS

7.1 Technical Aspects

The energy demand of buildings is responsible for more than 25% of energy-related CO;
emissions. This value could be reduced by new construction and operation techniques in
future buildings, by changing existing buildings or by more efficient use of existing buildings
and their systems. In the latter case, energy modelling and simulation of buildings has been
shown to be a key element in reducing the total energy consumed by such buildings.

This thesis addressed this topic: the energy simulation, validation, and optimisation of a
building through dynamic modelling tools. Specifically, a model of a healthcare facility located
in Paterna (Spain) was developed . Once the model had been built, it was validated using real
data: utility bills, active power records for the entire building (available for approximately one
year), and information collected from sensors installed in the HVAC system, which provided
valuable insight into the system’s functioning and control logic.

The building model was developed using well known software in this field, the OpenStudio
and EnergyPlus environments. These tools are not only used to define the model, they also
allow to run simulation of the model under different conditions.

Model validation was carried out using statistical methods defined by relevant standards,
particularly ASHRAE Guideline 14. Two widely used indices were calculated: NMBE and

CV(RMSE), with their values presented in the following table.

PERIOD NMPE CV(RMSE)
2023 -3,40 13,06
2024 3,71 11,78
2025 -7,36 11,99

Table 7.1 NMPE and CV(RMSE) values

All results fall within the acceptable thresholds set by the standard (|NMBE| <5% and
CV(RMSE) < 15%), confirming the reliability of the developed model. The only exception is the
NMBE value for 2025, a vyear for which only partial data were available.
Overall, the validation showed that the model realistically represents the building’s energy

behaviour, demonstrating good accuracy.

89



The work then progressed to the optimisation phase, illustrating how the building’s energy
efficiency can be improved and, as a result, its overall energy consumption reduced. The
strategies implemented led to a total reduction in energy use of approximately 11%.

During this thesis, several challenges were encountered, both in terms of data collection and
issues related to the actual building.

Regarding the first aspect, it was particularly difficult to gather all the information required
for the development of the model. For example, the floor plans of the first storey and
mezzanine were missing, as were construction details of the building components (such as
layer composition and material properties), as well as numerous geometric details relating to
doors, windows, and floor heights. These data gaps made it necessary to formulate a number
of assumptions, which represented a critical challenge.

Indeed, the high number of assumptions required is a key issue, especially considering the
presence of numerous stochastic variables in the model. Among these, occupancy had a
particularly significant impact on the results. Infiltration through the main entrance, windows,
and other openings was also estimated.

All assumptions were made in a rational and considered manner, with the aim of reproducing
the real building as accurately as possible and documented thorough this document.
Regarding issues directly related to the building, it is worth mentioning the malfunction of the
geothermal heat pump in 2025, particularly in cooling mode, which required the model to be
adapted for that specific period.

Another notable event was a fire in the building’s main electrical panel in May 2025, which
led to the temporary closure of the building, hindering the installation of sensors and the
analysis of the HVAC system.

Further difficulties also arose during the sensor installation phase, due to the complexity of
the HVAC system itself.

Looking ahead, a promising direction for further development could be the assessment of the
actual impact of each proposed control strategy, using the model developed in this thesis.
Such an analysis could be based on performance indicators such as the expected energy or
cost savings (e.g., reduction in utility bills), all in relation to the required investment cost. This
approach would make it possible to identify the most cost-effective strategies from a cost-

benefit perspective.
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7.2 Personal Opinion

Beyond the technical aspects, this project represented a valuable opportunity for personal
and professional growth.

Since the early years of my Mechanical Engineering studies at the University of Padua, | have
developed a strong interest in subjects such as technical physics and applied thermodynamics,
and more specifically in topics related to heat transfer, a field that spans a wide range of
applications, from mechanical systems to environmental sustainability.

| believe that in the current historical context, in which pollution reduction and building
decarbonisation are becoming increasingly central, the opportunity to contribute to a real-
world project in this field was highly motivating for me.

Working on the Paterna project, in a collaborative setting where teamwork and the exchange
of different expertise were essential, proved extremely stimulating. Constant interaction with
team members provided a valuable opportunity for learning and represented a first approach
to the professional world, where teamwork and shared goals are fundamental.

Among the most positive aspects, | would highlight the opportunity to learn how to use
complex tools such as EnergyPlus (which is currently one of the leading tools for building
energy simulation) and OpenStudio, learning how to integrate them effectively and deal with
their limitations.

Nevertheless, several challenges arose during the project, particularly related to the need for
proficiency in the software required. Consequently, | invested significant effort in
independently mastering these tools, consulting official documentation, and frequently
applying a trial-and-error approach.

Additionally, unexpected issues emerged during the real data collection phase—mentioned
previously—which complicated and delayed the development of the model. Overcoming
these obstacles provided valuable lessons on problem-solving and adaptability in the face of
unforeseen circumstances.

Looking ahead, this experience has reinforced my interest in the field of building energy
efficiency, where dynamic simulation is set to play an increasingly vital role in supporting
design decisions. | am confident that the skills acquired throughout my education and this

experience will bring meaningful contributions to this area
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