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Resumo

Numa industria que, historicamente, tem sido uma das mais lentas a digitalizar os seus proces-
sos [1], os arquitetos e engenheiros civis estdo a adotar uma metodologia para combater esta tendéncia:
o fluxo de trabalho Building Information Modelling (BIM) visa reunir todas as informacgdes sobre cada
elemento do edificio, de todas as disciplinas, num modelo tridimensional.

Mas parece haver alguma resisténcia por parte dos engenheiros eletrotécnicos em adaptar os seus
fluxos de trabalho habituais a esta nova forma de desenvolver projetos de edificios. Este trabalho
apresenta uma visao geral da forma tipica como as instalagoes elétricas sdo atualmente concebidas e
explora a forma como a metodologia BIM pode impactar cada tarefa.

Apds o desenvolvimento de um projeto da instalagao eléctrica de um hospital, as principais razoes
identificadas para o atraso na adocao do BIM foram o investimento necessario na formagao dos profis-
sionais para a utilizagéo do software, a falta de vontade dos clientes em corresponder as propostas mais
elevadas que estes projetos devem ter para serem rentaveis, e uma relutancia natural dos engenheiros
eletrotécnicos mais experientes em alterar o fluxo de trabalho a que estdo habituados e que sabem
que produz resultados satisfatorios. No entanto, é importante que estes desafios sejam ultrapassados
0 mais rapidamente possivel para poder cumprir as leis Portuguesas previstas para 2030, que tornarao

obrigatdria a entrega de um modelo BIM para cada projeto de um edificio.

Palavras-chave: cletricidade, projeto, modelizagao, edificio.
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Abstract

In an industry that has historically been one of the slowest to digitalize its processes [1], architects
and civil engineers are adopting a methodology to fight this trend: the Building Information Modelling
(BIM) workflow aims to gather every piece of information about the components of the building, across
all disciplines, in a three-dimensional model.

But there seems to be some resistance from the side of electrical engineers to adapt their usual
workflows to this new way of developing projects of buildings. This work presents an overview of the typ-
ical way in which electrical installations are currently designed, and explores how the BIM methodology
can impact each task.

After developing a project for the electrical installation of a hospital, the main reasons identified for the
delay in the BIM adoption were the investment needed in training the professionals to use the software,
a lack of willingness by the clients to match the higher bids that such projects must have to be profitable,
and a natural reluctance of more experienced electrical engineers to change the workflow they are used
to and know produces satisfactory results. It is important, however, that these challenges are overcome
as soon as possible to be able to meet the Portuguese laws that are scheduled for 2030 that will make

it mandatory to deliver a BIM model for every project of a building.

Keywords: electricity, project, modelling, building.
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Chapter 1

Introduction

1.1 Motivation

Productivity is arguably the word of order in the contemporary labour world, everything needs to be
done fast and flawlessly, minimising costs and maximising profits, and there are some concepts that play
an important role in achieving this goal.

Efficiency is the most obvious one, defined as "the quality of being able to do a task successfully,
without wasting time or energy” [2].

Then, there is automation, which has been introduced as of the Ford period [3], and consists of letting
machines perform repetitive tasks. It results in an exponential growth in productivity as the personnel
costs can be reduced, employees can be assigned to other more creative tasks and the products of the
automated work are more accurately predictable, which positively contributes to planning. The planning
activity is also a main contributor to the increase in productivity as it enables the definition of realistic
deadlines, the definition of the correct sequence of tasks to achieve a desired goal and the correlations
between those tasks — which ones can be performed in parallel and which ones must be performed in
sequence. It also contributes to avoiding misestimation of the resources needed and misinterpretation
of tasks by the people involved.

Another key concept to point out is collaboration. Assigning different tasks to people with the needed
skills, by itself, does not guarantee an increase in productivity. To achieve such goal, it is fundamental
that the teams can collaborate smoothly with one another, which is achieved by regular communication
and quick conflict management.

Lastly, a recently introduced concept is that of digitalisation. Today, the simplest processor can be
a powerful helper for any business, and the tendency is for the computational power, that is to say, the
speed at which the processor can perform calculations, to keep growing. The key to making the most
of digitalisation is to master the translation of anything from the real world into the digital one, and once
that is done, it is just a matter of time before one can apply all the functionalities mentioned above to
represent one’s vision of how to reshape the world we live in.

Now, one rarely finds oneself in places where the intervention of human beings comes down to the



footprints he or she has left behind by walking to that place, most of us spend the vast majority of our
time inside buildings, whether it is our home, the place we work at, the stores we need to go to, the
monuments we visit, the hospitals where we go for a needed treatment, so it is vital that these buildings
contribute to our well-being in every possible way. Note that, in the workplace, a person’s productivity
is correlated with their well-being [4]. When correctly designed, buildings can please at least four of
the five human senses: the touch is mainly triggered by the thermal sensation experienced, which can
be controlled by room temperature regulation devices; sound comfort is a crucial factor in one’s well-
being but, unfortunately, often overlooked, as verified in places with noisy air conditioners or other digital
devices; unwanted smells, for example from pipes, is also something to look out for, whereas a scented
entrance hall has an immediate positive impact in one’s perception of a place; and, finally, the sight can
be a source of discomfort in places where artificial lighting is not well planned according to the activities
that are carried out in that place, as well as a source of well-being when, for example, natural light is
given its deserved attention, or when someone finds beauty in the architecture of a place.

From the paragraph above, it is possible to extract a list of requirements to take into consideration
when designing a building, but these constitute just a small portion of everything that has to be planned
before a project of a building is ready for construction, so it is naturally understandable how complex
these entities are, and therefore, how complex it is to develop a project for the design of a new one. It is
necessary that multiple stakeholders, with different skill sets and different interests, come together and
plan these buildings, and then operate sharing the same physical space, so the cooperation between
them is fundamental.

Before digitalisation was broadly adopted, every deliverable’ was done by hand, which meant that
repetitive tasks took a long time and calculations were more prone to human error. Also, 2D drawings
of 3D entities were hard to interpret, leading to a waste of time in the architectural perception of the
represented entity.

To digitalize the drawings, most designers and engineers started using Computer-Aided Design
(CAD) software, which is still used in many situations, and as for materials and expense tables, Ex-
cel is currently the spreadsheet application with the biggest presence in the professional environment
[5].

The tools mentioned above are quite powerful at doing what they were designed to do, although,
when used in architecture and civil engineering projects, they work in a rather detached manner from
what the lines and numbers represent in the real world. Furthermore, they were not originally designed to
be used cooperatively, and attempts to do so often result in overlapping files and an excessive number
of meetings. Also, for different specialties? it is common to use different specialised software, which
typically results in project mistakes and spatial overlaps only being verified on the construction site,

leading to unforeseen costs and deadlines not being met.

'Final version of a document that describes the specifications of the project to be submitted to the Municipality
for approval. Some deliverables are mandatory (e.g., floor plans) and others are complementary.

2Disciplines in charge of defining specifications that require expertise knowledge, not necessarily related to civil
engineering (e.g., heating, ventilation and air conditioning (HVAC) systems, electrical installation, and plumbing)



For these reasons, the Building Information Modelling (BIM) methodology has been gaining a lot of
popularity in the Architecture, Engineering and Construction (AEC) industry over recent years.

The BIM methodology is defined by the Centre for Digital Built Britain [6] as "a collaborative way
of working, underpinned by the digital technologies which unlock more efficient methods of designing,
delivering and maintaining physical built assets. BIM embeds key product and asset data in a 3D com-
puter model that can be used for effective management of information throughout an asset’s lifecycle”.
It is a revolutionary way of developing AEC projects, where each element is characterised not only by
its dimensions but also by a vast spectrum of characteristics with considerable relevance to this type
of project: the thermal characteristics of a material, the price per m? of a glass type, the conductiv-
ity of an electrical cable, among many others. These specifications can then be used to automatically
generate quantity tables, economic analyses, structural calculations, and much more [7]. It also facil-
itates immensely the communication between different computer programs and the engagement of all
stakeholders, as will be further explained in Subsection 2.2.1.

As of now, architects and civil engineers around the world are adopting this methodology at a fast
pace. Unfortunately, however, this transition has been much slower in arguably one of the most impor-
tant specialties: the design of electrical installations. The majority of the well-being factors mentioned
above rely on electric power supply, the progress made in terms of digitalisation relied on electric power
supply, and, in fact, a great deal of humanity’s recent innovations relies on electric power supply, and
yet, surprisingly enough, the majority of electrical installation designers seems reluctant to adapt their
workflow to match the one of their colleagues in the architecture and civil engineering fields, not making
the most out of the available tools in the industry, holding on to Excel spreadsheets and CAD drawings.

So, the question is: what is the reason for such stagnation?

1.2 Objectives and Problem Statement

The objective of this Thesis is to answer the question asked at the end of the previous Section by
designing the electrical installation of a hospital, first specifying how it would be traditionally done, then
developing it following the BIM methodology and making use of the appropriate software, such that a
comparison can be established.

The fieldwork presented in this document was developed in direct collaboration with TPF — Con-
sultores de Engenharia e Arquitetura S.A. [8], a company specialising in Engineering and Architectural
Studies, Design and Project Management, and Construction Supervision. TPF provided all project con-

straints according to their client’s needs.

1.3 Thesis Outline

This document is structured as follows: Chapter 1 introduced the Thesis’ main theme by stating
a problem and clarifying the motivation behind the choice to dig deeper into it; Chapter 2 describes

the current state of the art of electrical installation design and the BIM methodology; then, Chapter 3



presents both the theoretical background needed before starting the fieldwork and a brief description of
each BIM program used; in Chapter 4, an analysis of the usual way of designing electrical installations is
presented, followed by the description of the fieldwork developed in collaboration with TPF for the design
of the electrical installation of a hospital using the BIM methodology, which resulted in the gathering of
data on the drawbacks and improvements of using that methodology; and, finally, Chapter 5 sums up the
key takeaways of that work and suggests possible directions for future research in the field of electrical

installation design using BIM software.



Chapter 2

State of the Art

2.1 Electrical Installation Design

In the AEC industry, the specialty of electrical installation design is included in the broader acronym
MEP, which stands for Mechanical, Electrical and Plumbing. The mechanical elements of the building
are mainly related to the heating and cooling systems, the electrical elements are everything that is used
for electricity distribution and electricity consumption (e.g., lighting), and the plumbing system is the one
that manages water distribution and drainage. The most likely explanation for being put together in the
same term is their grouping when it comes to spatial organisation inside a building — usually sharing
the same plumbs' —, and the fact that these specialties support the activities carried out by the people
in the building, rather than supporting the building itself.

Now, the usual AEC project flow, presented in [9] but applicable to the generality of the projects,
consists of the phases shown in the diagram of Figure 2.1: initial project meeting with the client, feasibility
study, preliminary and detail designs, construction, and closeout and warranty. Focusing on the design
phase, it is subdivided into the programming stage, schematic design stage — which is when the MEP
is designed —, design development stage, and construction documentation stage.

As mentioned, the MEP design comes at a stage of the building design phase when most of the
architectural and construction elements have been defined, and that is because it needs a spatial refer-
ence and room usage definition for its own parameters’ definition: it is necessary to know the volume of
a given room and the thermal characteristics of the walls to be able to decide which HVAC equipment
is needed; one cannot estimate the number of luminaires without knowing the specific use of a given
room, as the regulation for the level of illuminance (further explained in Section 3.1.5) varies according
to the purpose of the room; and it is necessary to know how many floors the building will have in order
to decide if a pump is needed, among other examples.

It is a double-edged sword as, on the one hand, most of the input information for decision-making

is directly given to the engineers responsible for the MEP design, but, on the other hand, when there

"Vertical space designed for passing HVAC ducts, electricity cables and water pipes across the levels of the
building.
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are physical impossibilities caused by the previously imposed constraints — for instance, lack of space
between the false and the real ceilings to fit the cable trays and the HVAC ducts — colleagues from other
disciplines might not be too receptive to accommodate changes at such a late stage, which emphasises
the importance of collaboration in this kind of projects.

Then, at the construction phase, there are a few challenges for the installation of MEP systems:
usually, they are arranged in a way that all controls and measurement display instruments are confined
in the same cabinet, reducing the flexibility of their layout; then, the installation of these systems is
usually the responsibility of different subcontractors who simultaneously install their systems; and there
is a challenge more related to the preparation of the on-site work which is the fact that, frequently, a
lot of information is given to the subcontractors, who then have to filter it and focus on the useful parts
(which, in many cases, is done on-site, decreasing efficiency) [10].

Specifying for the electrical installation design in Portugal, the mandatory documentation to be deliv-

ered, when applicable, is the following [11]:

+ Project Identification — brief description of the project and identification of the entities involved in
the licensing;

» Drawings of Insertion in the Building — layout of the electrical installation within the building, with
georeferenced coordinates and the connection point to the public grid;

+ Descriptive Memory (DM) — brief description of the electrical installation;

+ Justifying Calculations (CL) — results obtained from the calculation of electrical quantities that
justify the decisions made in the design of the installation;

« Bill of Quantities (BQ) — list of needed materials and equipment;

» Secondary Substations — characterisation and drawings of the installations meant to change the
voltage level;

» Medium Voltage (MV) / High Voltage (HV) Grid — characterisation and drawings of the private
distribution grids that operate either in MV — 1 kV to 35 kV — or HV — more than 36 kV;

Low Voltage (LV) Grid — characterisation and drawings of the private distribution grids that operate
in LV —230V,
+ MV/HV Installations — characterisation and drawings of the installations that consume electrical

energy at MV or HV;

LV Installations — characterisation and drawings of the installations that consume electrical energy
atLV;

Generator Groups — characterisation and drawings of the temporary and/or safety installations

that generate LV energy.

Not all the deliverables described above are presented in Chapter 4 as the ones that were not in-
cluded are either referred to elements that are not present in the project, or beyond the scope of this
Thesis.

The decisions made in terms of electrical installation design must follow many technical regulations,

some are international, others European, and there are also national regulations. An international ref-



erence for electrical engineers worldwide is the Electrical Installation Guide from Schneider [12], as it
was developed using the international standards as a guideline. In the case of Portugal, the main reg-
ulatory document for LV installations is the Regras Técnicas das Instalacoes Elétricas de Baixa Tensao
(RTIEBT) [13].

Also, all designers, including the ones of the other specialties, strive to maximise the energy efficiency
of the building, which is economically and socially rewarding: economically because the operating costs
of the building are directly proportional to its energy consumption; and socially because it is a valuable

contribution to the fight against the environmental crisis the world is currently facing.

2.2 BIM Methodology

2.2.1 BIM in General

First of all, BIM is a methodology, not a computer program in itself, which is a frequent misconception
in the AEC industry. Then, there are several programs that help implement the methodology, 4 of which

are used in this work and will be further described in Section 3.2.

Before using such software, certain aspects of the implementation of BIM must be defined, which
is done by creating the BIM Execution Plan (BEP). The BEP is a contractual agreement between the
project team and the client, considering his requirements, that defines the workflow of the project, esti-
mated deadlines, what information the elements of the model must contain, the technologies to be used,
and the object and document naming standards [14]. Two important concepts represent some of the
definitions mentioned: the required dimension and Level of Development (LOD).

On the one hand, the required dimension refers to the geometric dimensions of the drawings of
the model, 2D — length and width — and, by adding the height, 3D. But, in BIM, there are defined
dimensions that go beyond 3D, which, alongside the previously mentioned information associated with
every object that bridges the gap between the real and the virtual worlds, are what distinguishes the BIM
workflow from the common one. The literature recognises 4D and 5D [14], and some companies and
online publications define up to ten dimensions, mainly for marketing purposes. These extra dimensions
are also included in this document as they give a name to important features of BIM software which
would have been mentioned anyway. Every higher dimension has the characteristics of the previous,

plus an extra one, defined as follows:

» 4D — "time-dependent view of a BIM model in which objects are associated with activities in a
construction plan” [14];

» 5D — "cost-dependent view of a BIM model in which budget line items are associated with specific
measurable features of model objects” [14];

» 6D — use of thermal characteristics of the materials for energy analysis during the design phase,

to maximise the environmental sustainability of the project [15];



« 7D — specific equipment represented in the model as a digital twin? for real-time asset manage-
ment [15];

8D — model of the construction site and analysis of potential security and safety risks [15];

+ 9D — implementation of the lean construction principles — better model for interaction between
stakeholders, performance-based management system, and staff’s capabilities development — for
a minimisation of the gap between the forecasted and the final costs and project duration [15];

» 10D — implementation of all the previous dimensions at an integrated holistic AEC industry level

[15].

On the other hand, the LOD refers to how detailed the digital representation of a certain physi-
cal entity needs to be and is defined by the American Institute of Architects (AlA) as the concept
that "describes the minimum dimensional, spatial, quantitative, qualitative, and other data included in
a [m]odel [e]lement” [16]. Figure 2.2 is an example of the impact of the chosen LOD in the degree of de-
tail of the 3D representation of a construction element, but some requirements are related to non-visual
data, as listed in detail in Table 2.1. Also, some examples specifically related to electrical installation
design are presented for each LOD. Note that LOD 350 is not included in the table but is sometimes
used, especially in the industry, and it is a combination of some of the requirements of LOD 300 and
some of LOD 400 [16].

LOD 100 LOD 200 LOD 300/350 LOD 400 LOD 500

Figure 2.2: Graphical representation of a door, according to different LODs (from [17]).

These are definitions to account for during the entire project. In fact, BIM tools are usually used to
manage the whole life cycle of the project [7]. It is important to note the difference between this and the
concept of Life Cycle Assessment (LCA) of the building, which is also present in the literature. The latter
is an analysis of the environmental impacts of the whole life cycle of the building, from harvesting the
materials to the construction phase and waste management [18].

Let us bring back the concepts that enable a rise in productivity — efficiency, automation, collabora-
tion and digitalisation —, reorder them by the chronological sequence of their impact in an AEC project,

and see how straightforwardly BIM implements them.

2As-built digital representation of a physical entity, with an associated link for two-way updating.



Table 2.1: Characteristics of each LOD and how they apply to electrical installation design.

LOD General description Examples for electrical installation design

100  "The [m]odel [e]lement may be graphically A unit quantity of watts per square foot
represented in the Model with a symbol or power consumption linked to floor elements”
other generic representation” [16]. [16].

200  "The [m]odel [e]lement is graphically repre- "Lighting fixtures can be modeled as generic
sented within the [m]odel as a generic sys- 3D objects to begin determination of layout
tem, object, or assembly with approximate and identification of coordination issues.
quantities, size, shape, location, and orien- Switch gear and major panels can also be
tation. Non-graphic information may also be modeled as generic 3D objects to aid in siz-
attached to the [m]odel [e]lement” [16]. ing and layout of equipment rooms and iden-

tification of access requirements” [16].

300 The [m]odel [e]lement is graphically repre- "Equipment, switch gear and panels are rep-
sented within the [m]odel as a specific sys- resented at their actual sizes and locations,
tem, object, or assembly in terms of quantity, and required access space and clearances
size, shape, location, and orientation. Non- are shown. Fixtures and devices are accu-
graphic information may also be attached to rately located at their actual configuration”
the [m]odel [e]lement” [16]. [16].

400 "The [m]odel [e]lement is graphically repre- Same as LOD 300.
sented within the [m]odel as a specific sys-
tem, object or assembly in terms of size,
shape, location, quantity, and orientation
with detailing, fabrication, assembly, and
installation information. Non-graphic infor-
mation may also be attached to the [m]odel
[e]lement” [16].

500 "The [m]odel [e]lement is a field verified rep-  Same as LOD 300.

resentation in terms of size, shape, location,
quantity, and orientation. Non-graphic infor-
mation may also be attached to the [m]odel
[e]lements” [16].

Starting with digitalisation, BIM software developers continuously look for ways to digitalize every
aspect of the AEC industry, for all the stakeholders. Once the preliminary decisions are made and the
project workflow is defined, the modelling can start. BIM modelling software is mainly visually oriented,
which makes it very intuitive and appealing to everyone involved in the project. The computer programs
allow users to model in 2D, while, in fact, automatically creating 3D elements, or to model directly in 3D.
Furthermore, most programs provide tools that go a step further in terms of visualisation, for instance,

the 3D section tool (with up to 6 cutting planes) demonstrated in Figure 2.3.

And it does not stop there. Top-tier architecture firms are already using Virtual Reality (VR) — simu-
lation of a virtual 3D environment that the user can access and interact with using a helmet or goggles as
if he was physically inside of the environment — for client meetings, as it enables a surprisingly realistic
view of how the designed building would look like after construction, and it enables aesthetic alternatives
to be compared in real-time, for example, changing the wall colour or changing the pavement material.
This technology is more suitable for off-site demonstrations [19], but a similar one is being used for on-
site work: Augmented Reality (AR). The distinguishing factor of this technology is that it puts together the

information of the real environment with the information of the virtual one. There is an increasing number
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Figure 2.3: 3D section of the technical building of the hospital project.

of tasks that are being optimised with AR [19]: live support to the technicians performing maintenance
from a colleague watching the live stream of what is happening through a camera installed in the AR
device and/or from an application running in that device that can display useful additional information
about what the technician sees, such as labelling of construction elements or the location of pipes that
are covered by a wall or that are designed to pass in a certain location but are not yet installed, as seen
in Figure 2.4; in some cases, it also works the other way around, meaning that the application running
in the AR device can extract information from the real environment and update the virtual models.

Helmets and goggles were mentioned as the supporting devices for VR, and they are as well for AR
— with the adjustment of letting the user see the real and the virtual environments contemporaneously
—, but there is a rising trend of using mobile devices such as smartphones to run these applications
[21] since they are already considered an essential commodity by the majority of people, and because
of their powerful processing capabilities, as the computational workload needed by image processing
applications is high. However, there are some challenges to the on-site implementation of AR [19]:
users need training beforehand; sometimes the positioning of virtual elements is inaccurate; usually, it
is hard to establish good internet and GPS connections on-site, which are fundamental requirements for
most AR applications to work properly; and some mobile devices lack the processing power needed for
running those applications.

Still related to digitalisation, a concept that is currently being developed and globally implemented,
and can facilitate the previously mentioned translation from the real world into the digital one, is the con-
cept of the Internet of Things (loT). It consists of connecting physical objects via the internet, collecting
data from sensors, and remotely acting upon the physical environment. Typical examples of this concept
are: checking the available parking spots in a neighbourhood through a smartphone application; self-

driving vehicles; controlling street lighting based on the presence or absence of people; and centralised
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Figure 2.4: AR application in MEP, where 2 technicians wearing AR goggles are able to see, in fluores-
cent colours, a virtual representation of MEP elements in their precise future location (from [20]).

industrial management.

Focusing on the AEC industry, loT enables construction site sensing and monitoring, which helps
update digital models with as-is information, as well as after-construction building management, which
hugely impacts energy consumption monitoring and control by allowing the implementation of smart
lighting — based on occupancy and presence of natural light —, smart HVAC — based on occupancy
and weather —, and integration and monitoring of micro-generation of renewable energy [22, 23]. The
main challenges for the wide implementation of this concept are the capability of real-time processing
and actuation, and the coexistence of the wide variety of wireless devices that communicate with different
protocols® and share the same propagation medium: the air.

Secondly, another crucial contribution BIM provides is the automation of tasks. Two of them that
used to be a source of information decentralisation were physical quantities calculations and cost esti-
mations. With BIM software, it is possible to have certified, and therefore reliable, tools that implement
the formulas used for those tasks with a few mouse clicks, as the computer program gets the neces-
sary information from the model and automatically generates the desired tables. Therefore, it is a good
modelling practice to add the mentioned information to each construction element at the time of their
insertion in the model.

Along the same line of digitalisation, an emphasis is being put on making the most out of the latest

available technology in the area of automation, which is currently led by Atrtificial Intelligence (Al). Al’s

3Set of rules that devices must follow to establish successful digital communication. Much like human lan-
guages, different protocols are used in different contexts.
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influence is already being felt at the earliest stage of the building design, with architects using generative
design tools to explore different architectural options that respect a set of defined constraints [24]. It is
also being used for optimising clash detection* and autonomously trying out and suggesting design
corrections to deal with those clashes [25].

Also, as noted throughout the Thesis, the advantages of the BIM methodology are dependent on
data availability, the more data the better, which leads to the rapid creation of enormous databases
associated with each AEC project. To manage these databases, computer programs use the so-called
Big Data Analytics algorithms, which are designed to optimise data accessing, filtering and analysis
[25]. These databases result from the models created by the designer and the data collected by the
technicians and the IoT devices on-site. By having a two-way data stream between the physical object
and its virtual representation, where it is possible to both control the behaviour of the object through the
virtual model and send information about the state of the object to the virtual model, one has what the
literature calls a digital twin [4], as mentioned earlier in this Section. Having digital twins in the model
reduces the need for human intervention in the translation from the real world to the digital one, and vice
versa [26], which frees the designers from certain repetitive and not intellectually challenging tasks.

Finally, collaboration is a major focus of the BIM methodology. It is essential that all stakeholders are
able to share their ideas, communicate their concerns, and present their requirements for the project.
There are many software providers in the market, so the probability that not every party in a project
is using the same software is close to one, which makes the collaboration between them seemingly
hard from a technological point of view. The buildingSMART International (bSl) is the standardisation
organisation that paves the way for interoperability between different BIM computer programs by defining
open standards for data exchange. bSI continuously proposes new standards to improve cooperation in
the AEC industry. Below is a list of three of the most relevant standards currently in use, and the diagram

of Figure 2.5 shows how they are used throughout a project:

+ Industry Foundation Classes (IFC) — officially "standardized, digital description of the built environ-
ment”: identity, semantics, characteristics, and relationships between objects, abstract concepts,
processes, and stakeholders [27]. It is an open international standard (ISO 16739-1:2018) and re-
ferred to as the PDF of BIM, meaning that it is technically possible to edit, but its intended purpose
is to be used as a reference copy of the original design to be shared with other parties;

» BIM Collaboration Format (BCF) — official standard for the communication of issues in the IFC
model through comments associated with specific elements, which can be made available to the
relevant parties [28];

+ Information Delivery Specification (IDS) — soon to be official standard document that defines the
requirements that the project elements must comply with. BIM software can be used to validate if

the model complies with the defined requirements [29, 30].

“Verifying the existence of overlapping elements from different specialties in a project.
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Figure 2.5: Flowchart of typical project development, indicating which transitions are simplified by
which BIM standard.

Another way in which the BIM methodology contributes to collaboration is through procedure stan-
dardisation across an organisation, leading to everyone knowing where to look for information in a doc-
ument produced by another colleague.

Then, a rather popular time-saving kind of BIM software is the one that enables the previously men-
tioned clash detection. This used to be done by overlapping drawings or CAD files, but often led to
doubts that needed to be addressed on-site as the third dimension is not present in these documents.
The available computer programs dedicated to this task are powerful, and even when a clash is not
detected or the designers from the different specialties cannot reach an agreement off-site, it is possible
to address it on-site thanks to the previously mentioned AR applications.

When implementing BIM, it is possible to have files stored in the cloud, avoiding different versions
of the same file to circulate between team members, and facilitating the involvement of the owner of
the project at the earliest possible stage of the design phase, given that, as Eldeep et al. [31] refer, a
large number of change orders comes from owners’ requests at a late stage of the design phase, which
results in redesigning work that could have been reduced or completely avoided if it was addressed at an
earlier stage. It is important to note that there are more security risks inherent to cloud-based storage
when compared to local storage, but these risks can be reduced by using Blockchain technology, as
it can reliably keep track of changes in the documents of the project thanks to an immutable ledger®,
distributed among the stakeholders [33]. Unfortunately, as of now, BIM software does not reliably keep
track of the integrity of the data related to the models, nor does it implement Blockchain technology.
There have been some attempts to make use of it in the AEC industry but Celik et al. [34] concluded

that its use is still sparse, limited and at an embryonic stage, and pointed out the main challenges to be

5”A book in which a company or organisation writes down the amounts of money it spends and receives” [32].
In the context of Blockchain technology, the ledger can contain any type of information, not necessarily financial.
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a lack of standards, limited scalability, operational requirements, and the complexity of the technology.
Despite all the presented benefits of implementing the BIM methodology, some factors are decel-
erating its adoption, especially among smaller-sized companies: it needs a non-negligible extra initial
investment as it is necessary to acquire BIM software licenses; if not well implemented, it can be a
source of confusion and lower the productivity, so it is important to invest time in training the designers
who work directly with BIM software; and it is sometimes hard to find objects in the programs’ libraries

that correctly represent the construction elements to be used on-site [7].

2.2.2 BIM for Electrical Installation Design

As mentioned before, the electrical installation is one of the systems that is last designed. Thankfully,
architecture and civil engineering are already very much developed when it comes to BIM implemen-
tation, but, sadly, that is not verified in the electrical installation design, both in the labour world and in
academia.

In many companies that have already implemented the BIM methodology, the electrical installation
design still relies on Excel spreadsheets and/or specialised software with no automatic transportability
into the models. Furthermore, Sampaio et al. [7] pointed out in their case study that the existent software
is complex and not intuitive when it comes to electrical elements, but research is already underway for
facilitating the inclusion of this specialty in the BIM methodology.

Isaac and Shimanovich [10] proposed a method for the planning of MEP installation using BIM,
which is meant to address the previously pointed out challenges in the designing of electrical installa-
tions in general. Also, Maglad et al. [35] performed a case study where a building model was rotated
360 degrees, with 45-degree steps, to analyse the impact of the orientation of the building on energy
consumption, resorting exclusively to BIM software. Furthermore, there is some research on using deep
learning® for information extraction (IE) from MEP digital documentation that can be used for mainte-

nance and device control [37].

®A type of Al algorithm that mimics the human brain in order to "learn” from large amounts of data [36].
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Chapter 3

Methodologies

To accomplish the objective proposed in Section 1.2, an electrical installation of a hospital was de-
signed in collaboration with TPF. The design of electrical installations around Europe is undergoing a
process of standardisation, with norms and guides being published both at the national and the Eu-
ropean levels. This project is to be implemented in Angola, but the client required that it followed the
Portuguese regulation for electrical design, as it is stricter than the Angolan norms. In Section 3.1,
the main rules and equations needed for determining electrical quantities are presented, most of them
extracted from the RTIEBT [13], and some of them from the Electrical installation guide from Schnei-
der [12], referenced when needed.

Then, Section 3.2 describes the four BIM computer programs used for the fieldwork.

3.1 Theoretical Background

To know what theoretical background is needed, the diagram of Figure 3.1 identifies the written and
drawn deliverables of the electrical installations specialty typically developed in a building project.

The symbols used in the diagrams presented in this Section are specified in Appendix A.

3.1.1 Normal and Safety Power Supplies

In Portugal, the public low voltage distribution grid operates at a voltage of 230/400 V AC, with
tolerances of +6% and -10%. When the installation is powered by a secondary substation', the private
electrical installation must operate in one of the following normalised voltage levels: 230/400 V AC,
227/480 V AC, 400/690 V AC or 1000 V DC. In terms of frequency, the public low voltage distribution
grid operates at 50 Hz, with tolerances of +1%. To determine the nominal full-load current (I,,) on the

low voltage side of a 3-phase transformer, Equation (3.1) is used:

Point of an MV distribution grid where an MV/LV transformer is installed to either distribute LV electrical power
to many consumers or to feed a single LV electrical installation.
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Figure 3.1: Identification of the electrical installation written and drawn deliverables.
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where: I,, = nominal full-load current, in A,

Sap = transformer rating, in VA,

U = phase-to-phase voltage at no-load, in V.

Depending on the value obtained, one of three types of power feed must be chosen, which corre-

spond to the following classifications of the electrical installation [38]:

+ Type A — The installation will have its own electricity production;

» Type B — The installation will be fed by the medium, high or very high voltage public distribution

grid;

» Type C — The installation will be fed by the LV public distribution grid.

Then, it is necessary to choose one of the live conductor schemes shown in Figure 3.2.

N

(a) 1-phase 2 conduc-
tors (1).
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L3
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(e) 3-phase 3 conduc-
tors.

Ly L1
N
Lo L2
(b) 1-phase 2 conduc- (c) 1-phase 3 conduc-
tors (2). tors.
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N
L3
L2
(f) 3-phase 4 conduc-
tors.
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(d) 2-phase 3 conduc-
tors.

Ly

L3
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Ly

(9) 4-phase 5 conduc-
tors.

Figure 3.2: Live conductor schemes for alternating current (AC) as defined in the Portuguese norm

(from [13]).

To complement the power supply from the public grid or the power generation on-site — the Normal

Power Supply (NPS) —, there are cases where it is necessary to foresee an Emergency Power Supply

(EPS) to feed the electrical installation in case of a disruption in the NPS network. This requirement

might be imposed by the fire safety authorities, might be required given the use of the building, or

might even be a project requirement from the client. Examples of power sources commonly used to

feed the EPS network are accumulator batteries, independent power generators, and public distribution
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grid connections that are guaranteed to be electrically independent from the one used as NPS. The
locations of these emergency power sources must be accessible only to qualified (BA5) or instructed
(BA4)? individuals and be ventilated. Also: if the EPS is guaranteed by a single group, it cannot be
used for other purposes; circuits should not cross spaces with fire or explosion risk; and each protection

device must protect one circuit only.

3.1.2 External Influences

Chapter 32 of the RTIEBT [13] presents several tables of classification according to themes that
range from room temperature, water presence and fire risk to the competence of the users and build-
ing structure, among others. These classifications of spaces, users and buildings are key factors that
impose constraints on the electrical installation design. Examples of these constraints are the tables
presented in chapter 512.2 of the RTIEBT [13] which define how to select and install electrical equip-
ment given the external influences previously mentioned. In those tables, IP and IK codes of equipment
are often mentioned, which relate to the resistance against water and particle penetration, and impact,

respectively, as shown in Figure 3.3.

3.1.3 Earthing Systems

For protection reasons, every electrical installation must have earth connections through which any
leak current can be safely routed. There are three main earthing schemes in AC systems: TN, TT and
IT (RTIEBT [13] also defines earthing schemes for DC systems, but they are not deemed relevant in this

project). The letters used in the scheme nomenclature have the following meanings:

* First letter — power supply earthing:

T — Direct earth connection;

| — Isolation of live parts, or earth connection through an impedance.
« Second letter — electrical masses?® earthing:

T — Direct earth connection;
N — Connected to the point of the power supply that has a direct earth connection (usually

the neutral conductor).
+ Other letters (TN scheme, optional):

S — Neutral and protection conductors are separate;

C — Neutral and protection conductors are one conductor.

Therefore, in the TN scheme, the power supply is directly connected to the earth and the electrical

masses are connected to the point where that connection is made. The masses’ connection may be

2These classifications are related to the contents of Subsection 3.1.2.
3Conductive part of electrical equipment that might be touched, usually isolated from the live parts of the equip-
ment, but which can be at a different electric potential in case of a fault [13].
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Element Numerals| | Meaning for the protection Meaning for the
or letters | | of equipment protection of persons
[ Codeletters |[ 1P || i
|
First Against ingress of solid foreign Against access to
characteristic objects hazardous parts with
numeral 0 (non-protected) (non-protected)
1 2 50 mm diameter Back of hand
2 2 12.5 mm diameter Finger
3 = 2.5 mm diameter Tool
4 2 1.0 mm diameter Wire
5 Dust-protected Wire
6 Dust-tight Wire
Second Against ingress of water with
characteristic harmful effects
numeral 0 (non-protected)
1 Vertically dripping
2 Dripping (15°tilted)
3 Spraying
e Splashing
5 Jetting
6 Powerful jetting
7 Temporary immersion
8 Continuous immersion
9 High pressure and temperature water jet
Additional Against access to
letter hazardous parts with
(optional) A back of hand
B Finger
Cc Tool
D Wire
Supplementary Supplementary information specific to:
letter H High-voltage apparatus
(optional) M Motion during water test
S Stationary during water test
w Weather conditions
(a)
IK code Impact energy (in Joules) AG code
00 0
01 <0.14
02 <0.20 AG1
03 <0.35
04 <0.50
05 <0.70
06 <1
07 <2 AG2
08 <5 AG3
09 <10
10 <20 AG4

(b)

Figure 3.3: IP (a) and IK (b) codes of equipment. For the IP code, in case one of the numerals is not
required to be specified, it may be replaced by an "X” (from [12]).
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done via a separate protection conductor which is then connected to the neutral at the power supply
— TN-S scheme — or directly via the neutral conductor — TN-C scheme. There is a third variation
that allows a part of the installation downstream to a TN-C scheme to be TN-S, originating a TN-C-S

scheme, but never the other way around. All three schemes are represented in Figure 3.4.

L1 o L1 o L1 o

L2 o L2 o L2 o

L3 o L3 o L3 o

N = PEN it PEN o—. = N

N IR re
« N o o L\

(a) TN-S earthing scheme.  (b) TN-C earthing scheme. (c) TN-C-S earthing scheme.

Figure 3.4: TN earthing scheme variations (from [13]).

Then, in the TT scheme, both the power supply and the electrical masses are directly connected to

the earth, which can be represented as shown in Figure 3.5.

L1 o
L2 o

L3c
N -

xE |PE

Figure 3.5: TT earthing scheme (from [13]).

Finally, the IT scheme is used when the continuity of service is a priority. It is designed so that the
first fault current is not harmful, therefore a cut-off is not necessary on the first fault, but it is important
to search for and eliminate its cause given that a potential second fault would be equivalent to a fault in
a TN or TT scheme. To monitor these faults, an Insulation Monitoring Device (IMD) must be installed.
Figure 3.6 represents the IT scheme.

L1 o
L2 o

L3 o
N

PE

IMPEDANCE

Figure 3.6: IT earthing scheme. Note that the impedance in the figure might not be included, making
the power supply isolated from the earth (from [13]).

Regarding how the actual connection to the ground is made, the Portuguese norm allows tubes,

22



rods, tapes, rings of tapes or bare conductors, the reinforcement of concrete elements, or metallic water
pipes (as long as there is a previous agreement with the water distributor and any changes in the piping
system are communicated to the owner of the electrical installation) to be used as earthing electrodes.
They are usually laid out in a grid around the building and must be buried with a minimum depth of 0.8
m. The minimum cross-section of the protection conductors that will connect electrical equipment and
fixtures to these electrodes is defined in chapter 542.3 of the RTIEBT [13], with a main earthing terminal

connecting them to the earthing grid.

3.1.4 Conductors and Conduits

The cables that connect the loads to the power supply(ies) are sized according to the current needed
to feed these loads and to the maximum voltage drop that can be verified along the cable, due to its
impedance.

In terms of current, the diagram in Figure 3.7 gives a visual aid on the dimensioning of cables (and

protections, which will be further explained later in this Section).

Cable: Operating Permissible
current current ...
| 1 A | 1 1 >
0 In I, :
Protection Nominal full-load Conventional
device: current functioning current

Figure 3.7: Important values of current in cable and protection sizing (adapted from [13]).

In order to not damage the cables, the operating current (i), which is not greater than the nominal full-
load current (I,,), should also not be greater than the permissible current (Iz) of the cable, a relationship
that the norm expresses in Equation 3.2. Then, as a safety measurement, it is also important that
the conventional functioning current of the protection device (1) is not over 1.45 times higher than the

permissible current (1) of the cable, which is expressed by Equation 3.3.

Z'b < In < IZ (32)

where: i, = operating current, in A,
I,, = nominal full-load current, in A,

Iz = permissible current, in A.

I, <1451, (3.3)

where: I, = conventional functioning current, in A,

Iz = permissible current, in A.
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To then size the cable, one can follow the flowchart represented in Figure 3.8 and explained in detalil

in the next paragraph.

The first thing to do is define the nominal power rating (S,,), and obtain the operating current (i;).
Then it is important to check the normative requirements and conditioning parameters: minimum con-
ductor cross-section (S,,:), which is defined in table 52J of the RTIEBT [13]; maximum voltage drop at
the end of the circuit (AU,,4.), Which is defined in table 520 of the RTIEBT [13]; and room temperature
(T'). Moreover, cables are usually installed in such ways that they are not visible to the regular users of
the buildings, so it is necessary to route them, for example, between the real and the false ceilings, or
through walls, or under the floor, and the RTIEBT [13] defines standard installation methods in its chap-
ter 521.3. These methods shall vary across the installation and be chosen according to architectural
needs and the previously mentioned external influences classifications. They also impact wire sizing in
the form of correction factors applied to the calculations (kp), which can be found in table 52-C3 of the
RTIEBT [13]. Something that should also be defined is the conductor material — copper or aluminium

—, and the cable length, which will be useful for later calculations.

After that, based on the value of 4, the electrical engineer should choose a protection device with
the lowest possible values of I,, that is greater than 4;, which will have a certain I,. Then, a fictional
current (I4;.) is calculated using Equation 3.4, which represents the current after the application of the
temperature (k) and multi-conductor (kp) factors. As the cable must keep normal operation when run
by this value of current, and, after applying the correction factor related to the installation method, the
conductor cross-section which corresponds to the lowest value of permissible current (1) that is greater

than the previously obtained value is preliminarily chosen.

ITL

I'ic,:77
fiet = 4 kp

where: Iy, = fictional current, in A,
I,, = nominal full-load current, in A,
kr = temperature correction factor — table 52E1 of the RTIEBT [13],
kp = multi-conductor correction factor — table 52D1 of the RTIEBT [13].

Finally, to confirm the value of the conductor cross-section, the first verification to do is related to the
currents, both 3.2 and 3.3 must be verified: if not, the cross-section above should be considered and the
conditions re-verified; if so, the voltage drop in V (Au) should be calculated using Equation 3.5 [39], to
then obtain the voltage drop in % (AU). If the value of AU obtained is greater than the value of AU,,4.,
the cross-section above should be considered and both the current and the voltage drop conditions re-
verified, if not, both the cable and the protection devices are correctly sized. Note that AU, ., varies

according to the type of load to be fed.
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where: S, = nominal power rating, in VA,
1 = operating current, in A,
Smin = minimum conductor cross-section, in mm?2,
AU nq = maximum voltage drop, in %,
T = room temperature, in °,
l = circuit length, in m,
I, = nominal full-load current, in A,
I = conventional functioning current, in A,
Iy = fictional current, in A,
Iz = permissible current, in A,
S = conductor cross-section, in mm?,
AU = voltage drop, in %.

Figure 3.8: Cable and protection sizing flowchart.
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Au=5b (pé cos o + A.l.sin <p> iy, (3.5)

where: Au = voltage drop, in V,
b = phase-related coefficient, equal to 1 for three-phase circuits, and equal to 2 for single-
phase circuits,
p = resistivity of the conductors in normal service, 1.25 times the resistivity at 20 °C, equal
to 0.0225 mm?/m for copper, and 0.0360 2 mm?/m for aluminium,
l = circuit length, in m,
S = conductor cross-section, in mm?,

cos ¢ = power factor, between 0 and 1,

A = reactance of the conductors per unit length, in mQ/m,
singp = 4/1 — cos 2,
i, ~ = operating current, in A.

Note that, when the copper phase conductors have a cross-section greater than 16 mm? (25 mm?
for aluminium), the neutral conductor cross-section may be inferior to that of the phase conductors, but

never less than 16 mm? (25 mm? for aluminium).

Also, the minimum cross-section (.5,,;,,) for the protection conductors must not be less than the value

obtained with Equation 3.6.

Smin - 5 3.6
p (36)
where: S,,;, = minimum conductor cross-section, in mm?,
I; = fault current, in A,
t = tripping time of the protection device, in s,
k = a factor dependent on the characteristics of the protection conductor, further specified

in tables 54B, 54C, 54D and 54E of the RTIEBT [13].

At the end of this process, the electrical engineer has all the information he needs to choose the

cables necessary from Appendix B.

3.1.5 Lighting

For the lighting design, there are a few important concepts to understand and determine so that the
lighting of every room in the building is compliant with the European regulations, both for interior [40]
and exterior [41] areas. Table 3.1 sums up some of the concepts that are at the basis of the physical

quantities required by the norm, which are then summed up in Table 3.2.
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Table 3.1: Physical quantities related to lighting that form the basis for the physical quantities that must

be in line with the European regulations — symbols, descriptions and measurement units.

Symbol Physical quantity Units Expression
0] Luminous flux — light emitted by the source. Im -
1 Luminous intensity — luminous flux in a specific direction. cd -
Luminance — (visible) luminous flux, that is reflected by a sur-
L face of area A and reflectance p, inclined at an angle « from a cd/m? Equation 3.7.
plane perpendicular to the observer’s vision level.
Reflectance — coefficient that represents the relationship be-
Ps tween the reflected and the absorbed light by a surface. De- % -
pends on the material and colour of the surface.
b Energy efficiency — number of lumens emitted per Watt ab- Im/W i
sorbed by a lamp.
b Ballast factor — performance of the reactor in the ballast of dis- o Equation 3.8.
charge lamps.
Utilisation factor — related to the proportions of the enclosure o
Fu . . . /o -
where the luminaire is installed.
Fd Depreciation factor — related to the age and presence of dust in Y i
the luminaire. °
I
= 3.7
A.cosa’ (3.7)
where: L = fictional current, in A,
I = luminous intensity, in cd,
A = area, in m2,
a = angle, in rad.
_ Obtazﬁed 10) ’ (3.8)
Nominal ¢
where: F'b = ballast factor, between 0 and 1,
¢ = luminous flux, in Im.
¢
E== .
't (3.9)
where: E = illuminance, in Ix,

¢ = luminous flux, in Im,

A = area, in m2.
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Table 3.2: Physical quantities related to lighting that must be in line with the European regulations —
symbols, descriptions and measurement units.

Symbol Physical quantity Units Expression(s)
llluminance — luminous flux that reaches a surface of area A at Equations 3.9
E . Ix
a distance d. and 3.10.
Uniformity — on a scale from 0 (not uniform) to 1 (completely
Uy uniform), the relationship between the minimum illuminance - Equation 3.11.

(Emin) and the average illuminance (E,.4) in a specific area.

Unified Glare Rating — on a scale from 5 (low glare) to 40 (high
glare), the level of discomfort produced by a luminance that is
much greater than the one the observer’s eyes are adapted to
in that instance, which depends on the background luminance
(Lp), "the luminance of the luminous parts of each luminaire in .
UGR the direction of the observer’s eye” [40] (L;), "the solid angle i Equation 3.12.
(steradian) of the luminous parts of each luminaire at the ob-
server’s eye” [40] (w;), and "the Guth position index for each in-
dividual luminaire which relates to its displacement from the line
of sight” [40] (p;).
Colour rendering index — on a scale from 1 (minimum) to 100
(maximum), the ability of a light source to make the colour seen

Fa by the observer as close to the true colour of the object as pos- R i
sible.
I
E = 2 (3.10)
where: FE = illuminance, in Ix,
I = luminous intensity, in cd,
d = distance, in m.
E_ .
Up = == 3.11
0 Eavg ) ( )

where: Uy = uniformity, between 0 and 1,
E,.;» = minimum illuminance, in Ix,

E.., = average illuminance, in Ix.
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k

25 ¢ L2
UGR = 8 log,, <05 3 f) : (3.12)

b P

where: UGR = Unified Glare Rating, between 5 and 40,

L, = background luminance, in cd/m?,

k = number of luminaires,

L = luminance, in cd/m?,

w = solid angle, in steradian,

D = Guth position index, related to the displacement from the line of sight of each lumi-
naire.

The main focus of the norm is to guarantee the minimum value of maintained average Illluminance
(E,,) on the task area and the immediate surrounding area, which varies according to the task per-
formed at the observed reference plane, the minimum value of Uniformity (U,) on the task area and
the immediate surrounding area, the maximum value of Unified Glare Rating (UGR), and the minimum
value of the Colour Rendering Index (R,).

To calculate the number of luminaires needed in a space, one of two methods can be used: the
efficiency method or the point-by-point method (not further explained in this document). Also, luminaire
suppliers make the photometric polar diagram of each luminaire available to the public, which represents

the value of I in each direction, as in the example of Figure 3.9.

3.1.6 Safety of the Installation

This subsection builds upon the concepts presented in the previous subsections in this chapter, but
the safety of the electrical installation is the main objective of the RTIEBT [13]. Its first chapter is centred
around this theme, and it is present throughout the whole document.

The main hazards the installation must protect people from are electric shock, thermal effects, over-
current* and fault current. Overvoltage due to improper isolation or atmospheric discharges and under-
voltage are also mentioned but not further explained in this document.

Starting with electrical shock, it is defined as the pathophysiological effect that results from the pass-
ing of an electrical current through the human or animal body [13]°, and the protection against it is
achieved by avoiding direct® and indirect’ contacts.

To avoid direct contacts, it is recommended to isolate the live parts of the installation and/or use
barriers/cases of at least IP2X (for easily accessible horizontal surfaces at least IP4X). In some cases, it

is possible to simply put obstacles like guardrails between the live parts and accessible areas, keeping

4Current greater than I, for cables or I,, for protection devices [13].

SOriginal text: “Efeito fisiopatologico resultante da passagem de uma corrente eléctrica através do corpo hu-
mano ou do corpo de um animal” [13].

®Touching live parts of the electrical installation [13].

"Touching masses that are at a different electric potential due to a fault [13].
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Figure 3.9: Example of a photometric polar diagram, where the light source is at the origin of the refer-
ential, the radial lines represent the angles in degrees relative to the direction that is perpendicular to
the task reference plane, and the circular lines represent the levels of I, in cd (from [42]).

them out of reach (at least 2.5 m). Finally, Residual Current Devices (RCDs) with nominal full-load
current (I,,) not above 30 mA are also a means of protection against direct contacts, but using them

does not mean that the measures previously mentioned are negligible.

On the other hand, avoiding indirect contacts is achieved through the automatic cut-off of electricity,
which implies both the existence of a fault grid that interconnects the masses of all electrical equipment,
that depends on the earthing scheme, through which the fault current (1;) can be safely routed to the
earth, and an appropriate protection device, sensitive to the fault current (1;), according to the earthing
scheme: protection devices against overcurrent — circuit breakers and fuses —, and RCDs for the TN
scheme; preferably RCDs for the TT scheme, but overcurrent protection devices are also possible; and
for the IT scheme both the overcurrent protection devices and RCDs are possible, plus the previously
mentioned IMDs. To determine the maximum tripping time of circuit breakers and fuses, the most
accurate way would be to consider the touch voltage (U.), but, in practice, that voltage is difficult to
estimate so the nominal voltage (Uj) is commonly used instead as it guarantees protection against the
worst-case scenario. The protection against indirect contacts is also done by electrical separation, which
means using separate conductors to feed a certain part of the installation, and, in practice, is used for
the protection of single devices that must be supplied by a separation transformer or an equivalent power
source. Note that the voltage of the the separate circuit must not exceed 500 V and the masses must not

be connected to protection conductors or masses of other circuits. Also related to electrical equipment,
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the use of equipment with appliance class Il of insulation, as defined in Table 3.3, is a way to protect
people against indirect contacts, as well as the use of non-conductive spaces, which means that the
masses are spatially laid out such that no two masses or a mass and a conductor are simultaneously

reachable (this can be guaranteed using isolating floor and walls).

Table 3.3: Appliance classes of insulation, with respective symbol and description.

Symbol Class Description
- 0 Appliances with no earth connection and one level of insulation.
| Casing and other conductive parts are connected to an earth
conductor.
D I Double insulated, such that the earth conductor is not neces-
sary for indirect contact protection.

I Supplied from an extra-low voltage power source, so no other
measures are necessary for indirect contact protection

Moving on to the protection against thermal effects, in terms of fire protection, electrical equipment
must be contained in insulated cases or installed at a distance such that the temperature of the equip-
ment and possible electric arcs do not pose a risk of starting a fire, with special attention to the construc-
tion materials classified as M3 or M4 on the external influences’ tables. Also, protection against burning
is obtained by limiting the maximum temperatures of the electrical equipment, as defined in chapter 423
of the RTIEBT [13].

Finally, diving deeper into the protection devices, an important characteristic about them is their
breaking capacity (I...), meaning the limit value of current that the device is able to cut-off [13], and this
is what an electrical designer must analyse when choosing protection devices for a circuit. To prevent
an overcurrent caused by an overload, meaning there was no short-circuit to the ground, the previously
mentioned diagram in Figure 3.7 gives a visual aid on the dimensioning of protections.

Note that, when conductors in parallel are used, Iz is the sum of the permissible currents in the
conductors if the current in each of them is approximately the same.

The coordination between the various upstream and downstream protection devices can be under-
stood by overlapping their characteristic curves. Figure 3.10 shows an example of the typical charac-
teristic curve of a circuit breaker, how a circuit breaker with an advanced electronic trip unit can adjust
its curve, all in a single device, and the typical characteristic curve of a fuse. Then, Figure 3.11 shows
three examples of the overlap of these curves, and, by tuning the tripping values, it is possible to obtain
selectivity in the installation, which means that a fault at a certain point of the installation only causes

the tripping of the devices downstream, therefore improving the continuity of service.

3.1.7 Special Installations

Some installations, or parts of installations, because of the permanent external influences of the

space where they must operate, or the type of use given to that space, must follow a set of rules that
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where: I, = overload relay trip current (thermal), in A,
t;. = time it takes for the device to trip when a current equal to I, is flowing in the circuit, in s,
1, = short-circuit relay trip current (magnetic), in A,
t;,, = time it takes for the device to trip when a current equal to I,,, is flowing in the circuit, in s,
1., = breaking capacity, in A,
.. = time it takes for the device to trip when a current equal to I..,, is flowing in the circuit, in s,
I; = short-circuit instantaneous relay trip current, in A,
t;, = time it takes for the device to trip when a current equal to I; is flowing in the circuit, in s,
I, = fusion current, in A,
t;, = time it takes for the device to trip when a current equal to I, is flowing in the circuit, in s.

a

Figure 3.10: Examples of characteristic curves of protection devices (from [12]).

overlap the ones previously mentioned in this Section.

An example of the first case is the bathroom space (not including pre-fabricated shower cabinets or
toilets just containing sinks and/or toilets). In this type of space, the RTIEBT [13] defines 4 volumes,
as represented in Appendix C, each of which representing a different level of constraints in terms of
equipment and wiring, as summarised in Table 3.4.

There should also be a supplementary earth connection, protection using obstacles or non-conductive

spaces is not allowed, and there are restrictions to the type of conduits used.
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where: I A = overload relay trip current (thermal) for circuit breaker A, in A,
t;. 4 = time it takes for the device to trip when a current equal to I, A is flowing in the circuit,
ins,
I. B = overload relay trip current (thermal) for circuit breaker B, in A,
t;. p = time it takes for the device to trip when a current equal to I,. B is flowing in the circuit,
ins,
I,. B = 3-phase short-circuit current that trips circuit breaker B, in A,
tr.. g = time it takes for the device to trip when a current equal to I,. B is flowing in the circuit,
ins,
At  =timeinterval, in s,
I, A = delayed short-circuit relay trip current (magnetic) for circuit breaker A, in A,
tr, 4 = time it takes for the device to trip when a current equal to I,,, A is flowing in the circuit,
ins,
I; A = short-circuit instantaneous relay trip current for circuit breaker A, in A,
t;, 4 = time it takes for the device to trip when a current equal to I; A is flowing in the circuit,
ins.

Figure 3.11: Demonstration of the different ways of achieving selectivity by overlapping the characteris-
tic curves of the protection devices (from [12]).

On the other hand, an example of the second case would be a public facility, which is the case of a
hospital. For this type of building, the Portuguese norm defines categories based on their occupancy

capacity, and, for each specific use, it defines how to calculate that capacity.

Here, the electrical circuits that feed spaces not accessible to the public must be controlled and
protected independently from the circuits feeding spaces accessible to the public, and the emergency
escape paths must not be crossed by conduits unless they are fire-resistant. In terms of normal lighting,
the electrical designer must guarantee that a malfunction or a power cut by a protection device does
not result in a cut-off of all normal lighting devices, and, in rooms with a capacity of more than 50
people, plus all corridors and emergency escape paths, the command devices available to the public,
for example, light switches, must not enable turning off all normal lighting in that room. Then, in terms of

emergency lighting, evacuation lighting is mandatory in rooms with a capacity of more than 50 people,
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Table 3.4: Toilet volumes’ constraints per type of object (adapted from [13])

Object Volume 0 Volume 1 Volume 2 Volume 3
Conduits X 1@ 1@ (1@
Separation Trans-
Electrical Fixtures X X® X®)d) former, U <25V,
RCD 30 mA
. . X®) X)) 1@ or X®)e)e) X® or Il or I
Electrical Equipment . . . .
IPX7 IPX5 IPX4 (public dressing IPX1 (public dressing
rooms — IPX5) rooms — IPX5)
where: — X = Generally not allowed.

— Il = Generally allowed if of class Il of isolation.
— Il = Generally allowed if of class Ill of isolation and fed by a separation

transformer, U <25V AC or U < 60 V CC. o )
— (a) = Limited to conduits that are necessary to feed electrical fixtures in

that volume or the ones above.

— (b) = Only allowed if the circuit has a voltage of 12 V AC or 30 V CC.
— (c) = Only allowed if water heating equipment and it must be protected
by an RCD 30 mA.

— (d) = Sockets fed by a separation transformer are allowed.

— (e) = Only allowed if of class | of isolation and protected by an

RCD 30 mA.

plus all corridors and emergency escape paths, and ambient lighting with a luminous flux not below 5 Im
is mandatory in rooms with a capacity of more than 100 people above ground level / 50 people below
ground level.

To conclude, specifying for the medical use spaces, the norm defines where each type of lighting
is mandatory, including orientation lighting in patient’s rooms, infirmaries and corridors that serve these
spaces, and where the IT scheme, coupled with a separation transformer, must be used: operation

rooms and intensive care rooms.

3.2 Software Description

Four BIM computer programs were used in this work, each serving a different purpose: Autodesk®
Revit® was used for modelling the elements of the building, etap® Caneco mainly for detailed electrical
quantities calculation and cable sizing, DIAL GmbH DIALux evo for the lighting design, and BIMcollab®
as the centralised collaboration tool.

The interoperability between them is represented in Figure 3.12.

3.2.1 Modelling Program — Autodesk® Revit®

Starting with Revit®, according to Schop [43], it was the most used BIM program in Europe in the
second quarter of 2021. This, together with its completeness, versatility, and ease of customisation, was
the main reason for choosing to use Revit® in this work. Construction elements are called "instances”
and they are organised hierarchically: categories are the top level, and these can be columns, doors,

etc. Inside each category, there are several families, which are instances that have the same function
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Figure 3.12: Diagram that explains how it was possible to exchange data between the BIM programs
used in this work. Note that Caneco BIM runs as a plugin inside Revit® so no file extension is speci-
fied.

but might differ in terms of shape, and each family usually allows for more than one type, meaning more
than one set of dimensions. A fundamental part of families, types and instances is the existence of
parameters, which let you include information about the real object they are virtually representing, and
act as the sprockets for the most useful functions of Revit®. Note that it is possible to use and/or edit
families from the libraries of the program or create new families and types, but categories are intrinsic
to Revit®, therefore not editable. It is also possible to specify general project information such as the
company in charge of the project and the geographic coordinates of the building site, among others,
that can then be referenced in the deliverables’ title blocks. The completeness of the software is shown,
in part, by the possibility of modelling architectural and structural construction elements, as well as
components from the three MEP specialties, and, as previously mentioned, modelling may be done in
a 2D or a 3D view, depending on the designer’s preference, with the software automatically creating 3D
instances in both cases.

Once the elements are modelled and the desired information added to them, it is possible to make
annotations of relevant dimensions, add comments on parts of the model, tag instances, and even iden-
tify rooms and/or spaces, which are automatically recognised in the space between walls, or manually
defined when needed, such as defining outdoor spaces, a feature that is very useful in the electrical
installation design for the definition of the areas of influence. Another fundamental feature of Revit® is

the ability to generate fully customizable tables, the so-called schedules®, for quantity billing and cost

8Schedules are not output tables, but rather another way of viewing and interacting with the model.
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calculations, as well as perform energy analysis and optimisation. Furthermore, the use of external files
can be done either by importing them into the model or by attaching the files, which assures that, if a
change is made in the source file, the updates are automatically reflected in the model as it is reloaded
every time the model is opened. 4D BIM can be easily implemented by associating each instance to
a project phase, allowing for construction elements’ filtering in views based on temporal relationships.
These views may have different detail levels, which will affect the performance of the program and can
represent floor plans, sections, 3D views from certain definable angles, and 3D sections, as previously
mentioned, with up to 6 cutting planes, with the possibility of being quasi-instantly inserted in the drawn
deliverables. Yet another functionality that makes Revit® such a complete program is the ability to
generate high-quality rendered views of the model, which are realistic representations of the 3D views
considering natural and artificial lighting, and the construction elements’ materials.

The last attribute to point out about this software is its collaboration tools that enable cloud document
storage and assignment of permissions to edit certain instances by the manager to each team member.
Also, some extra features are made available by adding plugins and/or add-ons from other software
developers, which accelerates the development of new tools and creates more space for innovation. In

the end, it is possible to export the model to the IFC standard and other formats such as PDF.

3.2.2 Electrical Quantities Calculation Program — etap® Caneco

Secondly, Caneco was used for detailed electrical quantities calculation and cable sizing. The
software is subdivided into four programs, namely Caneco BT — electrical quantities calculation and
cable sizing for LV electrical installations —, Caneco BIM — Revit® plugin which allows for a more
efficient circuit management and establishes the communication between Revit® and Caneco BT —,
Caneco Implan — similar to Caneco BIM but for AutoCAD® (not used in this project) —, and Caneco HT
— similar to Caneco BT but for HV electrical installations (not used in this project).

Regarding Caneco BT, it is possible to define the loads connected to each panelboard, and auto-
matically obtain the loads for each panelboard and each switchboard, taking into account the diversity®
and the utilisation'® factors, and simulating the electrical installation for different scenarios of power sup-
ply, such as normal, emergency or uninterruptible'’. It also performs load balancing across the three
phases, busbar trunking'? sizing, and sizing of capacitor banks for power factor correction. This pro-
gram is also geared with the European and national norms of a wide range of countries, including the
cable types tables. Then, according to the specified loads and the obtained cables, it is able to size the
protection devices needed, providing tools to analyse their characteristic curves and selectivity.

On the other hand, Caneco BIM adds the following features to Revit® regarding circuits: faster bulk

®Factor between 0 and 1 that accounts for the degree of simultaneity at which the electrical equipment of the
installation are expected to be turned on, applied in load estimation calculations.

1°Factor between 0 and 1 that accounts for the relationship between the rated power of an equipment and the
actual power at which it normally functions, applied in load estimation calculations.

"lts usefulness is explained in Section 4.1.

'2Similar to the busbar inside the panelboard, but it is used for distribution, similarly to the cable trays.
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point-to-point circuit creation; circuit grouping by electrical busbar inside the panelboard; automatic ca-
ble routing through cable trays and conduits; resizing of cable trays based on the desired occupation

percentage; and definition of cable length safety margins.

3.2.3 Lighting Calculations Program — DIAL GmbH DIALux evo

Thirdly, DIALux evo is a program exclusively dedicated to lighting design. It is widely used in this area,
not exclusively but also due to being free of charge, which is made possible by the extensive number
of luminaire manufacturers with a membership that allows them to publish their products’ catalogues,
company news and digital models of the luminaires directly inside the program. This business model
improves both the manufacturers’ visibility and the accuracy of the lighting calculations since the models
provided have the same parameters as the corresponding real-life luminaires they represent, which was
the main reason for choosing this software.

Interoperability is not a problem, as one can directly import IFC models generated from any modelling
software, avoiding the time-wasting task of remodelling the building or the specific room to be analysed,
although it is possible to model directly inside DIALux evo. Once again, general project information can
be defined and automatically included in the exported documentation, and it is possible to perform the
analysis of both inside and outside lighting, differentiating normal and emergency lighting, and consider
various lighting scenarios, varying which luminaires are turned on or off.

In terms of calculations, one can define the planes to perform illuminance estimation on, which are
represented by isolines and/or colours, according to the numerical values (in lux), as seen in Figure 3.13,
and calculate UGR as referred in Section 3.1.5. These calculations take into account factors of lumi-
naires mentioned in Section 3.1.5 and the surfaces’ materials, which have an impact on parameters such
as the reflection coefficients. After performing the calculations, the program validates if the illuminance
levels respect the regulations, according to the previously defined activity carried out in that specific
plane. The energy demand of the lighting system can also be calculated inside DIALux evo.

Furthermore, annotations and rendered views of the 3D model are also available, as previously
mentioned for Revit, and the documentation regarding lighting calculations and luminaires’ datasheets
can be automatically generated and exported as PDFs. At the end of the lighting design, it is possible
to export the luminaires’ model back to Revit via IFC to have the complete model of the building in the

same file.

3.2.4 Collaboration Program — BlIMcollab®

Lastly, BIMcollab® was used for centralised collaboration, meaning that stakeholders who were not
part of the team had access to the project documents through this software. The main reason for using
BIMcollab® instead of the collaboration functionalities of Revit® is that this software allows collaboration
regardless of the modelling computer programs that the different parties have as it works exclusively
with the three open standards mentioned in Section 2.2.1, and the choice of using this specific software

compared to its competitors was due to being the one used at TPF.
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Figure 3.13: Example of the isolines obtained when calculating the illuminance of a given surface in
DIALux, in this case, at floor height, in a parking lot.

It provides three powerful tools, as follows:

+ BIMcollab® ZOOM — a local application that performs clash detection on imported IFC models
and lets the user extract model information regarding quantities and materials needed;

+ BIMcollab® Cloud — a web application used to create and manage issues, and involve all stake-
holders. Issues contain information such as resolution deadline, priority, and responsible team
member, and, when adding users to the project, it is possible to assign them to a group (e.g.,
construction management, electrical engineers) and define what kind of permissions they have
(e.g., view permission, edit permission). Additionally, the users receive notifications of new issues,
comments on an issue, and state changes, and it is possible to generate reports with Microsoft
Power Bl, a widely used business intelligence platform;

+ BCF Manager — a plugin available for a variety of modelling programs that lets the user integrate
his with the BIMcollab® Cloud web application, allowing for issue creation and management directly

inside the modelling program, and automatically synchronize with the BIMcollab® Cloud project.

38



Chapter 4

Results

As mentioned in Section 1.3, this chapter presents an analysis of the usual workflow of an electrical
installation design, followed by the fieldwork developed for the design of the electrical installation of a
hospital, this time following the BIM methodology, resulting in the gathering of data that allows for a

comparison between the two workflows.

4.1 Usual Project Development

The first thing to do is confirm that all the preliminary information needed for designing the electrical

installation is at hand, namely:

* Type of building;

+ Definition of the intended use for each room;

+ Specific equipment that will be directly fed by the LV distribution for each room (e.g., air condition-
ing, electric blinds), or by sockets (e.g., coffee machines, medical equipment);

* Architectural floor plans.

Only then is the electrical designer ready to start the preliminary estimation of load demand. To do
that, it is recommended to classify each room according to the tables mentioned in Section 3.1.2. Then,
it is possible to define the load demand per m? taking into account common industry values, such as
the ones presented for lighting and power circuits in the Schneider guide [12] and the values presented
in the old Portuguese norm [44] that stopped being mentioned in the later norms but are still usable for
accurate design of electrical installations — in this project, a value of 30 W/m? was used for both lighting
and power circuits, in all areas.

Based on the load demand estimated and its spatial distribution across the building, the next step
is to define the number of secondary panelboards, their location and their areas of influence, as seen
in Appendix D, which is sketched on the architect’s AutoCAD floor plans. The objective here is to
minimise the distance between rooms to feed and the panelboards and to optimise cable types and

lengths in the project to minimise costs. Also, the number and location of the switchboards used to feed
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the panelboards are decided in this stage. When ready, to summarise panelboard designations and
connections, the energy diagram is drawn, which is an important drawn deliverable for the construction
phase.

Next, it is time to put all this information on an Excel spreadsheet and sum the load demands per
m? multiplied by the associated areas of influence of each panelboard with the load demand of specific
electrical equipment to get the estimation of the total load demand, as seen in Figure 4.1.

While finishing the load estimation at this step would result in a compliant electrical installation
project, there is an underlying and unreasonable assumption that all loads are consuming at 100%
of their capacity, all at the same time. So, to have a realistic estimation and drastically reduce the cost
of the installation, the obtained values are then multiplied by diversity and utilisation factors, again, ac-
cording to common industry values — in this project, values for diversity factor of 0.3 for sockets, 0.5
for lighting, 1.05 for each panelboard (a conservative value in case new equipment was added after the
installation was ready or the supplier changed and the equipment had a slight increase in consumption),
and 0.75 for each switchboard were used, leaving the utilisation factor equal to 1.

It is now possible to size the secondary substation and contact the energy grid provider that will be
in charge of feeding the installation, a process that can take a reasonable time but can be executed
in parallel with most of the other designing tasks. Depending on the load demand, one of the three
types described in Section 3.1.1 is selected. In Portugal, the public distributor of electrical energy can
say that they will not feed an installation of over 200 kVA in LV, so a secondary substation needs to be
included in the project to feed the installation at MV. The electrical installation in this project is of type
B, fed by the MV public distribution grid at 15 kV, and has a secondary substation inside its premises,
with two 1250 kVA transformers. The MV switchboard consists of two entry cubicles, a circuit breaker
protection cubicle, a metering cubicle, a gain cubicle, and two circuit breaker protection cubicles for the
two transformers, with SF6' insulation. Note that the use of F gases is on its way to being banned by
the European Commission by 2030 [45] as they have been proven to damage the environment.

Another thing that must be defined early in the project is the distribution networks needed, as defined
in Section 3.1.1, which, in this project, were the NPS/EPS network — using the same distribution cables
and feeding every equipment, as it is a hospital, but the power only being supplied by a group of 3
generators when a fault occurs in the Normal Power Supply —, and a UPS network. A disadvantage of
switching to the EPS is that the generators take a few minutes to be ready to take the loads, which, in
some cases, is not a problem, but, in others, such as data centres or hospitals, the continuity of power
supply is crucial, so the third distribution network — UPS — assures this continuity. Uninterruptible
Power Supply (UPS) groups have a shorter battery life than generators but have average startup times
in the range of milliseconds, whereas it might take a few seconds for the generators to be ready to feed
the loads of the electrical installation. For this hospital, a UPS group of 300 kVA was used, consisting
of batteries with a 10-minute battery life, and it was designed to feed priority equipment such as server

racks, emergency lighting and door retainers, among others.

A gas used as insulation for avoiding the occurrence of electrical arcs.
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In terms of the earthing grid, a galvanised steel tape grid and a copper cable ring were buried below
the main and the secondary buildings, which connected the earth electrodes consisting of three earthing
rods plus a graphite electrode. The grid is represented in the drawing of Appendix E, with the electrical
installation of this project following the TT earthing scheme, except for the operating rooms where the
continuity of service was a priority, so the IT scheme was used in those spaces.

Then, regarding the atmospheric discharge protection system, it is mandatory to install as many
lightning rods as necessary and at an effective height to capture all potential atmospheric discharges.
In this project, three of those were foreseen, with a diameter of 10 mm, and another grid was designed
on the roof of the building to conduct the potential atmospheric discharges captured by the lightning rod
to the buried earthing grid previously mentioned.

After all this, one can start with the lighting calculations using one of the methods described in
Section 3.1.5.

The emergency lighting positioning is defined by the Fire Protection specialty, and, in this project, the
luminaires were then placed according to the indications given in their project.

Note that the normal lighting design is often made in collaboration with the architects as it has a
significant impact on the interior design of the building. Also, it is necessary to design both the normal
lighting and the emergency lighting scenarios, the latter being more demanding as it concerns people’s
safety in case of an emergency.

This task can be done in parallel with the definition of the energy distribution in the building. Here, the
two main elements of focus are the spatial location of each equipment in its room, so that sockets and/or
energy supply points can be distributed in the room accordingly, and the respective load demand. In this
project, if the operating current (l,) of a given equipment was below 16 A, the power supply was done
by a socket, if equal or above 16 A it would have a direct connection to the LV distribution. Note that
both spreadsheets and drawing software are needed in this phase, but they do not communicate with
each other, so it is the designer’s responsibility to make sure everything is coherent, which increases the
chances of involuntary human mistakes, especially in projects of considerable size.

After defining the placement of the lighting, sockets, and other equipment, it is necessary to balance
loads between the three phases, which is a trial-and-error process, usually done using the same Excel
spreadsheet used for the preliminary estimation of load demand. Balancing loads is a way of reducing
energy waste, by minimising Joule effect losses and voltage drop on the cables, therefore increasing the
energy efficiency of the electrical installation.

Now that the peripheral components of the LV distribution have been sized, it is possible to estimate
accurate dimensions for the partial LV distribution switchboards, for the emergency groups and for the
UPS. In this project, it was necessary to dimension more than one UPS as it is recommended [46] to
have an individual UPS for every surgery room. Also, in the case of buildings needing large servers, it
is good practice to feed each server rack with two different UPS sources. The dimensions of the partial
LV distribution panelboards depend on the protection devices needed, as seen in Appendix F. Usually,
it is good practice to have a maximum of 8 sockets per circuit, and, in Portugal, it is common to separate

lighting circuits from sockets and load feeding circuits, whereas, for example, in France, it is common to
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use web distribution, where they have a junction box over the room and from there feed all the lighting,
sockets and specific loads with the same circuit. Another good practice is to group a few circuits with
an RCD to increase selectivity, as, if there is a fault in one of them, just a part of the circuits of the

panelboard is cut off.

All these calculations are taken into account when sizing cables and circuit protections, which is done
by following the steps described by the diagram in Figure 3.8 of Section 3.1.4. To obtain an estimation
of the cable lengths, all connections are drawn as lines in the floor plans, of which it is possible to sum
the lengths, but they do not include the vertical sections, so it is reasonable to use a margin of error, in

the form of a percentage of the initial value, in the final values delivered to the client.

One of the most used installation methods in large buildings, which requires itself another type of
dimensioning, is using cable trays. These are usually the main source of clashes with other specialties
and are commonly placed between the real and the false ceilings, when present. Different types of cable
trays result in the use of different correction factors for the cable dimensioning, and there usually is a
specific drawn deliverable dedicated to cable trays. It is important to take into account their occupation
percentage and their weight to define the spacing between the supports. This is a very specific task
which is usually done by the installer rather than the electrical designer himself. On the other hand,
cable ducts are also a very common installation method, but they are usually given an estimated length

and their placement is defined on-site.

Finally, in terms of the written deliverables, the Descriptive Memory (DM) is the text document that
describes the technical design decisions and is accompanied by the Justifying Calculations (CL), which
gathers the in-depth calculations that led to the power demand values, cable and protection sizing, and
lighting analysis. The third written deliverable, the Bill of Quantities (BQ), presents a breakdown of
all components needed to bring the electrical installation to life, usually including, for each item, the

reference number, the description of the item, the quantity, the unitary price and the total price.

In the meantime, some project requirements might have changed, or project decisions might have
had an impact on the overall electrical distribution network, so, before submitting the deliverables, it is
important to revise the energy diagram drawn in the early stages of the project. Regarding all drawn
deliverables, one must have a coherent title block with the project and drawing information across all of
them, which is generally done with an AutoCAD block inserted in every drawing, but, in case there is a

change in any of the information, it is necessary to change the drawings one by one.

To wrap up this chapter, it is important to keep in mind during the whole project design that every
decision has an environmental cost associated, and the electrical engineer has the responsibility to opt
for the option that minimises that impact whenever possible. Ways in which this is possible to implement
are by foreseeing capacitor banks for power factor correction, larger cross-section cables mean less
Joule effect losses, choosing electrical equipment with high efficiency, thorough load balancing across
phases, and implementing a Building Management System (BMS) to monitor and control appliances
more efficiently, enabling, for example, dynamic dimmable lighting controlled by luminous flux and/or

presence sensors, and HVAC control according to room occupancy and outside weather.
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4.2 BIM Methodology Project Development

This section presents how the electrical installation design might be enhanced using the BIM method-
ology, enhancements which are only achieved with previous training of the modellers and by defining
the BEP document mentioned in Section 2.2.1 before the modelling begins.

Please recall Section 3.2.1 where a description of Revit® is presented, as many of the concepts
presented and explained there are used in this section, namely categories, families, types, instances,
spaces, schedules and file attachments.

Following the same chronological order as the usual project development, the first step of the project
that is enhanced by using BIM software is the way in which project requirements are exchanged. Refer-
ring back to Section 2.2.1, it is now possible to produce IDS documents to communicate project require-
ments to all parts involved, and even validate if these requirements are respected by the BIM model.
With this standard still being a novelty, it is not yet widespread across the industry, so, unfortunately, it
was not explored in a practical way in this project.

The second one is the preliminary estimation of load demand. Revit® lets the user define electrical
analytical loads, which means that they are not modelled in the project, they are just accounted for in
the preliminary calculations, and this can be done both by defining a load demand per m? and/or by
defining specific equipment loads that are already known to be necessary. The load demand per m?
can be associated with a type of area and reused for as many areas as necessary, and, for each area,
the apparent (in VA) or true (in W) power density, power factor, demand factor (which, in Revit®, is the
diversity factor) and voltage are defined by the designer, which results in the automatic calculation of
the current and the and the total apparent and true loads. Finally, it is possible to define the conceptual
distribution system through which the analytical power sources feed the analytical loads. One can also
add busbars, transformers, and transfer switches for incorporating emergency power sources into the
analytical distribution system, as shown in Figure 4.2.

Afterwards, regarding the areas of influence of the secondary panelboards, in this project, a param-
eter was associated with every space, which referred to the panelboard that fed the loads in that space,
and Revit® automatically calculated the total area of influence and generated a colour code for repre-
senting them in the deliverable floor plans. The advantage with respect to the usual project development
is that, if the architectural model changes, the spaces are easily adjusted, and all calculations and colour
coding are automatically kept up to date.

Now, regarding lighting calculations, lighting fixture families in Revit® have a user-defined photo-
metric web, which can be chosen from the standard library or imported as a .ies file provided by most
manufacturers. With the photometric web and the parameters defined in [47], some non-detailed pre-
liminary calculations [48] were obtained, which were not a full lighting study, but were very useful for an
initial estimation of the number and layout of the luminaires to be used in the project. Note that using
some Autodesk® plugins it is possible to have photometric plans regarding natural and artificial lighting,
but these were not further explored in this project.

For the extensive lighting study, and to make sure the lighting project followed the European [40, 41]
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Electrical Analytical Load Type Settings

Filter: Enter Search Words Q

Area Based Load Type:

Common Circulation
Garage Lighting
General Lighting
General Power
Residential

Utility

Bt D E Y

| Parameter Value
Electrical - Loads

Power Density 215.28 W/m?*
Load Classification Power

Power Factor 1.000000
Apparent Power Density 215.278208 VA/m*

Figure 4.2: Example of an analytical distribution in Revit, where the floor has been divided into 4 areas,
each with an associated type (upper left window), where their load characteristics are defined, and the
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system browser (lower right window) representing the analytical distribution system in a tree structure
(not from the Hospital project as it was developed in an earlier version of Revit® which did not support

this feature).

and national regulations, the previously mentioned DIALux software was used. It is possible to use the
3D model of the building exported as an IFC from Revit® or other modelling software as the input, or the

electrical designer can use AutoCAD floor plans as in the usual project development, and then manually
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room, their positioning, and their specific type from the available catalogues, respecting any constraints
identified in the room classification regarding the external influences, such as minimum IP and/or IK, the
software calculated many variables regarding the desired work planes, which allowed for making sure
that the lighting design was compliant with all regulatory requirements mentioned in Section 3.1.5.

After the lighting study is done and all requirements are met, it is possible to export both the report on
the study and an IFC of the luminaires, which can be imported back into the Revit® model, as mentioned
in Section 3.2.3.

Regarding the electrical equipment and the power sockets, modelling in a BIM program took longer
than a classical CAD drawing as the elements must be placed exactly where they will be installed, three
dimensionally speaking, it is no longer just an indicative symbol in a floor plan. However, the extra time
invested in this task was counterbalanced by the ease of circuit creation and quantity extraction. In fact,
for every element that was powered by the electrical distribution network, the respective family in the
model had an electrical connector, as seen in Figure 4.3, which enabled the creation of the electrical

circuit and all the electrical calculations (these were independent of the analytical model previously

mentioned).

Connector Element (1) -

Electrical - Loads A
System Type Power - Balanced

MNurmnber of Poles 1

Power Factor State Lagging

Load Classification Tomadas / Sockets =
Load Sub-Classification Motor J

Voltage 230,00V

Apparent Load 125,00 VA =
Power Factor 0.920000

|dentity Data R
Utility O

Connector Description

Figure 4.3: Example of an electrical connector (in blue) and respective parameters (table on the left) of
a socket family in Revit®.

Before the creation of circuits, cable tray positioning and sizing was another task that was very posi-
tively influenced by the adoption of the BIM methodology and tools. Again, these were modelled in 3D,
which meant one had to mind the height at which the cable tray was passing in that particular segment,
but Revit® helps the modeller by automatically connecting different height segments with a vertical ca-
ble tray segment as they are drawn, and it also places cable tray fittings for curves and junctions with
other segments (Figure 4.4). If needed, cable ducts are also modellable, but, in this project, it was not a
requirement given the size of the hospital.

With most peripheral components of the LV distribution and the cable trays modelled, it was then
possible to take advantage of the electrical connectors previously mentioned and create the electrical
circuits in the model. Figure 4.5 shows an example of an automatically generated panel schedule, with
circuits it fed. All the information in all the columns, apart from the wire type, was automatically generated

just by assigning components to the circuit, which consisted of clicking on each component intended to
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Figure 4.4: Example of cable tray segments at different heights, in yellow.

be in the same circuit, clicking a "Power” button, and choosing which panelboard should the circuit be

connected to.

. ro.
Switchboard | Quadro Elétrico : TD.L00.GEW1-NPS/EPS
Location / Localizagao: | Ground Floor Distribution Syst./ Sist. de Distribuigao:| 3-phase
Supplied From / Alimentado por: |LV.MDB02-NPS/EPS Phases | Fases:|3
Mounting / Montagem: Wires | Condutores: |4
Enclosure / Protegao do Armario: Max. Number of Circuits / Nimero Max. de Circuitos: |45
Notes | Notas:
Power| Apparent Circuit Est.
Circuit / - True Load|Factor | Load / Pot. Ib (Breake| Voltage | Length /
Circuito Description | Descrigao IPot. (W) |/Fator| Aparente | (A} |riDisj.|Tensao(v)| * B c Wire Type / CondutoriCabo |0 P
Pot. (VA) (A) (m)
lluminacio Normal / Normal Lighting - Room CDA 020,
11 GEW1 003, CHA 077, GEW1 001 400 1 400 17 10 230 400 VA XZ1(frtzh) 3G1,5 63,675
lluminacio Normal / Normal Lighting - Room GEW1 048,
12 GEW1 011, GEW1 043, GEWA 051 214 1 214 09 10 230 214 VA XZ1 (frzh) 3G1,5 22727
lluminag3o Normal / Mormal Lighting - Room GEWA 052,
13 GEWA 040, GEW1 041, GEWA 050 214 1 214 09 10 230 214 VA ¥Z1 (frizh) 3G1,5 42327
lluminacio Normal / Normal Lighting - Room CDA 020,
14 CHA 077, GEW 004 340 1 340 15 10 230 340 VA XZ1(frtzh) 3G1,5 19,483
5 lluminacdo Normal / Wormal Lighting - Room GEW1 048, 107 1 107 05 10 230 107 VA XZ1 (frizh) 3615 57.226
GEW1 042
lluminacio Normal / Normal Lighting - Room GEW1 048,
16 GEW1 013, GEW1 009, GEWA 054 214 1 214 09 10 230 214 VA XZ1 (frzh) 3G1,5 24,935
lluminag3o Normal / Mormal Lighting - Room GEW1 056,
17 GEWA 005, GEW 057, GEW1 008, GEW 053, GEW1 008 156 1 156 07 10 230 156 WA ¥Z1 (frizh) 3G1,5 53,272
lluminacio Normal / Normal Lighting - Room GEW1 026,
18 GEW1 035, GEW1 029, GEW1 031, GEW1 037, GEW1 038) 436 1 436 19 10 230 436 VA XZ1(frtzh) 3G1,5 51,819
lluminacio Normal / Normal Lighting - Room GEW1 044,
19 GEWA 034, GEW1 039, GEWA 038, GEW1 030, GEWA 251 1 251 11 10 230 251 VA XZ1 (frzh) 3G1,5 67,936
Tomadas / Sockets - Room GEW1 046, GEW1 011, GEW1
T 043, GEWA 051 460 | 092 500 22 16 230 |500VA ¥Z1 (frizh) 3625 24134
Tomadas / Sockets - Room GEW1 052, GEW1 040, GEW1
T2 041, GEW1 050 460 092 500 22 16 230 500 VA XZ1(frtzh) 3G2,5 43734
T3 Tomadas / Sockets - Room GEW1 049 230 092 250 11 16 230 250 VA XZ1(frtzh) 3G2,5 57,474
Tomadas / Sockets - Room GEW1 048, GEW1 013, GEW1
T4 009, GEW1 054 460 0,92 500 22 16 230 500 WA XZ1 (frizh) 3G2,5 26,339
Tomadas / Sockets - Room GEW1 056, GEW1 006, GEW1
T5 053, GEW1 057 890 | 092 750 33 16 230 |750VA ¥Z1 (frizh) 3625 57,070

Figure 4.5: Example of a panel schedule, where every value in every column is automatically gener-
ated, except for the Circuit Breaker and the Wire Type. Note that all loads were connected to phase A
by default, this figure was generated before load balancing.

Then, for the circuits to be a reliable representation of the future electrical installation, it was essential
to edit the circuit path, a task that was automatically done using Caneco BIM as it recognised cable trays

and conduits and routed the circuit path through them. This way, cable lengths were as close as possible

47



to their on-site value, just by doing a few clicks, with no manual measuring as it used to be done in the

usual project workflow.

Having the circuits defined, it was time to size the cables and protections, after which the partial and
main switchboards in terms of physical dimensions. Despite Revit® including its calculation methods
for loads [49], currents [50] and wire sizing [51], using Caneco BIM enabled the creation of busbars
(which are only available in Revit® when creating conceptual distribution systems) and busbar trunking.
Then, by exporting the model to a Caneco BT readable file, one had access to much more complete
calculations for the electrical installation, namely: load balancing; cable sizing; protection devices sizing;
selectivity analysis, as seen in Figure 4.6; and generation of energy diagrams. These used scenario
simulations for the cases where only the emergency or the UPS networks were used and sized every-
thing according to the most unfavourable case. In terms of energy efficiency, Caneco BT provided a
visual tool to analyse the return on investment of choosing larger cross-section cables, reducing Joule

effect losses, as seen in Figure 4.7.
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Figure 4.6: Example of the output from Caneco BT of the selectivity analysis for a circuit, where the
upstream protection curves are represented in blue and the downstream protection curves are repre-
sented in green.

Importing the Caneco BT model back into Revit®, now that it had sized the cables’ cross sections,
in terms of cable trays, Caneco BIM knew which cables passed through which cable tray segments,
so the plugin was able to suggest dimensions and generated cable tray profile images with occupation
percentage calculation taking into account the definable spare room, which can be a useful element for
justifying cable tray sizing to the client (Figure 4.8).

Then, as mentioned in Section 2.2.1, clash detection is being revolutionised by using BIM modelling
programs, both due to it being possible to detect clashes in 3D, and because it can be done at any
stage of the project, with the most recent models of all specialties, and without the need for information

exchange through emails with PDF drawings that might become outdated the moment they are sent. In
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Figure 4.7: Example of a comparison between the Joule effect losses, translated to Euros, of the cable
with the lowest cross-section that satisfies all conditions of cable sizing for a given circuit (10 mm?), in
green, and the Joule effect losses, translated to Euros, of a cable with a larger cross-section (25 mm?),
in red, over the course of 10 years of use.

Figure 4.8: Example of a cable tray profile, where the grey circles represent the cross-section of the
cables that go through that particular segment.

this project, the BIMcollab software was used for clash detection and coordination, which made use of

the BCF standard. Figure 4.9 shows how difficult it would be to check for clashes in a particular area

of the hospital and how 3D sections helped understand the heights of each element of every specialty
better.

I IH =l M & b= t

(a) Floor Plan (point of view of the 3D Section repre- (b) 3D Section.
sented in blue).

Figure 4.9: Example of a specialty equipment dense area, showing how useful it is to have a 3D view
to detect and avoid clashes when modelling cable trays (in orange).

Regarding the written deliverables, the most significant improvement is to the BQ, which can be
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generated as a schedule and exported as an Excel spreadsheet for delivery if necessary, though it
requires a comprehensive development of a dedicated template. An example is sh. This way, every item
reference number, every item description, every item quantity, every item unitary price and every item
total price are always up to date and managed directly in the model, using project parameters, which
used to be something to be very careful about in the usual project development as this is one of the
most important documents of the project.

In terms of revising drawings before submissions, although it is always advisable to do it, and taking
the example of the energy diagram, if it is exported from an electrical calculation software like Caneco
BT, most of the changes that occurred over the development of the project will already be reflected in the
diagram as the electrical calculations were dependent on the existing model, so the time spent revising
these deliverables was greatly reduced by adopting the BIM methodology. Also, floor plans are simply
different views of the same 3D model, so it was a matter of applying the right filters to the right floor plan,
in some cases only the sockets and the architecture should appear, in others only the exterior lighting
and the surrounding landscape should be visible, etc., which also meant that these drawings were
automatically updated as the model changed. Note that, contrary to the traditional way of presenting
floor plans of the electrical installation design specialty, the lines that represent wires are progressively
disappearing, as this information can be communicated through the circuit tags each fixture has, and
confirmed with the panel schedules, reducing drawing time and making the floor plans cleaner. An
example of this is shown in a sockets floor plan in Appendix G.

To conclude, even after the deliverables’ submission, all parts involved were expected to use the
collaboration platforms provided by the modelling software developers to make comments, point out
issues, and communicate in general using the most up-to-date IFC of the model as a basis for visual

and parametric reference, so that everyone could access the latest information as smoothly as possible.
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Chapter 5

Conclusions

In Section 1.2, the objective of this Thesis was defined as a comparison between the usual workflow
of designing an electrical installation (Section 4.1) and the one following the BIM methodology (Sec-
tion 4.2), so, in this chapter, the key takeaways from that comparison are presented, some of which
related to the BIM workflow in general, and others specific to its application to the specialty of electrical
installation design.

These takeaways may contribute to electrical design companies considering the adoption of the
BIM workflow in their projects, as well as to raising awareness of the topic discussed, especially in the
Electrical Engineering academic environment.

Then, a brief reflection on the possible direction of future in-depth work on this topic is presented in
Section 5.2.

5.1 Key Takeaways

5.1.1 Drawbacks of the BIM Methodology

Regarding the BIM workflow, the extra time invested in internal meetings was very noticeable. Every
process of every specialty must be, at least, acknowledged by the BIM coordinator of the project, ideally,
coordinated between all specialties, since, in large projects, the model is usually split and linked by each
of them, and that creates inter-disciplinary dependencies. An example of this in the hospital project was
the creation of rooms in the architectural model, which determined the creation of spaces in the electrical
model.

Another drawback identified was the unrealistic expectations it brings to the client. Understandably,
from their perspective, as every specialty has the model from every other specialty linked in theirs, mean-
ing they can see model updates in quasi-real time, it is possible to define a unique deadline for submitting
the deliverables from every specialty. However, the chronological order of having the architectural main
layout concluded before the MEP designers start modelling is crucial for avoiding unnecessary rework.
Sure, an improvement in using BIM software to model the building expedites the accommodation of

project changes, but these should nevertheless be considered as exceptions, otherwise this new work-
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flow results in less efficiency. A suggestion for a future feature of BIM modelling software would be to
have a page where each specialty could colour code the areas of the building according to their state of
development, using a parameter in the room/space instances.

The last (and most important) drawback identified in the BIM workflow implementation is that it gives
rise to carelessly trusting the software. No program is 100% bulletproof, so, even though there are many
automated functionalities and everything is synced, modellers and designers must double-check every
deliverable as if it was done by hand, as before: sometimes a simple unchecked box in Revit® results in
a blank floor plan.

Now, regarding the drawbacks specific to electrical installation design, as mentioned in Section 4.2,
modelling in 3D takes longer than drawing symbols on floor plans, empirically and approximately three
times longer.

Also, some programs only support calculations of electrical quantities for certain countries, due to
the diversity in normative tables’ values, for instance, for allowed current in cables, and in cable sizing
definitions (e.g., Revit® only supports cable sizing according to the American Wire Gauge (AWG) cable
sizing nomenclature), so a feature to be developed in the future could be either investing in the inclusion
of international, European, and, eventually, national norm tables, as some programs already do, or
allowing the user to define these values manually.

Finally, the previously mentioned careless trust in the software may lead to more serious project
mistakes when the electrical calculations and sizing are not properly checked, in a worst case scenario
it might lead to incorrect specification of protection devices and consequent risk of fire and/or electrical
shock, putting to the occupants of the building in danger. Also, the continuous reliance on automatic
calculations with no critical sense of the results obtained might lead, especially for those with less ex-
perience in electrical design, to developing a dependency on these calculation programs, forgetting the
fundamentals mentioned in Section 3.1. Keep in mind that responsible use of BIM tools prevents the

outcomes described in this paragraph.

5.1.2 Advantages of the BIM Methodology

Many improvements have been outlined throughout this document. In terms of BIM in general, it is
worth mentioning again the revolutionary impact that 3D views and sections have on understanding the
building itself, and on identifying and correcting clashes between specialties.

It also streamlines the collaboration process thanks to open standards, such as IFC, for model shar-
ing, IDS, for requirement definition and transmission, and BCF, for issue communication and manage-
ment, and thanks to dedicated collaboration platforms.

On the other hand, electrical engineers can benefit from software that provides certified and auto-
matic calculations of all relevant quantities and installation characteristics, namely cable cross-section
sizing, protection device sizing, and selectivity analysis. Note that these programs also update the val-
ues in the tables used in calculations according to the most up-to-date versions of the various norms, a

common concern for electrical engineers who rely on spreadsheets for their calculations.
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Furthermore, the nature of the automatic calculations is to choose the least expensive option that re-
spects the regulations, which guarantees the final solution is as cost-effective as possible. Two examples
of this were the cable tray size readjustments according to the cables passing through each segment,
and the long-term return on investment analysis of choosing larger cable cross-sections to minimise the
Joule effect losses.

Lastly, the quantity extraction capabilities of BIM modelling software greatly increase the accuracy of
this process and contribute to avoiding incoherence between different deliverables (drawings, diagrams
and BOQs).

All these improvements increase the client’s trust that the project is as flawless and as cost-effective

as possible.

5.1.3 Reasons for BIM Adoption Delay

Regarding BIM in general, two main reasons for BIM adoption delay were identified: the combination
of lack of willingness to undergo proper training on the software, resulting in improper or incomplete
usage of the tools available, plus some occasional bugs and/or data losses, might result in disbelief in
the whole BIM methodology by the users; the second reason is a mismatch between the investment the
company needs to make to implement this methodology — software licenses, personnel training and
design time increase —, and the willingness of clients to raise the amount of capital allocated to the
project development.

From the point of view of electrical installation design, on a slightly subjective note, the majority
of people in the electrical installation design industry tend to be reluctant to adapt to new workflows,
especially if they involve technological updates, arguably due to their nature of not wanting to take the
risk of changing things or processes that are tried and tested, and known to work, for something they do
not fully understand.

From a more objective perspective, unfortunately, in the electrical installation design marketplace,
companies tend to compete in terms of price, instead of quality, as the clients rarely give importance
to project quality and often choose between proposals exclusively based on its price. Nevertheless,
there is a paradigm shift underway in Portugal as the government has recently passed a ruling [52] that
establishes the obligation of every project to be delivered following the BIM methodology by 2030. Being
one of the specialties lagging the most, this ruling instigates imminent further research and development

of this Thesis’ subject.

5.2 Future Work

Firstly, further studies may be done on how to incorporate the IDS standard in BIM workflows as it
was not used in a practical way in this project. Also, the same type of work that was developed can be
done for the other systems that the electrical installation designer is usually in charge of, namely the

telecommunications and the Building Management Systems (BMS).
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Secondly, with the emergence of renewable energy sources, it would be interesting to see how far the
BIM programs are able to take the performance prediction of different project solutions in terms of solar
energy, as they already perform natural lighting studies for architectural purposes considering accurate
data of the sun path, depending on the buildings’ geographic location.

Finally, an effort will have to be made to adapt to this type of workflow as companies will have to re-
spect the previously mentioned 2030 goal, and the buildingSMART International is currently conducting
studies on a new open standard, the so-called Normalised Electrical Model (NEM) [53], so, exploring
its applications is a must for future research and investment in the field of electrical installation design

using BIM software.
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Appendix A

Symbology

Table A.1: Symbols used in this document’s diagrams.

Symbol Description
1 wire — phase conductor.
gL 2 wires, single phase — phase and neutral conductors.

//;/- 3 wires, single phase — phase, neutral and ground conductors.

/A 4 wires, three phase — three phase conductors and one neutral conduc-
/4 tor.

Y/ 5 wires, three phase — three phase conductors, one neutral conductor
Y/ and one earth conductor.

— Point of connection of the electrical installation to the ground.

We'a'a'aW Winding.
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Appendix B

Cable Types

A table of cable nomenclature from the Portuguese Electrical Normalisation Technical Commis-

sion [54], in Portuguese.
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COMISSAO TECNICA DE NORMALIZAGAO
ELETROTECNICA — CTE64

Instalacoes Elétricas e Protecao Contra Choques Elétricos

ANEXO C - SIMBOLOS UTILIZADOS NAS DESIGNAGOES DE CONDUTORES E
CABOS, ISOLADOS, PARA INSTALAGOES ELETRICAS, SEGUNDO A NP 665:2012

0,6/1 kV

EXEMPLO " = v v| |dr)|5[Gle
SIMBOLO

: * Cobre Sem letra
Material dos |, 5 o mutifitar L
condutores » Aluminio macico LS

» Condutores rigidos (classe 1 ou 2) Sem letra
Grau de + Condutores flexiveis (classe 5) F
flexibilidade + Condutores extra-flexiveis (classe 6) FF
» Borracha de etileno propileno B
* Etileno acetato de vinilo G
» Papel isolante P
* Policloreto de vinilo - PVC \

: * Polietileno - PE E
Material do |, b ictiieno reficulado - XLPE X
isolamento « Composto reticulado a base de poliolefina, com baixa emissdo de gases z

corrosivos e baixa emissdo de fumos na combustdo de cabos onde foi aplicada
» Composto termoplastico a base de poliolefina, com baixa emissdo de gases Z1
corrosivos e baixa emissdo de fumos na combustao de cabos onde foi aplicada
« Composto reticulado a base de silicone S
. * Blindagem individual HI
Blindagem o BIindagem coletiva H
Condutor » Fios de cobre (0]
conceéntrico * Fios de aluminio 10
IMagnéticos:
* Fitas de aco A
* Fitas de ago corrugado 2A
* Fios de aco R
. * Barrinhas de ago M
Rev?st'mentos * Tranga de ago galvanizado 1Q
metdlicos para  |vio magnéticos:
protecdo mecanicals Fitas 1A
* Fios 1R
* Barrinhas ™
* Fitas corrugadas 3A
* Tranga de cobre Q
INdo metalico:
» Borracha de etileno propileno B
* Etileno acetato de vinilo G
» Papel P
* Policloreto de vinilo - PVC \
* Policloreto de vinilo com resisténcia a hidrocarbonetos - PVC Vh
* Polietileno - PE E
Material o \Ij'otlietileno reticulado - XLPE ?J(
f * Juta
das bainhas « Composto reticulado a base de poliolefina, com baixa emissdo de gases z
corrosivos e baixa emissao de fumos na combustéo de cabos onde foi aplicada
» Composto termoplastico a base de poliolefina, com baixa emissdo de gases Z1
corrosivos e baixa emiss&do de fumos na combustéo de cabos onde foi aplicada
« Composto reticulado a base de silicone S
Metdlico:
* Fita de aluminio revestida com copolimero L
* Bainha coletiva em chumbo C
Forma de » Cableados ou torcidos Sem letra
agrupamento dos [* Dispostos paralelamente (sem torgéo) D
condutores » Cabos auto-suportados S
isolados
* Retardante a chama (fr)
* Retardante ao fogo (frt)
Comportamento ao|* Resistente ao fogo (frs) @
5~ |* Baixa opacidade dos fumos libertados (Is)
foQéoperloo;azgg;gao » Baixa corrosividade dos fumos libertados (la)
. : » Baixa toxicidade dos fumos libertados (It)
|0ng|t'Ud'na| da [ |sento de halogéneos (zh) @
agua » Condutor estanque (ce)
* Blindagem estanque (be)
» Condutor e blindagem estanque (cbe)
* Numero de condutores (namero)
Composicgo @ [+ Auséncia de condutor verde/amarelo X
* Existéncia de condutor verde/amarelo G
* Seccgédo do condutor (mm°®) (nmero)
Tensao estipulada Uo/U kv @

(1) - Cabo com condutores de cobre isolados a PVC, com bainha exterior de PVC, retardante do fogo, com 5 condutores de 6 mm2, sendo 3 de
fase, 1 de neutro e 1 de protegao, para a tensao estipulada de 0,6/1 kV: VV/(frt) 5G6 0,6/1kV.

(2) - Deve ser indicada a secgdo do condutor envolvente a seguir a secgdo dos condutores do cabo separada por uma “/”.

(3) - Um cabo (frs) é habitualmente também (frt), podendo-se por isso omitir a sigla (frt)

(4) - Os condutores e os cabos (zh) séo, por natureza, também (la), (Is) e (If).

(5) - Quando as secgbes dos condutores neutro e de protegdo forem diferentes das sec¢bes dos condutores de fase, a composigdo deve
caracterizar essa alteracdo. Por exemplo, para um cabo com condutores de fase a 35 mm? e condutores neutro e protecdo a 16 mm? a
composicéo deve ser representada por 3x35+2G16.

(6) - Uo - Tens&o entre fase e terra ou entre fase e blindagem e U - Tenséo entre fases.

Nota: Esta tabela substitui a tabela do ANEXO IIB da parte 5 das RTIEBT:2006, dada a alteragdo
entretanto verificada na NP 665.

Guia técnico das

classes de reagado ao fogo dos cabos elétricos
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Appendix C

Bathroom Volumes
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Figure C.1: Examples of how volumes are determined in bathrooms (adapted from [13]) (1).
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Figure C.2: Examples of how volumes are determined in bathrooms (adapted from [13]) (2).
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Figure C.3: Examples of how volumes are determined in bathrooms (adapted from [13]) (3).
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Figure C.4: Examples of how volumes are determined in bathrooms (adapted from [13]) (4).
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Appendix D

Areas of Influence Floor Plan

A floor plan from the hospital project that exemplifies the use of colouring rooms according to the

panelboard that feeds the electrical equipment in those rooms.
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LEGENDA / LEGEND

SIMBOLOGIA - DISTRIBUIGAO DE ENERGIA / SYMBOLOGY - ENERGY DISTRIBUTION

Quadro elétrico / Switchboard or Panelboard

TD.LOOLAU/FM  TD.LOO.LAU/FM
P P

ups NPS/EPS
:L 4

TD.LOOMHW.

Ups

TD.LOOMHW.
NPS/EPS

!

TDLOOKIT  TD.LOOKIT
u NPSIEPS

TD.L00 HVACKITILOG
NPS/EPS

c@

TD.LOO.GEW1
ups

TDLLO0.HVAC.GEW1
NPSIEPS

TD.LOO.GEW1
NPS/EPS

TD.LOOPHALOGREC TD.LO0.PHALOGIREC
ups NPSIEPS

TD.LOD.HVAC PHA/GEW2
NPSIEPS

TD.LO0.GEW2
ups

TD.LO0.GEW2
NPS/EPS

TD.L0O.C.OXIGENIO
NPSIEPS

TD.LO0.OCAISCH  TD.LO0.0CAISCH
ups NPS/EPS

TD.LO0HVAC.OCAISCHIGEW3
NPSIEPS

TD.L00.C.VACUO
NPS/EPS

LV.MDB GENERAL

LV.MDB02
NPS/EPS

TDLO0.GEW3  TD.LOD.GEW3
ups

UPS Geral / Main UPS.

Amirio Bypass UPS | UPS Bypass Cabinet.

Bateria de Corregao do Fator de Poténcia / Baterry Corection Power Factor,

Botoneira de Corte Geral de Energia dos Aparelhos de Cozinha / General Electicty Cut-Off
Push Button for Kitchen Appliznces

AREAS DE INFLUENCIA | AREAS OF INFLUENCE

[] T.L00LAURM NPSEEPSIUPS

D TD.LOO.MHW NPS/EPS/UPS

[[] TD.L00KIT NPSIEPSIUPS
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[ LvMoBozNPS/EPS
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D TD.LOO.LAB NPS/EPS/UPS

[[] ™0.L00MOR NPSIEPSIUPS
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[ .LooNicu NPSEPSIUPS

[ ™.00.08S NPSIEPSIUPS

[Jm.Lo0.0pt ups
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Appendix E

Earthing Grid Floor Plans

Two floor plans from the hospital project that represent the buried earthing grid and the one installed

on the roof of each building.
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LEGENDA / LEGEND

SIMBOLOGIA / SYMBOLOGY

Varo de izado G10mm, insalado a v . fxado por abragadeiras
110mm galvanized steel rod, nstaled n the buicing rof, fixed by clamps.

Fita de ago galvarizada 30x3mm enterrada, insalada na viga de fundagdo / Burried
galvanizedsteal tape 30x3mm, instaled inthe foundation beam.

Cabo cobre 70mm2 instalado em
inditch wrapped in composite.
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7))
»”

Ligagéo Vardo - Vargo /Rod - Rod connection.

—

Ligagao Cu - Vardo / Connection Cu - Rod,

Ligagéo Cu - Cu Cu - Cu connection.

Ligagao Fita - ita Tape - Tape connection.

@
B
@ Ligagao Fita - Varao / Tape - Rod connection.
o
@]
|

Joint in buri seel srip, wrapped in lean concrete.

inmasonryearth

measuring box.

I Elérodode teraly ' i ia / Birt-pawearth
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LEGENDA / LEGEND

SIMBOLOGIA / SYMBOLOGY

_____ 20 d , insalado a vista Txado por abragadeiras |
G10mm galvanized steel rod,installed in the buiding roof, fixed by ciamps,

_____ iga de fundagdo /

BE B BB

w@w;_.

steal tape 30x3mm, installed in the foundation beam
Cabo cobre 70mm2 instalado em vala envolto em composto | 70mm2 copper cable insialled in
ditch wrapped in composite.

Ligagéo a0 Connectionto
the siructure iron wih a @10mm gaivanized steel ro.

Para-raios ionizante, nstalado em mastro lonizing lghtning rod, mast mounted.

Ligago Varo - Varéo /Rod - Rod connection.
Ligagéo Cu - Varéo  Connection Cu - Rod
Ligagéo Fita - Vardo | Tape - Rod coneciion
Ligagao Cu - Cu / Cu - Cu connection
Ligagao Fita- it | Tape - Tape connecton.

Unigo enire [ajs de fundagéo e fta de ago galvanizada enterada, envolvida em betéo potre
1 Joint between foundation sabs in buried galvanised steelstp, wrapped i lean concrete.

Elétrodo de terra em caixa de medicdo de teras em alvenaria  Earth electrode in masonry
earth measuring box.

Elétrodo de terra tpo pata de ave, e caixa de medigao de teras em alvenaria / Bird-paw
earth electrode, in masonry earth measuring box

Vardo de Ago galvanizado G10mm (escida pelo inerior 6o piar)  @10mm galvanized steel
Tod (descending though the pille interor).

g femo da  ser i em 2 metros / The rod
‘must be connected to the iron of the structure at least 2 in 2 metres.
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Appendix F

Panelboard

Schematic views of a panelboard across its design phases:

(a) Chassis.

Figure F.1: View of the chassis (a) layer inside a panelboard.
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(b) Devices with panels. (c) Side view.

Figure F.2: View of the devices (a) and the devices with panels (b) layers inside a panelboard, as well
as a side view (c).
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Appendix G

Sockets Floor Plan

A floor plan from the hospital project that indicates where each socket is to be installed.
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LEGENDA / LEGEND

SIMBOLOGIA - TOMADAS E ALIM. EQUIP. / SYMBOLOGY - SOCKETS AND EQUIP. POWER SUPPLY

REDE
NE [ ups
§
5 > | Tomada Schuko, embebida / Schuko sacket, recessed.
3 Alura de montage: 0,30m / Mounting height: 0,30m. Ver nota 2  See note 2
s s
§
S | Tomada Schuko, em calha | Schuko sockel,in trunking.

Altra de montagy coma gem da pé  Mounting
height: To be confirmed with the mounting height of the cable trunking, Ver nota 1/ See note 1

Tomada Schuko, embebida, com tampa / Schuko socket, recessed, with cover.
Altura de montagem: 0,30m / Mounting height: 0,30m. Ver nota 2/ See note 2

Tomada Schuko, embebida, com tampa, estanque. / Schuko sacket, fecessed, with cover,
watertig
Alura de montagem: 0,30m / Mounting height 0,30m. Ver nta 2 See note 2

H v o0 v o

Tomada Schuko, em calha, com tampa. / Schuko socket, i urking, with cover.
Alura de montagem: A confimar com a atura de montagem da calha de rodapé / Mounting
height: To be confirmed with the mounting height of he cable trunking, Ver nota 1/ See nole 1

Tomada Schuko, saliente, com tampa / Schuko socked, wall mounted, with cover.
Altura de montagem: 0,30m / Mounting height: 0,30m. Ver nota 1 / See note 1

‘Tomada Schuko, saliente, com tampa, estanque / Schuko socket, wall mounted, with cover,
watertight
Altura de Montagem: 0,30m / Mounting height. 0,30m. Ver nota 1 / See note 1

Tomada CIE ifsica 5

= (@ o-@

R , 164, 1P44, que / Three-phase
oo E CIE socket 5 poles (3P+N+T), 16A, IP44, surface mounted, watertight
Altura de Montagem: 0,30m 0,30m. Ver nota 1/ See note 1
Cox W Caixa de derivagao. / Junction box.
o Caixa de derivagdo, estanque. / Junction box, walertight.
o @) Caixa de dervagao, saliente, estanque. / Juncton bor, surface mounted, watertigh.
cax 4\ |Pontade cabo/Cable end.
Cxox Identificagéo do Circuito, nnn - nimero / Circuit Identification, nnn - number.
NOTAS / NOTES:
1. Todas as co

a a fiscalizagao. / All mounting heights
indicated must be confirmed on site with the work supervsion

2- As tomadas d a a
for TV power are at the mounting height of 2,10m

TVestaoa gem de 2,10m. / The power socke

3 Onde esiverem 8+ simbolos de tomadas na mesma pared, estes poderao ndo estar colocados de acordo com a
posigao real das tomadas. Por favor consultar o modelo elou 05 pommenores das salas tipo. / When there are 8+ socket
symbols on the same wall, these might not be placed according fo the sackets'real posiion. Please refer t the model
andlor sample rooms details

4-0s el ebid
tub que possivel. Por norma os rogos sa dos na verical a partir do teto flso, no
entanto poder ser na horizontal onde a p o justifiue. | For exterior wall embedded
elements (power sockets, BHU) execute the cable condits and pipes chases in the earliest possible phase. Nomally
the chases are vertcal from false celing, but can be horizontal when close to an accessible gypsum wall

0 ter 05 f0gos para

5. de paredes sers
butic Ihas. O para a calha seré

9
‘added under the desk. The power sockels are embedded into the trunking. The cables are connected to the trunking
rou

calhas técnicas. As serdo
himento. / A cable

through in the floor screed

Blocos HA a HH / Blocks HA to HH

Esc. 1:100
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