BIM-based methods for optimizing the design and maintenance of
telecommunications infrastructure in data centres

Thesis for the Degree of Doctor of Philosophy (PhD)

by Sergey Pogorelskiy
Supervisor: Dr. Imre Kocsis

UNIVERSITY OF DEBRECEN
Doctoral Council of Natural Sciences and Information Technology

Doctoral School of Informatics
Debrecen, 2024



Hereby I declare that I prepared this thesis within the Doctoral Council of
Natural Sciences and Information Technology, Doctoral School of Informatics,
University of Debrecen in order to obtain a PhD Degree in Informatics at
Debrecen University.

The results published in the thesis are not reported in any other PhD theses.

Debrecen, 30 August 2024.

signature of the candidate

Hereby I confirm that Sergey Pogorelskiy candidate conducted his/her studies
with my supervision within the Information Technology Systems and Networks
with Industrial Applications Programme of the Doctoral School of Informatics
between 2020 and 2024 The independent studies and research work of the
candidate significantly contributed to the results published in the thesis.

1 also declare that the results published in the thesis are not reported in any other
theses.

1 support the acceptance of the thesis.

Debrecen, 30 August 2024.

signature of the supervisor




BIM-based methods for optimizing the design and maintenance of
telecommunications infrastructure in data centres

Dissertation submitted in partial fulfilment of the requirements for the doctoral (PhD) degree

in Informatics

Written by Sergey Pogorelskiy certified Engineering Manager MSc.
Prepared in the framework of the Doctoral School of the University of Debrecen
(Information technology systems and networks programme)

Dissertation Supervisor: Dr. Imre Kocsis

The official opponents of the dissertation:

The evaluation committee:
chairperson: DTt e eeeeeree e
members: D TP

The date of the dissertation defense: .................. 2024



Contents

1. INEOAUCHON ..ottt sttt et et este et et e beeasesbeeseensestnennans 6
1.1.Classification and the structure of data centre .......................... 7
1.2.The technical background of the research ............................. 10
1.3.Research goals and methods ........c.ccoeiiiiiiiiiiin, 13
1.4, LiteratUre TeVIEW .. vviiiiii ittt e ettt e e e e e e e e e eeeananeneans 16

2. Automated equipment and cable trays design for structured cabling system

TN AAtA CENETES. ...ttt sessenas 25
2.1.Designing novel rack family ...........ccoeeiiiiiiiiiiiiiii 26
2.1.1. Main parameters of the novel cabinet family................... 28
2.2.Automation for cable trays design ......c..coeeveniiiiiiiiiiiiiiinenn.e. 30
2.2.1. Cable trays plug-in .....c.cccoveuuiiiiiiiiiiiiiiiie e 32
2.3.Results and diSCUSSION......c.oiuuiiiiiiiiiiiiiii e 33

3. BIM based collision tracking at the intersections of different building

engineering systems at the design stage............ccccoceceivniiiinniinnnin 35
3.1.The novel collision tracking plug-in .........ccecoveviiiiiiiniiniinennenn. 39
3.2.1. The plug-in information model ..............c.ccoeviiiniinn.. 41
3.2.2. Plug-in databases........ccocviiiiiiiiiiiiiiiiiiic e 43
3.2.Results and diSCUSSION .......cvuiiiiiiiiiiiiiiiiiii e 44

4. Efficiency improvement with data centre monitoring based on building

information modelling and computational fluid dynamics analysis.............. 46
4.1.Power usage effectiveness of data centres........c..cc.ceeuvvenennenn. 47
4.1.2  Cold-aisle containment system (CACS) ....c..cceevvevennenne. 51
4.1.3  Hot-aisle containment system (HACS) .........ccoviiiiinennennen 51
4.1.4  Connection between real sensors and BIM...................... 52
4.2 Implementation BIM and CFD analysis for corridor isolation
S S BITIS 1.ttt ettt 54
4.2.1 Main parameters of the investigated model and
CONSEIAINES .o.uiiiiiiiiii 54
4.2.2  CFD modelling resultS.......ccoeuveuiiiiiniiiiiiiiiiieiieicieieanes 58
4.3 Building management SyStems .....c.ccoveuiiiiiiiiiiiiiiiieeeeene 64
4.3.1 Description of the main automation equipment................ 64
4.3.2 Connecting sensors to the BMS..........c.ccooviiiiiiininnnn.. 65
4.4 Implementation BIM for FM........ccooiiiiiiiiiiiiiiiiiiicieee, 67

4.4.1 Preparing new families according to the requirements of
the proposed model and data export .........coeveiiniiiiiiiininan... 67



4.5 Results and diSCUSSION .. iutin ittt 69

5 Application of the research results...........ccooeeoinnecnnncicnncereeceeeene 71
O SUIMIMATY ...ooiiiiiiiiiiiiiiec s 73
ADDIeviations .........ccooviiiiiiiiiiicic s 78
RELETEIICES ...ttt 80
A. List of relevant publiCations ..........ccccceevvieueiriniecinnccreeeereeeeeeee s 93

B, APPENAIXES......oriiiiiiiiiiiiiinicieeiee ettt 94



1. Introduction

This dissertation explores various methods for improving methods of
engineers’ work involved in designing and operating engineering systems in
data centres. From a methodology point of view, they are divided into three
levels: code level, algorithm level and user level.

A data centre refers to a high-tech and complex unit that processes,
stores, and transmits information to a particular organisation, managing
the organisation's information system [1]. It is a specialised facility,
consisting of intricate infrastructure, including the following [2,3]:

Information infrastructure, including server equipment performing the
primary functions of the data centre, such as information processing and
storage. The telecommunications infrastructure facilitates the
interconnection of elements within the data centre, as well as data
transmission between the data centre and the users.

The research involved several stages according to the levels, including
the plugin development at the code level, creation of fundamental data
centre components models such as telecommunication cabinets,
equipment, and cable routes and also integration between building
management system (BMS) and temperature equipment’s at the algorithm
level. Additionally, temperature management techniques using the corridor
isolation method were implemented. These blocks were selected for the
study because they are rarely studied and have real-world applications at
the user level, for engineers. We tested all of these blocks on various real
projects at CROC company, ranging in scale from small data centres with
15 telecommunication cabinets of 2 kW each, to large commercial data
centres with more than 1000 cabinets of 6 kW each, which lease their
facilities to large organizations. During the testing process, we received
feedback and made necessary adjustments. It can be concluded that all
proposed methods are currently in use, improved, and updated.



1.1. Classification and the structure of data centre

Data centre - A building (or complex of buildings) for the housing of server
and network equipment and the subsequent connection of clients to the
Internet.

Ensuring the stable and trouble-free operation of the equipment it
houses is the primary function of a data centre. Additionally, a data centre
provides secure communication channels for exchanging data, while also
allowing for permanent site access.

Data centres can be divided into four categories, based on the level of
reliability and security they offer: Tier I, Tier II, Tier III and Tier IV. The
Uptime Institute certification organisation has developed a reliability score
called Tier, which is assigned to data centres.

A Tier I data centre is the most basic form of data centre, offering the
lowest levels of redundancy and availability. It has a single path for power,
communications and cooling, which means that any maintenance to the
infrastructure or failure of any equipment will result in an interruption to
services. Tier I data centres have no redundant components, and while
they can cope with power surges and outages, they operate outside of
normal business hours, such as nights and weekends. However, for
regular maintenance or emergency repairs, the data centre must be
temporarily shut down. The minimum uptime without shutdown is
99.671%, and the downtime per year should be less than 28.8 hours.

A Tier II data centre has a degree of redundancy in its power and
cooling systems, but it is still susceptible to downtime due to maintenance
or equipment failure. Like a Tier I data centre, they have one link for
telecoms, power and cooling, plus redundant parts: generators and cooling
equipment. This redundancy makes it possible to carry out some
maintenance or preventative maintenance on the infrastructure without
downtime, although downtime may still occur if a critical part fails. The
data centre guarantees a minimum uptime of 99.741% without shutdown,
which translates to less than 22.7 hours of downtime per year.

Tier III data centres offer greater levels of redundancy and availability
than Tier I and Tier II data centres. Maintenance can be carried out
without downtime according to multiple communication, power and cooling
links. Tier III data centres offer greater redundancy and significantly
improve availability. These centres offer N+1 system redundancy, which
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means that an additional component is brought online to support the
failure or scheduled maintenance of one component. The following is a
breakdown of N+1 redundancy: N means the capacity required to support
the full information technology (IT) load of the data centre +1 is an
additional component for redundancy.

All of the IT equipment in a Tier III data centre should have dual power
supplies connected to separate uninterruptible power supply (UPS) units
so that one of the UPS units can be shut down without causing any
disruption to the servers or loss of network connectivity. Additionally,
redundant cooling systems should be in place to ensure that if one unit
fails, another can maintain the temperature and humidity in the data
centre rooms. Furthermore, Tier III data centres necessitate solutions that
can sustain operation for at least 72 hours following a local or region-wide
power outage. These data centres are equipped with systems, protocols,
and equipment that enable staff to perform maintenance and repairs
without disrupting customer service. The minimum uptime is 99.982%,
with downtime per year being less than 1.6 hours.

The Tier IV data centre is the most reliable type with the highest fault
tolerance parameters. Like the Tier III data centres, it has several
communication channels, power supply, and cooling. It has redundant
components that are resistant to failures, ensuring that there will be no
disruption to service if one critical component fails. Tier IV data centres are
designed to withstand any failures and maintenance without any impact
on the services provided. Essentially, Tier IV systems have no single points
of failure. Level 4 data centres have 2N or 2N+1 equipment redundancy,
meaning a fully redundant infrastructure. In particular, 2N redundancy
means having a completely identical system in reserve for each component,
which is physically isolated and independent from the main system. In
turn, this physical separation prevents local events from compromising
both systems. Each component is backed up by two different power
providers, two backup generators, two UPS systems, two power
distribution units (PDU's) and two different cooling systems.

Additionally, Tier IV data centres require backup solutions that can
support operations for at least 96 hours after a local or region-wide power
outage. The minimum uptime is 99.995%, and downtime per year should
be less than 26.3 minutes.



The foundation of any data centre is its engineering systems. These are
complex, professional pieces of equipment that are not typically available
for purchase in a local server room. If we imagine the data centre as a
living organism, we can identify five main systems, the first of which is
electricity supply. This is the most critical source of life for a data centre,
upon which its stability and uninterrupted operation depend. To ensure
24/7 operation of sites, the building is connected to the power grid
through multiple independent inputs. Additionally, an UPS system and a
diesel generator are installed to provide backup power in case of a
complete outage.

Usually, a continuously running machine can overheat. Therefore, the
machine room must be well-cooled using professional precision air
conditioners.

One important aspect is that data centres are responsible not only for
hosting equipment, but also for ensuring data security and confidentiality.
This can involve implementing an access control system, video
surveillance, fire alarms, emergency fire extinguishing systems, and other
measures. Another crucial aspect is maintaining stable and uninterrupted
data transfer processes, which can be achieved through the use of
dedicated channels and public internet networks with wide bandwidth.

All systems are monitored 24 /7, and any detected issues are resolved
using pre-developed algorithms.

The main elements of the data centre are shown in Figure 1.1.

Redundant
~ o Generators/Switchgear/UPS/Battery Backup
- Tier Level

Diesel

Air Conditioned System
Server Racks
Cabinets

Fire Fighting
System

Video Surveiliance

Network Operation Centre

Figurel.1l: Main elements of the data centre [4].
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1.2. The technical background of the research

Automated equipment and cable trays design for structured cabling
system in data centres

The basic elements of data centres that influence their type, scale and
energy efficiency are telecommunication cabinets filled with various
equipment.

Telecommunication cabinets, which are equipped with a large number
of components of different types, are essential parts of data centres. They
have a significant impact on the efficiency and reliability of data centres.

The layout of equipment inside telecommunication cabinets is crucial
in data centres, and the ideal location of equipment inside each cabinet
can be unique. Therefore, an automated process is necessary for the
cabinet facade scheme design. Manually created diagrams can lead to
errors. Furthermore, accurate and current information regarding the
specific equipment layout in each cabinet is crucial for its ongoing
operation and maintenance.

The design methods currently available do not include a function for
automatically creating three-dimensional (3D) models of cabinets with
equipment filling and generating cabinet facade schemes. When designing
data centres, it is crucial to consider the placement of telecommunication
cabinets, cable routing design, and equipment layout. These elements are
integral elements of structured cabling systems (SCS). It is one of the
important components of engineering systems, but it is still poorly
understood in terms of Building information modelling (BIM) design. In the
article [5], we analysed the use of BIM concept in connection with
engineering systems and from it we can conclude that this area is still a
dark spot.

The research aim is to create main elements of the model at the
algorithm level for SCS.

A structured cabling system is created to organise a single cable
infrastructure that can be used by various systems for transmitting and
processing information, such as local computer networks, telephony
systems, video surveillance, and access control.

* In data centres, cable trays serve the purpose of protecting cable lines
from external influences. They perform this function for sections of

cable lines belonging to different systems.
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* The purpose of this system is to protect cable lines of horizontal and
trunk cable systems (subsystems) from electromagnetic interference.

* Additionally, it physically separates different systems, such as fibre
optic cables and low current cables, in separate trays.
SCS in telecommunication cabinets of data centres are created using
functional elements such as copper patch panels, optical patch panels,
cable organizers, copper cables, and fibre optic cables.

BIM based collision tracking at the intersections of different building
engineering systems at the design stage

The digital information model, a three-dimensional model, allows for clear
tracing of the location (x-y-z position) of system elements in space and
prevents their intersection.

Chahrour et al. [6] state that collisions can occur due to design rule
violations, errors, uncertainty, model inaccuracy, and tolerance.
Collision detection using BIM tools distinguishes between two types of
collisions: relevant and irrelevant.

If collisions result in a loss of productivity, interruptions, and
rework, they are considered relevant to the project [7]. Relevant
collisions are those that require resolution. In contrast, irrelevant
collisions do not require resolution as they may be a single error
repeated multiple times throughout the project or collisions that were
deliberately created [8].

Proper identification of collisions, including relevant and irrelevant
collisions, and appropriate distribution of collision resolution among
BIM project teams play an important role in projects where thousands
of collisions can be captured using specialised software [7].

The research primarily focused on developing detection algorithms
[9,10], incorporating historical information into clash detection [11,12],
and utilizing machine learning (ML) [13]. However, as noted by Parn et
al. [8], despite the benefits that ML has brought to the architecture,
engineering, construction and owner-operated (AECO) sector, such as
automating rule checking within BIM and controlling four-dimensional
(4D) BIM, clash detection still requires significant time and labour
intervention. The current process is still mechanistic, requiring a BIM
manager to manually scan and analyse each clash. According to

interviews conducted by Lin and Huang [14] with senior project
11



managers, clash reports were often selectively reviewed or completely
neglected by BIM managers in Taiwan due to the significant time
required to evaluate them. Additionally, Parn et al. [8] emphasized the
pressing need for automated methods that eliminate manual
intervention and enable the creation of clash detection profiles.

The research aims to develop plug-in for the collision tracing and
checking at the code level introducing new methodology. Also, based on
the algorithm for planning specialist actions when using information
modelling technologies for project work demonstrate advantages of
consistent design and intersection checking for different engineering
systems, eliminating duplication of work.

As a result of our research a new plug-in was developed, which
makes more effective the work of engineers at the user level for
modelling systems at the design stage. It identifies intersections and
corrects them ten times faster, excludes duplicated intersections, and
tracks the history of each. Additionally, it improves significantly the
report generating process on the intersection of engineering systems.

Efficiency improvement with data centre monitoring based on building
information modelling and computational fluid dynamics analysis

The literature contains limited studies linking data centres and BIM, with
little research in the field of facility management (FM) application for data
centres.

Significant energy savings can be achieved by maintaining proper
temperature and indoor humidity ranges through continuous monitoring of
data centres and using isolation systems.

There are two basic options for installing a containerisation system in
an existing engine room: isolating the cold aisle or isolating the hot aisle.
The limited number of articles related to data centres, particularly those
concerning cooling systems and the use of air corridor insulation with
computational fluid dynamics (CFD) analysis, means that each option has
its own set of characteristics, advantages, and disadvantages.

To ensure the necessary reliability of data centre equipment,
temperature and humidity can be controlled by regulating airflow. As the
temperature rises, the equipment draws in a greater volume of cool air.
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Authors in the research [15] briefly introduces the concept of using BIM
for automating data centre design. The methodology is based on the
extended use of BIM for the operation and maintenance of data centres.

As data centres are integrated parts of enterprise information systems,
it is natural to use tools for data centre design that have been successfully
used in other design and operation fields. Although this task is of great
importance, it has only been discussed by a limited number of researchers.
Two sources that provide studies in this field are [16,17].

Wei et al. [16] proposed the use of wireless sensor networks (WSN) to
monitor thermal performance parameters and predict them. They also
described an approach that integrates BIM and WSN to improve data
centre thermal performance and energy efficiency.

Rossella et al. [17] reviewed various methods of data exchange between
BIM and FM software. They then applied the data exchange method to the
performance indication model (PIM) pilot case study, focusing on surgery
rooms in healthcare buildings.

Karim et al. [18] provide examples that demonstrate the effectiveness of
various methods for model preparation when constructing buildings at
Qatar University, with a focus on operation and maintenance.

Improving the design and operation stages at the algorithm level, for
data centres leads to increased facility efficiency and significant cost
savings. Crucially, controlling temperature and humidity distribution
within data centres is essential for operational efficiency. Therefore,
determining the optimal parameters for the temperature and humidity
sensor system, including the number and placement of sensors, is crucial
for enhancing efficiency.

1.3. Research goals and methods

Our study started in 2020 and the main objective was to implement novel
approach, which based on the three interconnected levels for the further
design and operation of engineering systems for data centres using the
BIM design concept. The study included several blocks:

e Literature review and identification of the most under-researched
areas related to the design and operation of engineering systems
using BIM,;
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e Creation novel dynamic families for the model, based on the
algorithm level;

e Implementation algorithmic approach for systems design and
checking;

e Developing a novel collision checking plug-in, at the code level;
o Testing of BIM elements (families) and plug-in at the user level;

e Data collection and analysis from implemented BIM elements at
the operation stage.

In the process of the study the main key areas of any data centre that
need to be dealt with, from the information and communication technology
(ICT) point of view, have been identified. The first is the arrangement of the
rows of telecoms cabinets and filling them with equipment at the design
stage. Next is to decide on the cooling system and modelling of the isolation
system. The equipment inside the various telecoms cabinets is
interconnected by various cable lines, for which it is necessary to design
cable routes, usually in trays. When designing the trays of the various
engineering systems, intersections occur between them and other objects
such as ducts. These intersections need to be eliminated during the design
phase. When all systems are linked, a temperature analysis should be
carried out to determine how energy efficient the data centre is. For
subsequent monitoring of its climatic parameters, a monitoring system is
also designed and then installed. The following paper describes each of the
main blocks.

The result of the work was at the algorithm level: creation of own
dynamic family of telecommunication cabinets, with the distribution of
equipment in it; Creation of families of temperature and humidity sensors,
with their subsequent binding to the monitoring system of the data centre;
Implementation consequent approach for the systems design;
Determination of the most effective way of cooling telecommunication
cabinets and equipment in them,;

At the code level, result could be presented as creation of a plug-in that
facilitates checking for intersections of engineering systems between each
other in the data centre.

All these units were consistently tested on various private data centres
at the user level, and were applied in particular in 2023, when designing a
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large data centre with a volume of more than 1000 cabinets with a capacity
of 6kW each. In total, about 40 specialists in various engineering systems
took part in the testing of the developed solutions.

Autodesk Revit was used as the main tools for the development of
families and BIM models. Autodesk NavisWorks was used for creation of
summary models and collision detection. CFD analysis study was carried
out using Autodesk CFD. A plug-in for collision checking was developed in

C#.

The complex of these solutions allows to conduct a full cycle of life of a

data centre, starting from the moment of design and interconnection of

engineering systems to its operation and energy efficiency optimisation.

Code level

Algorithm level

User level

Novel plug-in for
collision tracking was
developed: forms are
data

created for

Developing a new
dynamic  family  of
telecoms cabinets for

server rooms and data

Introduction of a
novel systematic
approach for design

and identification of

and assignment by the
BIM coordinator of the
sequence of checking
for

various systems

intersection, docking
based on novel plug-in

for collision tracking.

visualization and code | centres, allowing for | cable channels for a
for the logic of user | different internal | unified data centre
interaction with the | equipment cable infrastructure,
database. configurations and | allowing all cable
optimising channels elements to

documentation for | be automatically

subsequent operation. considered and

specified.
Creating reports Based on novel

plug-in the user’s task
is to check collisions
in a certain sequence
them

and eliminate

step by step
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Code level Algorithm level User level

The communication
between real sensors
and BIM was improved
with a new approach,
based on algorithm
level.

Table 1.1: Research methodology.

1.4. Literature review

Since the research includes several blocks, the literature review is also
divided into several directions: one of which includes the design of key
elements of SCS, the other optimization of collision detection and the last
one is related to the study of energy efficiency of data centres. All blocks
have correlation with the BIM methodology. The main search keywords,
depending on the research block, were the following: BIM, information
model, structured cabling system, data centres, collision detection, BMS,
CFD.

SCS are essential for smart buildings and data centres. SCS consist of
telecommunication cabinets and racks in cross rooms of buildings, copper
and optical panels inside telecommunication cabinets, and
telecommunication outlets installed in the offices. The cabinet and
information sockets are connected by copper and optical cable lines. Cable
lines are laid in cable trays and boxes.

The methodology used to conduct this qualitative literature review on
the use of BIM in structured cabling design and data centre research
involved a traditional literature search on the use of BIM in design and
facilities management. This was followed by a qualitative analysis of the
content related to the design of SCS and data centres identified in the first
step. The literature sources were categorized based on three criteria that
correspond to the five main areas of use for BIM tools and methods.

- Weak: there is no BIM application with the same title as suggested by
the authors, nor is there a BIM application that focuses in its description
on the area of structured cabling design and data centre engineering
identified by the authors.
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Moderate: There is either a BIM use with the same title identified
by the authors, or there is a BIM use (or more than one) that
focuses on the same topic proposed by the authors, even if the
description in the guide is too general and never directly related
to the structured cabling design and data centre engineering
discipline.

Strong: There is a BIM application with the same title identified
by the authors and its description goes into detail about the
structured cabling design and data centre engineering area
identified by the authors.

Our qualitative literature review identified S5 main BIM uses in ICT
engineering: 1) SCS; 2) production of working drawings; 3) data centre
optimisation; 4) preparation of documentation and models for further FM;
5) monitoring of system parameters.

Area of use BIM Content
Is the rea Does the Level of
Reference| Plan |Design | Build | Operate | relationship article correlation with
with the BIM correlate main criteria’s
withlof the 5
main criteria

[15] + + + Strong
[19] + + + + Strong
[1] + + + Weak
[3] + Weak
[20] + + Medium
[21] + + Medium
[16] + + + Strong
[18] + + Weak
[22] + + + Strong
[23] + + Weak
[24] + + + Weak
[25] + + Weak
[26] + Weak
[27] + Weak
[28] + + Weak
[29] + Weak
[30] + + + Weak
[31] + Weak
[32] + + Weak
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Area of use BIM Content
Is the rea Does the Level of
Reference| Plan |Design| Build | Operate | relationship article correlation with
with the BIM| correlate main criteria’s
withlof the 5
main criteria
[33] + Weak
[34] + Weak
[35] + Weak
[36] + Weak
[37] + Weak
[38] + + + Weak
[39] + + + + Strong
Table 1.2: Quantitative analysis [5].
Number of
Reference
Document
(1) analysis of SCS 6,9%
(2) production of working drawings 24,14%
(3) optimized data centre design 20,69%
(4) preparation of documentation for further FM 37,93%
(5) monitoring system parameters 37,93%

Table 1.3: Qualitative analysis [5].

As can be seen from the table 1.2 and 1.3, the number of papers
targeting SCS in relation to the design and operation of SCS in offices and
data centres is quite small. It is important to explore this area in depth as
it is under-researched.

The second part of the literature review is related to collision tracking
at the intersections of different building engineering systems.

Numerous tools are available to detect collisions between objects in
BIM. Most of these tools use the built-in functionality of Revit and
NavisWorks. The literature was analysed to identify the main shortcomings
of existing methods for identifying collisions.

For example, Nursultan B. et al [40] used NavisWorks software to
examine potential losses resulting from merging current project
documentation into BIM models. They used one of the Nur-Sultan projects
as an example. The article compares the identification of intersections
using the combinatorial principle. It checks for intersections between the

section on constructive and spatial planning solutions and the sections on
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heating and ventilation, water supply, and sewerage. This process is
repeated, and exceptional combinations are selected to check for conflicts.

During the conflict analysis, we considered the permissibility of
deviations for different combinations of the main sections of the design
documentation. We reviewed some of these deviations and found that the
conflict identification process is not completely independent and needs
improvement. To prevent errors, we recommend developing the virtual
model one section at a time instead of in parallel. By following this
methodology, the designer can identify any inconsistencies before moving
on to the next section of the design documentation. This can help avoid
disputes, reduce rework costs, and save on labour costs.

Kermanshahi et al [41] examine a physical object that includes
architectural, structural, mechanical, electrical and plumbing (MEP) BIM
plans, as well as MEP BIM models and their collision detection. The study
used Autodesk Revit and Autodesk NavisWorks Manage as BIM tools to
develop features for simplified and automatic collision detection.

The clash detection system identifies three major types of clashes: hard
clashes, which occur when one building component interferes with
another; soft/clean clashes, which occur when components are too close
together; and time/4D clashes, which can involve contractor deadlines,
equipment and material delivery, and general time clashes. The aim of this
study is to evaluate the impact of BIM on the design phase of the
construction process and its ability to identify all clashes in construction
plans during this phase.

The authors of another paper [7] also take a similar approach. They
propose using network analysis to improve collision detection from a
comprehensive perspective. Since a building is a continuous entity, the
effects of collisions are influenced by the dependency relationships between
building components. To represent these dependencies, a building
component network is constructed, which is focused on collision objects.
This work defines three types of spatial dependence for building a network:
collision, impact, and connection. The collision relationships are classified
into four types: intersection, penetration, through, and containment, based
on the intersection curves of collision objects. To enhance generality, the
industry foundation classes (IFC) and boundary volume hierarchy (BVH)
models are used to query geometric information. Hierarchical structures,
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such as BVH, expedite the query process by eliminating irrelevant
comparisons.

The paper examines the efficacy of the network method in enhancing
collision detection through a real-life project. The findings validate the
method's success in identifying irrelevant collisions in four scenarios,
reducing their number by 17%. Furthermore, the network automatically
groups relevant collisions, resulting in a reduction of over 50% of the
initially reported collisions.

The article [42] recommends using a plug-in in addition to the standard
Autodesk NavisWorks tools to enhance the collision detection process. The
plug-in automatically groups collisions detected by BIM tools to prioritize
resolution and identify irrelevant collisions. The study demonstrated that
the proposed plugin can distinguish between relevant and irrelevant
collisions.

The study [43] recommends the BIM Vision IFC viewer, an application
developed in Poland. This manuscript discusses the collision detection
process and presents three case studies based on different BIM models.
The results varied depending on the methodology used, which was based
on the assumed process accuracy parameters, and resulted in different
numbers of reported collisions. The study presents collision numbers
ranging from zero to several thousand, depending on model complexity and
expected accuracy. Additionally, the study measured the duration of
individual collision detection, with results ranging from less than 1 second
for the residential building model to 1 minute and 20 seconds for the
industrial structure model.

The authors of the study ‘Clash Detection and Code Checking BIM
Platform for the Italian Market’ [44], conducted research in Italy and
suggest using a different software product for checking interference,
namely usBIM.clash, instead of the Association of Chartered Certified
Accountants (ACCA's) software system.

The plugin is capable of identifying hard collisions, hard tolerance
collisions, and clearance collisions in an IFC model or between models.
Computational geometry algorithms are used to check each selected
element individually. For each element, the system processes a list using
special data structures. This list includes the remaining model elements
that could cause a collision. The analysis takes into account the selected
test parameters. For example, in order to determine whether two objects
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collide, the algorithm first calculates the corresponding bounding boxes
and checks for disjointedness. Only if this test fails, a more precise but
computationally expensive test is conducted. To enhance performance, the
algorithm performs similar calculations in multiple stages for all three
types. If the test fails, it indicates that the two elements are not interfering.
Therefore, the element can be removed from the list and the algorithm can
continue with the next one.

In the case of collision detection, it is important to consider methods for
the weighting of collision severity and for the correct classification of a
given intersection. The authors of the study [45] prioritised collision
resolution before the construction phase. Results from Autodesk
NavisWorks were used to improve the collision detection process.
Additionally, a fuzzy analytic hierarchy process (AHP) algorithm was
employed to assign weights to criteria. The relationships resulting from the
collision detection process can be used to prioritize collisions for resolution
and identify irrelevant collisions. The proposed method was tested in a real
project, and comparison with expert opinion showed effective collision
identification. This study presents a logical and practical approach to
improving the collision detection process by considering the weight and
penetration degree of collision elements.

The authors of 'Clash Relevance Prediction Based on Machine Learning'
[13] also adopt a similar approach. The accuracy of BIM-enabled collision
detection has been questioned due to the inclusion of minor collisions in
the output. These collisions may not have a significant impact on the
project or can be resolved in subsequent design or construction phases. To
improve collision detection quality, this paper utilises supervised ML
algorithms to distinguish between relevant and irrelevant collisions.

A test case was conducted to compare six types of classifiers: J48-
based decision tree, random forest, Jrip-based rule methods, binary
logistic regression, naive Bayes, and Bayesian network. The results of
cross-validation and the Kruskal-Wallis test indicated that Jrip was the
most effective method for predicting clash relevance. The prediction
accuracy was 80% on average for both the training and test datasets,
which exceeded the initial percentage of relevant clashes (59%) in the clash
report recommended by BIM coordinators for the test case. This indicates
the success of the proposed method.
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The sources analysed above demonstrate that despite the numerous
proposed algorithms and solutions, the topic remains relevant and
unsolved.

A novel plug-in, developed during the research, offers enhanced
functionality with regard to the intersection of disparate systems. During
the work, it was identified that the same collision can appear multiple
times in the report. To solve this problem, the plug-in eliminates duplicate
intersections.

In the next block, the literature review aimed to identify studies related
to thermal management, corridor insulation systems and CFD related to
BIM in data centres.

However, the number of articles related to data centres is limited,
particularly those related to cooling systems, thermal monitoring and the
use of air corridor insulation.

Currently, air cooling is the most commonly used cooling system in
data centres due to its ease of use and maintenance. The data centre is
cooled by computer room air conditioning (CRAC) units that supply cold
air. These units have powerful fans that move large volumes of air. Servers
are typically located in racks and have built-in fans that draw air in from
the front and expel hot air from the rear. Different arrangements can be
used depending on the airflow direction in the room. For instance, air can
be supplied either from the underfloor space (plenum) through perforated
tiles or from the ceiling in a suspended format. It is assumed that the hot
air generated by the racks will be returned to the CRAC unit without any
alteration to the cold air supply. This is to prevent thermodynamic
inefficiencies.

Racks are usually arranged in rows to create alternating hot and cold
aisles (HACA). This arrangement aims to partially separate the hot and
cold air streams. However, it is still possible for hot air to mix with the cold
air or bypass it directly. To more effectively reduce the mixing of hot and
cold air, our study suggests physically separating the HACA. This can be
achieved by insulating either the cold ducts or the hot ducts. Additionally,
a return air duct configuration can be used to separate the hot air from
each telecom cabinet and direct it into the return air duct. However, each
approach has its advantages and disadvantages.

Based on the application, several categories can be identified: cold aisle
containment (CAC) thermal control; hot aisle containment (HAC) thermal
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control; room cooling systems; optimising energy consumption through the

use of cooling systems.

Reference

Area of use

CAC
thermal
control

HAC
thermal
control

Room
cooling
systems

Energy
consumption
optimisation

by using
cooling
systems

Using CFD
to optimise
design and
operation
processes

Using BIM and|
geometry
analysis to
optimise
design
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Table 1.4:

Analysis of the articles related to HACA [71].

Table 1.4 shows a detailed analysis of the primary categories. The study
indicates that only a small number of papers have explored the use of BIM
and CFD for aisle isolation systems. Although precise object geometry can
significantly improve the accuracy of subsequent CFD modelling, the use of

23




BIM has received limited attention, as evidenced by the scarcity of sources.
BIM enables the inclusion of all necessary details required for the
operation of the data centre in the element models.

Additionally, managing temperature and humidity distribution within
data centres is critical for operational efficiency.

Wei et al. [16] proposed the use of WSN to monitor thermal
performance parameters and predict them. They also described an
approach that integrates BIM and WSN to improve data centre thermal
performance and energy efficiency.

Rossella et al. [17] reviewed various methods of data exchange between
BIM and FM software. They then applied the data exchange method to the
PIM pilot case study, focusing on surgery rooms in healthcare buildings.

Karim et al. [18] provide examples that demonstrate the effectiveness of
using various methods for model preparation in the construction of Qatar
University, for subsequent operation and maintenance.

Therefore, finding the better parameters for the temperature and
humidity sensor system, including the number and position of sensors, is
essential for improving efficiency. The location of these sensors for
monitoring climatic parameters has a close link to CFD modelling.
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2. Automated equipment and cable trays design for
structured cabling system in data centres

This section outlines the essential components of SCS in data centres.

A data centre is a sophisticated and intricate facility that processes,
stores, and transmits information for a specific organisation, managing its
information system [1]. It includes complex infrastructure such as the
following [2,3]:

The data centres’ main functions, such as information processing and
storage, are provided by the server equipment that makes up the
information infrastructure.

The telecommunications infrastructure connects the data centres’
elements and facilitates data transfer between the data centre and users.

The engineering infrastructure comprises systems and equipment that
guarantee the operation of the primary data centre systems. These may
include air conditioning and ventilation, UPS, fire extinguishing, low
current systems, and access control. The object being serviced may require
additional systems beyond those listed, depending on its specific needs
[72].

Data centres are engineering systems characterised by a high density of
equipment in a confined space. They typically include the following main
systems: a structured cabling system, a system of cable trays, and a power
supply system.

The building is equipped with an air conditioning system as well as a
smoke detection and automatic fire extinguishing system.

This section discusses the two primary factors that impact various
aspects of a data centre form the algorithmic point of view: cable route
design methodology and the proper placement of cabinets and equipment
within them. These factors significantly affect the usability, reliability, and
efficiency of data centres.

A structured cabling system is designed to organise a single cable
infrastructure that can be used by local computer networks, telephony
systems, video surveillance, access control, and other systems for the
transmission and processing of information.

The cable trays in the data centre serve several functions. They provide
protection for cable lines of various systems from external influences. They
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also protect cable lines of horizontal and trunk cable systems (subsystems)
from electromagnetic interference.

Additionally, they physically separate different systems, such as fibre
optic cables and low current cables, in separate trays.

SCS in telecommunication cabinets of data centres are created using
functional elements such as copper patch panels, optical patch panels,
cable organisers, copper cables, and fibre optic cables.

A variety of tools are available for creating information models. For this
research, Autodesk Revit was chosen as the optimal tool for problem-
solving and implementation. It allows for the design of architectural,
structural, and engineering elements by creating the necessary equipment.

Additionally, it enables several specialists to work simultaneously on
one information model, download drawings for documentation, and create
custom families, including dynamic ones with a set of changing
parameters.

2.1. Designing novel rack family

Recently, the integration of BIM technologies into the design of technically
complex objects, such as data centres, has become inevitable. BIM enables
rational placement of equipment and communications, simulation of the
influence of various factors on equipment operation, and effective
organization of joint work among project participants. It also reduces the
number of collisions and coordinates their correction in an interactive
manner.

To solve the issues of automatic design of structured cabling system
equipment inside telecommunication cabinets (copper and optical patch
panels, cable organizers) a novel methodology is presented in this section.
The methodology defines a new cabinet family with a dynamic set of
various elements, including various sub-families of typical active
equipment such as switches and UPS. This family was developed based on
algorithm level by using as a tool in Revit. This allows for the simulation of
the complete equipment of each cabinet. The novel dynamic cabinet family
has several distinctive features in comparison with standard methods. The
comparison is presented at the flow chart in Figure 2.1.
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Figure 2.1: Flow chart: Work process with the novel cabinet family and with a simple family.

It also enables the addition and modification of equipment within the
cabinet. The system allows for the selection of equipment to be housed in
the cabinet and the unit to be occupied. A cabinet facade scheme is
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generated based on the equipment housed within it, and a specification is
automatically created.

This is necessary due to the potential for several hundred cabinets,
each with unique equipment inside. To optimize the design process and FM
of data centres, a novel family with changing parameters was created.

2.1.1. Main parameters of the novel cabinet family

A special purpose new dynamic family has been developed with varying
sizes and parameters to enhance the efficiency at the design and operation
stage. The specific features of this new family are summarised below.

The location of equipment in cabinets is dependent on its type and is
determined during the design stage. All elements must be included in the
specification phase, and this information is also necessary for the further
operation of the data centre.

The user can select equipment to be placed in each unit of the
‘properties’ section of the new dynamic family within the
telecommunication cabinet. This enables the creation of an accurate
cabinet facade scheme and specification.

This complex family of equipment is characterised by the presence of
numerous subfamilies within the cabinet, each with its own unique
parameters that can be adjusted.

The diagrams of the cabinet facades are important for FM as they
display the equipment contained within the telecommunication cabinets,
including patch panels, crosses, cable organizers, blocks of electric outlets,
and active equipment.
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Figure 2.2: Telecommunication cabinet facade drawings [15].

In regard to the data stored within each telecommunications cabinet, it
is all contained within the database. To illustrate, each panel is assigned a
distinct number, which serves to identify it. Figure 2.3 illustrates part of
the database containing information about optical cassettes in the panels
in the case study, which include 29921 rows where each row is an optical
cassette with specific parameters. The headings of the main database
tables are presented in Appendix A.
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29008 2917766 1773256 MDA G11TX201 MDA G1.11F.44/B2 380306 178418 113
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29011 2917778 1268298 MDA G11TX201 MDA G1.11F.42 389306 178421 112
20012 2917779 1773256 MDA G11TX201 MDA G1.11F.42/A1 389306 178422 113
29013 2917783 1773256 MDA G11TX201 MDA G1.11F.42/A2 389306 178423 113

Figure 2.3: Part of the database containing information about optical cassettes in the panels
[15].
In summary, the dynamic cabinet family has several unique features.
These include the ability to choose different sub-families within the
cabinet units, the ability to modify and add sub-families within the
cabinet, the creation of a cabinet facade scheme based on the equipment
inside, and the automatic generation of a specification.

2.2. Automation for cable trays design

The placement of switching equipment inside cabinets is dependent on the
cable routes in trays. This section presents a solution that utilizes an
automated plugin, specifically the Cable Tray Plugin. This plugin improves
and automates the design process in the following areas: placing trays
based on the installation method (wall, floor, ceiling) and placing tray
elements (hangers, consoles, racks) at user-defined intervals.

Place tray connectors based on the selected connector and tray types at
user-selectable spacing. Add a tray cover and partition in the tray
properties. Export the list of cable trays and components in XLS or XLSX
formats (Microsoft Excel).

Comparison of the new plug-in with the standard features of Revit
presented in Figure 2.4.
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Figure 2.4: Flow chart: Work process with the new method based on an Ostec trays plugin
and standard Revit tool.
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2.2.1. Cable trays plug-in
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Figure 2.5: Some parameters of cable conduits [15].

Figure 2.5 shows a cable tray section with various elements such as
bends, corners and covers. Each element has specific parameters,
including size, name, and identifier (ID), which are crucial during the model
creation stage. During the modelling process, the tray size may need to be
adjusted, and this data is necessary to create an accurate product and
material specification.

The aim of the research presented in this section is to improve the
design process of SCS in data centres and develop more efficient design
methods compared to standard ones. To implement and present the

methodology, a plugin is required to provide correct filling of the necessary
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parameters and the ability to specify all elements of the tray routes
automatically. The Ostec company's plugin is used for this purpose.

The cable tray plugin automates the design process by placing trays
based on the installation method (wall, floor, ceiling), elements of the trays
(hangers, consoles, racks) at a user-defined interval, connectors of trays
based on the selected type of connector and the type of trays with an
interval equal to the length of the selected type of tray, and adding a tray
cover and a partition inside in the properties of the tray itself.

Export the list of cable trays and components in XLS and XLSX formats
(Microsoft Excel) and automatically create a specification.

The specification includes all elements of the cable routes including the
necessary connecting elements. An example of cable conduit specification
presented in Appendix B.

2.3. Results and discussion

Data centres are complex technical objects that consist of many systems.
The cabling system of a data centre is part of a comprehensive engineering
and information solution that supports various hardware and software
products from multiple vendors.

This section presents a methodology that can improve data centre
performance by efficiently designing the placement of trays and cables and
managing related information. The method automates the formation of
facade schemes and ensures correct specification.

The tray design plugin and dynamic cabinet family introduced in this
section simplify the design and specification process and improve FM
profitability. Thus, a solution is given to the issues posed in the section.

The plugin automates the construction of cable routes between
cabinets. Fastening elements are placed automatically depending on the
selected surface (wall, floor, ceiling), and all elements, including bolts and
nuts, are included in the specification.

The new family of cabinets enables automatic selection of the required
equipment and its location in the 'properties'. Each cabinet can have a
unique filling, which eliminates errors in creating facade diagrams.
Additionally, all equipment is automatically included in the specification.

The results of this section serve as the basis of the Thesis 1.
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In comparison with standard solutions that allow modelling cable
routes and equipment in telecommunications cabinets of data centres, the
solutions presented in this part of the study allow achieving the following
advantages:

e reducing the duration of the design phase by up to 30%. For
example, the design processes can be accelerated by 20-30% (due to
the use of plugin, novel cabinet families);

e possibility of subsequent identification of each element and work
with databases of separately selected elements;

e increasing the quality of the project.
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3. BIM based collision tracking at the intersections of
different building engineering systems at the
design stage

After creating the novel cabinet families and searching for better cable
trays design methods, our research focused on collision tracking plug-in
creation, due to cabinets and cable trays could gave intersections with
other engineering system objects.

Each of digital information model elements are three-dimensional,
allows for clear tracing of the location (x-y-z position) in space and prevents
their intersection.

Collisions can occur due to design rule violations, errors, uncertainties,
model inaccuracies and tolerances, according to Chahrour et al [6]. BIM
tools can detect two types of collisions: relevant and irrelevant.

Collisions that result in a loss of productivity, interruptions, and
rework are considered relevant to the project if they require resolution [7].
Irrelevant collisions, such as a single error repeated multiple times
throughout the project or deliberately created collisions, do not require
resolution [8].

Accurately identifying collisions, both relevant and irrelevant, and
appropriately distributing collision resolution among BIM project teams is
crucial in projects where specialised software can capture thousands of
collisions [7].

Table 3.1 summarises a systematic review of factors affecting geometric
collisions in a BIM model and the impact of collisions on achieving effective

design.
Causes of collisions Authors

Use of incorrect or low level of detail [73]
Uncertainty in design/use of "fillers" [74]

Failure to follow design rules [74]
Accuracy vs. timing [74]

3D model objects that exceed acceptable clearances | [74]
Designers working in isolation from each other [75-77]
Complexity of the design [74,78,79]
Lack of time [79,80]
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Causes of collisions Authors
Use of 2D rather than 3D models [73,81,82]
Design errors [74,83,84]
Use of different file formats [85]
Lack of experts [73,79,85-88]

Table 3.1: Summary of causes of collisions [89].

Detecting and preventing collisions at early design stages can reduce
the need for extensive revisions to the executive model, which serves as the
foundation for the design documentation.

The executive information model is a consolidated model created by
engineers from different disciplines who have made changes to their
respective sections of the information model.

This section aims to answer the following questions.

What is the optimal engineering design sequence for minimizing
collisions?

The algorithm discussed in this section offers several advantages,
including consistent design across different engineering systems,
elimination of duplicated work, and prevention of unnecessary collisions.

The section also presents a new plug-in for effectively detecting and
dealing with collisions, which optimises the work of engineers during the
design stage of all modelled systems. The plug-in enables the identification
and correction of intersections ten times faster. The plugin enables the
exclusion of duplicated intersections and tracks the history of each.
Additionally, it optimises the process of generating reports on the
intersection of engineering systems.

The method of plug-in development is in the focus of our investigations
aiming the improvement of the complex engineering subsystems at the
design stage. To show the key ideas in our approach the collision checking
procedure is discussed at three levels: code level (plug-in developer),
algorithm level (BIM coordinator) and user level (engineers performing the
check).
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31 The implementation of an intersection prevention

algorithm at the design stage

The information model is a consolidated model created by engineers from
various disciplines who have made changes to their respective sections of
the information model.

BIM modelling offers several advantages, as follows. Firstly, it allows for
collaboration among specialists of different profiles in a single information
environment, regardless of their location. Secondly, specialists from
different areas can monitor changes made to the information model and
receive notifications about them.

The project includes tools for automatically marking modelled objects
and generating specifications for modelled equipment and elements.

These benefits streamline the work of specialists, decrease the
probability of design errors, and enhance the quality control of
documentation for designed objects.

To identify potential issues that frequently occur during intersection
checking, collisions were searched for in the model of the designed data
centre.

The model was created using Autodesk Revit, and the collision search
was conducted in Autodesk NavisWorks Manage. Several issues were
identified.

It should be noted that in this type of project, the number of collisions
can reach tens of thousands. Despite the engineers discussing the layout
of complex assemblies and designing the systems in a BIM platform, there
were still thousands of collisions.

Collision check reports in NavisWorks are presented in an exportable
Hypertext markup language (HTML) table. Working with such a large
amount of data with the specified number of intersections can be
challenging. Unfortunately, the NavisWorks platform only allows for
viewing the summary model and does not provide the ability to edit a
specific intersection. To address this issue, scheduled weekly checks were
implemented from the start of the design process.

The prioritisation of modelling elements was as follows: structural and
architectural solutions, ventilation systems, sewerage systems, water
supply and heating systems, power supply systems, and communication
networks.
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The designers work sequentially in predetermined areas of the project,
modelling the main volumes of the model within the structural and
architectural sections. The designers of the ventilation system then
commence their work in this area, as it contains a significant volume of
ducts, connectors, and equipment.

The distribution priority order then passes to the designers of sewerage
systems. The pipelines in this section are designed at a significant slope,
and changing their routing is a labour-intensive process. After these
sections, the water supply and heating networks are designed, with power
supply and communication networks being designed last. When modelling
their part, engineers from each section should take into account the work
of their colleagues and make space for the systems of other sections
through prior agreement [90].

The BIM coordinator carries out collision checks on the consolidated
model with all sections multiple times a week. Reports are then uploaded
to Power BI. Initially, engineers were advised to perform daily checks for
intersections within their section using tools available in Revit.

A problem with collision checking is that not all intersections in the
model necessarily indicate collisions. Quite often, pipe connections with
fittings or equipment can be displaced, or elements can be duplicated
when working together if the engineer has set the system to follow the
change of elements in the adjacent section, or the accounting of equipment
service areas can be made in the form of three-dimensional objects.
However, hitting model elements in the peripheral part of such an area,
which in fact does not carry global problems, is also defined as a collision.
When installing flexible ducts, it is more efficient to separate them rather
than correcting them during the design stage. A significant number of
collisions fall within the specified tolerances, leading to an increase in
collisions.

To solve this problem, it is recommended to filter objects before
generating a report. In order to address collisions in the report, tolerances
can be assigned to account for them. However, it is important to note that
Autodesk NavisWorks tools may not allow for these tolerances. To check
for intersections, the object can be divided into zones or sections as
provided in the project. The decision on which elements to filter should be
made on a project-by-project basis.
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Note that when generating a report on intersections in NavisWorks, the
table should list the results of each collision between objects. This means
that the same collision will appear twice in the report, but in different parts
of it when it involves two objects. Additionally, when one object intersects
with multiple objects, such as a duct intersecting with several pipes, the
number of collisions will naturally increase significantly.

Therefore, it is recommended to group intersections by combining lines
with identical elements before sending the report to the engineers for
collision correction. This will automatically reduce the number of collisions
in the report.

Additionally, NavisWorks has a significant drawback when it comes to
working on collisions, specifically the correct display of the intersection
area of objects. The automatically generated view often lacks the correct
trimming area, which can cause inconvenience for further consideration
and work on the collision.

In order to eliminate the identified shortcomings, a plug-in was
developed (in C#) and tested by BIM experts and engineers of various
systems at the design stage.

3.1. The novel collision tracking plug-in

The methodology proposed in the research part for checking collisions
is based on several key factors. These include compliance with the
sequence of checking systems, exclusion of irrelevant collisions, and
setting tolerances when joining system elements.

In our methodology for collision checking, we have introduced three
levels: code level (plugin developer), algorithm level (BIM coordinator) and
user level (engineers performing the check). At the developer level, forms
are developed for data visualization and code for the logic of user
interaction with the database. The work of the principal blocks of the
plugin at the code level can be visualised by means of the diagram shown
in Figure 3.1.

39



TBD_Clash ClashResult : RowObject_inDB ClashResultFormObject : ClashResult
' PK id Id Property (int) Id Property (int)
test_name TestName Property (string) TestName Property (string)
ell_file Element1File Property (string) Element1File Property (string)
ell_id Element1ld Property (int) Element1ld Property (int)
ell_categ Element1Category Property (string) Element1Category Property (string)
el2_file Element2File Property (string) Element2File Property (string)
el2_id Element2Id Property (int) Element2id Property (int)
el2_categ Element2Category Property (string) Element2Category Property (string)
date Date Property (DateTime) Date Property (DateTime)
state State Property (string) State Property (string)
Properties List<Property> Properties List<Property>
UNIQProperties List<Property> Workset Property (string)
Table dbTable Changed Property (string)
Document Autodesk.Revit.DB.Document
Element1ld Property (int)
Element2Id Property (int)

Figure 3.1: Code level, diagram of the principal plug-in blocks [91]

The principal data blocks are the TBD_Clash table in the database,
which stores information about all the unique collisions that have ever
occurred in the project. A unique collision is defined as the combination of
ell_id, ell_file, el2_id, el2_file that is unique.

The ClashResult form displays current collisions related to the current
open model at the current time. Collisions with the most recent date are
considered current. Upon loading the subsequent collision report, the date
at which the file was saved is employed as the date. In the event that a
collision already exists within the table, the date of the report being read is
substituted for that of the collision.

The collision class contains two constructors. The first constructor is
used when reading an eXtensible markup language (XML) collision report
for subsequent writing to the database. It accepts XAttribute, XElement
and date (as a string) as input.
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The DataRow object represents the outcome of a database query, and
its constructor is employed to generate a set of collision objects for display
in a given form.

At the algorithmic level, the function of the plug-in can be represented
by the following sequence of actions:

e assignment by the BIM coordinator of the sequence of checking
various systems and tolerances for intersection, docking;

e generation of a collision report in XML format;

e loading the report into the plugin.

At the user level, the user directly works with the form for searching
and visualising collisions and eliminating single collisions. The user’s task
is to check collisions in a certain sequence and eliminate them step by
step. After elimination, an identifier is placed in the form of a checkmark to
enter information into the database that this or that unique collision has
been eliminated, information about the date of elimination and the name of
the user who last performed the action.

The aforementioned levels (code, algorithm, and user) are inextricably
linked and collectively serve as the foundation for the plugin's
functionality.

3.2.1. The plug-in information model

The plug-in menu is a panel that is embedded in the Revit window. It
consists of buttons that are available to users of different levels. Figure 3.2
displays the block diagram of the plug-in.
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Figure 3.2: Block diagram of the plug-in [91]

The sequence of its use can be broken down into the following steps:

Firstly, the engineer selects the required model/system files for
comparison, such as heating, ventilation and air conditioning systems
(HVAC) and walls.

Secondly, the plug-in detects all intersections of the previously selected
systems within a given accuracy tolerance.

Finally, the engineer sequentially goes through the list of collisions,
noting the collision status as checked or unchecked. The plug-in also
provides the option to display a 3D view of the required collision.

Each collision is assigned a wunique ID, allowing for accurate
identification in the database. Additionally, the necessary collision can be
displayed on the screen 20 times faster than the standard capabilities of
Revit (reducing the time from 20 seconds to 1 second per operation),
significantly improving the efficiency of engineers.
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3.2.2. Plug-in databases

The information model of the plug-in can be represented as a diagram
containing databases and shown in Figure 3.3. The diagram displays
several blocks:

TBD_ModelHistory records the history of models, documenting who
accessed and modified the information model and when.

TBD_Users contains information about project users and their roles,
with the menu presented by the plug-in varying depending on whether the
user is a BIM manager or engineer. The BIM manager role has significant
functionality, providing statistics on engineers' work with models.

The TBD_UsePlugin section contains statistics on plug-in usage,
including user actions.

The TBD_Commands section includes information on all executed
commands and their unique IDs.

The TBD_PluginVersion section provides information on plug-in
versioning and critical updates.

TBD_Clash_Date contains information about all collisions for the entire
duration of the checks. It is linked to the TBD_Clash database, which
contains unique IDs for collisions.

Since one system can overlap with many others, TBD_Clash prevents
duplication during repeated checks if the collision has been eliminated. If
the collision remains, information about it will remain in the database. The
provided text contains information about the working set in which the
intersecting systems are located.

TBD_Projects also contains service information about the projects in
which this plugin is used, along with their short descriptions.

Additionally, TBD_Models provides information about the models
checked by the plug-in, including their names and unique IDs.

The TBD_Models_Clash also includes tables of links of collisions of
some systems (models) with other systems (models), as well as a
TBD_Rooms that contains unique room numbers and their IDs. If needed,
it enables tracking of collisions in specific rooms.

TBD_Levels is a service database of floor levels that is directly linked to
the previous item and allows for tracking of the floor where the collision
occurred.
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TBD_Commands TBD_Clash < TBD_Models_Clash
TBD_UsePlugin TBD_Clash_Date TBD_Levels
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TBD_Users TBD_Models TBD_Rooms
-~
TBD_ModelHistory TBD_PluginVerion TBD_Projects

I
Figure 3.3: Plug-in databases diagram [91]

3.2. Results and discussion

In this section, the methodology for collision checking is based on
several key factors. Such factors include adherence to the prescribed
sequence of checking systems, the exclusion of irrelevant collisions, and
the establishment of tolerances when integrating system components. To
facilitate the implementation of the methodology, a novel special-purpose
plug-in was developed.

In the context of collision checking, three levels of analysis have been
identified. At the code level, forms are created for data visualisation and
computer code is developed for the logic that underpins the user
interaction with the database. In the context of user-level interaction,
users engage directly with the form for the purpose of searching for and
visualising collisions, as well as eliminating singular collisions. The
objective is to identify and eliminate collisions in a prescribed sequence.
Once a collision has been eliminated, an identifier is incorporated into the
form in the form of a checkmark. This serves to indicate the successful
elimination of the collision, the date of the elimination, and the name of the
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user who performed the elimination. The three levels are inextricably
linked and collectively constitute the fundamental building blocks of the
plugin's functionality.

As collisions can lead to construction errors, it is of paramount
importance to remove any remaining collisions between the engineering
systems after they have been correctly modelled. With the new approach
for the plug-in development, engineers' work in designing all the modelled
systems can be improved. It enables the identification and correction of
intersections approximately ten times faster, while also excluding
duplicated intersections and tracking the history of each one.

The main results achieved with the plug-in are as follows: the plugin's
audience coverage refers to the number of engineers who have used it to fix
collisions, and it has reduced the time required to search for a single
collision. In terms of working hours, the conditional number of clicks
required to fix a collision has decreased from dozens to 5000 clicks with
the plug-in, compared to 500000 clicks without plug-in. By measuring
clicks per second, collision identification speed can increase tenfold.

This allows for the collection of reports in both dynamic and static
formats. Without the plugin, creating a single report manually using
standard tools would take several hours, but with the plugin, it can be
done in just a few minutes. A typical data centre project lasts around one
year, during which approximately 150 reports are prepared. This amounts
to 450 hours without the plugin or 38 hours with the plugin.

The reports are downloaded from the main databases,
TBD_Clash_Date and TBD_Clash, which contain information about all
collisions for the entire duration of checks. This includes unique collision
identifiers and information about the working sets in which the
intersecting systems are located.

Jointly fixing collisions within the same model becomes possible
without additional coordination between employees, saving communication
time within the project team.

The change histories for each collision are stored in a unified database,
enabling easy tracking of each collision as required.

The results of this section serve as the basis of the Thesis 2 and main
part of collision case-study results are presented in Appendix C.
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4. Efficiency improvement with data centre
monitoring based on building information
modelling and computational fluid dynamics
analysis

BIM can be used to solve data centre design issues. However, some
problems arise during the transition to facility operation, such as the
correct data export for FM, connecting real sensors with the model, and
receiving data. These issues also affect the efficiency of data centre systems
management. This section presents a new methodology for interconnecting
BIM with real sensors in data centres, based on algorithm level.

The objective of this section is to enhance the operation of data centres
during the FM stage. The issue at hand is that data centres are
constructed using either computer-aided design (CAD) or BIM, and then a
BMS is created separately for facility operation. As a result of this, there is
a notable disconnection between the object design and the process of BMS
creation. This section recommends designing directly in BIM and then
using FM programs to combine the BIM model with BMS. This eliminates
duplication of work and reduces the possibility of errors. Also, due to
cooling system is affected to data centre efficiency, computational fluid
analysis was applied for corridor isolation systems. The lower the load on
it, the higher the energy efficiency.

Energy efficiency is improved by constantly controlling the temperature
range in data centres. The approach of continuous temperature control is
widespread and is a generally accepted standard of data centre operation.

Telecom cabinets housing IT equipment are located in the data centre.
Constant cooling is required for this equipment. In order to prevent
overheating, it is essential to provide cool air to the cabinet’s front door
and remove hot air from its rear. However, if there is no barrier between
the two zones—cold and hot—the two flows can mix, reducing cooling and
increasing the load on the air conditioning units.

To prevent hot and cold air from mixing, it is essential to construct an
air containment system. The principle is as follows: the closed container
stores the cooled air, preventing it from mixing with hot air and ensuring
that high-load cabinets are adequately cooled. The air container should be
located between two rows of cabinets or between a row of cabinets and a
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room wall. All sides of the container separating the hot and cold zones
must be separated by partitions so that cold air only passes through the IT
equipment.

The energy consumption of IT equipment is directly related to the power
requirements of the cooling fans. One can calculate the cooling power
requirements of a data centre as per the rack inlet temperature. When the
temperature rises, the IT equipment’s efficiency declines, and power
consumption rises.

4.1. Power usage effectiveness of data centres

According to Green Grid, the power usage effectiveness (PUE) of a data
centre is the ratio of the total energy used by the data centre to the energy
consumed by the computing equipment [92]:

Total power in the data centre
PUE

~ Total power utilized by IT equipment in the data centre

The PUE ratio always produces a value greater than 1, with larger
numbers indicating less efficient data centres. Data centre infrastructure
efficiency (DCiE), the inverse of PUE, measures DCiE:

DCiE = L
PUE

The Table 4.1 shows the levels of efficiency with PUE and DCiE

indicators [92].

PUE Level of Efficiency DCiE
3 Very inefficient 33%
2.5 Inefficient 40%
2 Average 50%
1.5 Efficient 67%
1.2 Very Efficient 83%

Table 4.1: Efficiency values of data centre [93].

Maintaining a constant control of temperature range and humidity in
data centres can improve energy efficiency. The graph in Figure 4.1 shows
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that power consumption increases significantly from an average of 27°C,
depending on the environmental class of the data centre.
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Figure 4.1: (a) ASHRAE Volume Server power increase vs. Inlet temperature and (b)
ASHRAE Volume Server air flow rate increase vs. Inlet temperature [94].

The power demand of the fans used for cooling IT equipment is directly
related to its energy consumption. The cooling power requirement of a data
centre can be calculated based on the rack inlet temperature. When the
temperature exceeds 27°C, there is a rapid growth in power consumption
and reduced efficiency of IT equipment. In the range of 27-35°C, electricity
consumption can increase up to 20%. Therefore, American society of
heating, refrigerating and air-conditioning engineers (ASHRAE)
recommends a temperature range of 18-27°C to maintain optimal efficiency
and reduce energy consumption [95].

In terms of choosing a cooling system, one of the common solutions is a
corridor containment system.

There are two basic options for installing a containerisation system in
an existing engine room. The first is to isolate the cold aisle, and the
second is to isolate the hot aisle. Each of these options has its own set of
characteristics, advantages, and disadvantages. Figure 4.2 shows the basic
principle of cold-aisle and hot-aisle containment systems (HACS) in a data
centre.
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2 I ‘.
Cold Aisle Containment

Figure 4.2: Cold-aisle and hot-aisle containment systems in a data centre [96,97].

Air cooling is presently the most widespread cooling system employed
in data centres due to its ease of use and maintenance. Cold air is supplied
to the data centre by CRAC units. These units have powerful fans that
move large volumes of air. Servers are usually located in racks and have
built-in fans that funnel air in from the front and hot air out from the rear.
Depending on the direction of airflow in the room, various arrangements
can be utilised. For instance, one can supply air from the underfloor space
(plenum) through perforated tiles or from the ceiling in a suspended
format. The assumption is that the hot air generated by the racks will be
returned to the CRAC wunaltered with the cold air supply to avoid
thermodynamic inefficiencies.

Typically, racks are arranged in rows so that the rack inlets of adjacent
rows face each other (likewise, the rack outlets of conjoined rows face each
other) to create alternating (HACA). While this arrangement partially
separates the hot and cold air paths, it is still possible for hot air to be
drawn into the cold air stream or bypass the cold air directly. To more
effectively reduce hot and cold air mixing, our study suggests a physical
separation between the HACA. This separation can be achieved by either
insulating the cold aisles or the hot aisles. Additionally, a return air duct
configuration can be utilised to segregate the hot air emerging from each
telecom cabinet and channel it into the return air duct. However, each
approach has its benefits and drawbacks.

Continuous monitoring of data centres can result in significant energy
savings by maintaining appropriate temperature and humidity ranges. For
instance, to ensure the necessary reliability of data centre equipment,
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airflow can be used to control temperature and humidity. As the
temperature rises, equipment draws in a greater volume of cool air.

4.1.1. Comparison between HACS and CACS

Regardless of the type of system, there are still people who need to work in
the machine room. According to ISO 7243 [98], or the occupational safety
and health administration (OSHA), the values must not exceed the wet
bulb temperature (WBT). The WBT is an index that measures the thermal
stress experienced by people working which is defined in formula (3).

WBT=0.7xNWB+0.3xGT, (3)

where natural wet bulb temperature (NWB) is the natural WBT and GT is
the temperature of the globe.

The maximum OSHA suggested WBT is 30°C for continuous work and
32°C for 25% work and 75% rest. Experience shows that most work is
carried out in front of the IT racks. According to WBGT, CACS allows staff
to work in a work-rest mode (25% work and 75% rest), rather than HACS.
This allows equipment to be operated more efficiently within the racks [99].

The ASHRAE standards [95] recommend temperatures in the range of 18-
27°C for Intel servers, but in the CACS, the temperature in most of these
rooms can be higher than 27°C. It is also necessary to count the leakage.
In the case of raised floors, this will be in the range of 25-50%, rather than
3-10% for containment systems. In addition, data centre rooms may
contain non-rack-mounted equipment that can be affected by hot air.

In a typical data centre operating at 50% capacity, IT energy is the largest
contributor to energy costs, followed by cooling system energy costs.
Compared to CACS in a healthy 20°C working environment, HACS
consumes 40% less cooling system energy. It is clear that HAC delivers
significantly more economiser hours and a lower PUE than CAC under
real-world work environment temperature constraints and temperature
climates [99].
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41.2 Cold-aisle containment system (CACS)

To supply cold air to the corridor, perforated plates are installed in front of
the front door of the enclosure. The hot air is ‘discharged’ into the total
volume of the room. To isolate the cold corridor, enclosure air handling
units are positioned around the perimeter of the room, blowing the cold air
stream under the raised floor. The enclosures are arranged in a row facing
each other.

One disadvantage of CACS is that scaling issues may arise. For
instance, uniformity of air supply to different rows may be problematic
within several corridors. Furthermore, in the case of highly loaded
equipment, it is challenging to increase the local supply of cold flow, as
this requires the installation of additional perforated raised floor slabs.
Additionally, personnel may find these working conditions less than
optimal due to the fact that the entire room is in the hot zone. The specific
design tasks are as follows:

* additional height allowance is needed to install the raised floor and
additional space is needed to install a ramp at the entrance;

* as the container is insulated along the inner perimeter of the corridor,
the racks need front insulation and a blanking plate for the rack at
the front.

41.3 Hot-aisle containment system (HACS)

In the case of hot corridor insulation, inter-row air conditioners are used,
blowing the cold flow into the total volume of the room. The cabinets are
installed in rows. The backs of the cabinets face each other. The air
handling units are installed in line with the cabinets to minimise the
length of the air flow and increase the capacity of the cooling system. The
hot air is discharged into a closed container and is then fed back into the
air conditioning system. This approach is more practical for operational
buildings, small data centres, and retrofits.

Advantages of HACS are that it is a reliable, high-performance solution
that can be used with heavy-duty racks as well as in low-ceilinged spaces
as it requires neither a raised floor nor an overhead plenum; second, its
easy scalability as each aisle is independent; third, the comfortable staff
presence in the room. The disadvantages are the high costs, as this option

requires more air conditioners, as each container needs its own back-up
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air conditioner; second, the inter-row air conditioning takes up space that
could be used for server racks; third, the scaling difficulties: adding more
air conditioners is only possible if additional connection points are
provided in advance.

The design features are as follows:

* the room does not require additional height clearance;
* the enclosure itself is insulated around the perimeter of the corridor;

* the enclosures require front face insulation and a blanking plate as
well as the insulation of all enclosure roofs;

» for the end cabinets in the corridor, the cabinet sides and plinth must
be insulated along the outer perimeter.

414 Connection between real sensors and BIM

Temperature and humidity sensors in a data centre have unique
parameters, including the temperature inlet and outlet of the rack, sensor
identification number, and varying humidity parameters. Digital models of
these sensors, complete with necessary parameters, are created and
implemented using FM software in a real operating data centre equipped
with real sensors. Data was collected from sensors during the operation of
the data centres, enabling evaluation of the new methodology.

The process is described in Figure 4.3, which shows the connection
between BIM and real sensors. The proposed method solves several
problems, including the traditional connection to the BMS and the
connection to the BIM operational model, improving the reliability of data
exchange. If there is a problem with the connection between the FM
program and the BIM model, the traditional BMS will continue to operate
normally.
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Figure 4.3: Connection process between BIM and real sensors using FM software [19].
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4.2 Implementation BIM and CFD analysis for corridor
isolation systems

There are many solutions from different manufacturers of corridor isolation
systems, in particular, manufacturers are preparing families for building
information models. The geometry is of great importance for the possibility
of modelling airflow propagation in the future and the subsequent use of
the model in the operation phase. Based on this information, we developed
a family of corridors that can be conveniently used for various data
centres: modular and large data centres with several dozens of machine
rooms.

To verify the effectiveness of the corridor isolation system, a CFD model
was developed for both cases of isolation: hot and cold corridors. CFD
represents a logical and necessary extension of BIM design. BIM
incorporates details of the structure including its architectural and
engineering systems. This model is subsequently imported into the CFD
software, which analyses the room geometry, establishes appropriate
boundary and initial conditions, and computes three-dimensional
temperature, velocity, pressure and additional physical parameters.

421 Main parameters of the investigated model and constraints

The numerical model includes a three-dimensional model of the
investigated room with the required detail; the boundary conditions that
consider the thermal conductivity of enclosures; detailed models of air
distributors and heat sources with specified flow and thermal
characteristics. As a result of numerical modelling, air temperature values
were determined at each point of the room. Visualisation of the results of
numerical simulation with the help of gradient distributions on different
planes and isosurfaces, provided a complete picture of microclimate
formation in the room and allowed us to clearly demonstrate the quality of
the selected air distribution scheme as well qualitatively and quantitatively
compare different variants of the design solutions.

Cooling of the racks in the server room was performed by the following
method: air is blown by inter-row air conditioners into the cold or hot
corridor space, moves directly into the IT racks under the pressure of IT
equipment fans, and is removed from the isolated hot or cold corridor.

We took the following as the model input data:
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* The room contained 15 telecommunication cabinets with IT equipment
with dimensions of 600x1200x2000 mm. The heat load in each
cabinet was 10 kW.

¢ Also, in the room, there was one UPS, with dimensions of
600x1200%x2000 mm and a heat load of 8.5 kW.

* Cooling was provided by eight inter-row air conditioners with the
following dimensions: 300x1200x2000 mm.

The geometric diagram in Figure 4.4 depicts the placement of the
equipment.

Corridor insulation
sysfem

UPS

Air conditioner

Telecommunication
cabinef

Figure 4.4: Information model of the data centre room [71].

For accurate calculations, it is necessary to set the material properties
of the model elements. All architectural solid elements (walls, slabs,
columns) will have the physical parameters of concrete material. The
casing and plinth of the racks as well as the casing of precision air

conditioners will have the properties of steel material. All of the other
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geometrical elements were assumed to be air, with the following
parameters mentioned in Tables 4.2 and 4.3.

According to the Equation of State for Compressible
Density Gasses

Gas Constant: 287.05 J/kg-K

Coefficient of volumetric

. 3400-107%/°C
thermal expansion

Dynamic viscosity 1.817 - 10 °Pa-s
Specific heat capacity 1004 J/kg-K
Thermal conductivity 0.2563 W/m-K

Intel temperature (HAC) 36 °C

Outlet temperature o

(HAC) 22.5°C
Intel temperature (CAC) 23 °C
Outlet temperature o
(CAQ) 37.5°C
Heat load (each rack) 10 kW
Total air consumption 2150 m3/h
per rack

Table 4.2: Boundary conditions [71].

Accordingly, the main elements of the model have the following

parameters:
Enclosures of Telecommunication Cabinets and Air Conditioners Made of Steel
Thermal conductivity 0.55-0.52 W/cm-K (temperature range —-0.15 °C to 99.85 °C)
Density 7833 kg/m3
Specific heat capacity 465 J/kg'K
Architectural elements of the server room made of concrete
Thermal conductivity 1.1 W/m-K
Density 2306 kg/m3
Specific heat capacity 837 J/kg-K

Table 4.3: Main elements of the model parameters [71].

The minimum size of the tetrahedral element of the volume mesh was
taken as 1 mm for the main elements of the model, which can provide the
required accuracy in this research. Our study confirmed the findings of
relevant sources on the choice of methods and settings for isolating
corridors within a data centre, and we chose an automatic grid definition
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using Autodesk CFD. Figure 4.5 demonstrates the meshing for the main
elements of the model.
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Figure 4.5: Meshing for the main elements of the model. Hot corridor is insulated on
top, cold corridor on the bottom [71].
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4.2.2  CFD modelling results

As a demonstration of the distinction between hot aisle insulation and cold
aisle insulation, we illustrated the temperature analysis across various
vertical and horizontal cross sections of a server room hall. Modelling was
performed using AutoDesk CFD 2019.

To compare the temperature flows, vertical sections of the server room
in the area of the second and ninth telecommunication cabinet were made,
which are shown in Figures 4.6 and 4.7. The vertical section demonstrates
that if the hot corridor is isolated, the area in the non-isolated zone will be
in the region of 22.3-23.9°C. This temperature range is comfortable for the
constant maintenance of equipment in the racks. In the case of cold
corridor isolation, however, the temperature outside the isolated area could
be as high as 38°C in some locations, which according to OSHA would
cause engineers to pause their work.
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Figure 4.6: Temperature field of the cross section on the second rack. Hot corridor is
insulated on top, cold corridor on the bottom [71].
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Figure 4.7: Temperature field of the cross section on the ninth rack. Hot corridor is
insulated on top, cold corridor on the bottom [71].
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In addition to the vertical sections, horizontal sections of the server
room around the 21 Unit and 42 Unit telecom cabinets were made and are
shown in Figures 4.8 and 4.9. Horizontal cross sections of the server room
demonstrated that with hot corridor insulation, the temperature outside
the insulated area was uniformly distributed in the range of 22.3-26.2°C.
Alternatively, with cold corridor insulation, the highest temperatures
outside the isolated area were concentrated in the rack area and reached
up to 38°C.
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Figure 4.8: Temperature field of the cross section at the 21 Unit line. Hot corridor is
insulated on top, cold corridor on the bottom [71].
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Figure 4.9: Temperature field of the cross section at the 42 Unit line. Hot corridor is
insulated on top, cold corridor on the bottom [71].

The simulated outcome of the parametric experiments in CAC and HAC
is presented in Figure 4.10, demonstrating the airflow velocity distribution
passing through the rack while displaying the temperature and motion
dynamics.
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Figure 4.10: Parametric tests of the cross section at the 21 Unit line. Hot corridor is
insulated on top, cold corridor on the bottom [71].

The current system parameters show the permissible numerical
temperature values from the point of view of being able to provide the
required temperature conditions for the operation of computing and
engineering equipment.

Based on the above diagrams of temperature fields, we can conclude
that when the hot corridor was isolated, the temperature inside the
isolated area reached 38°C in some areas. At the same time, the
temperature in the non-insulated area corresponded to a range of 22.3-
27.8°C. In contrast, cold corridor insulation provided temperatures inside
the insulated area of 22.3-23.9°C and outside the corridor in the range of
33 to 38°C.

The visual data presented in this section verifies that the temperature
range within the racks at the air inlet does not exceed 27°C. This is
significant as the temperature influences energy efficiency, as per [92]. As
the air inlet temperature rises, the energy consumption increases,
subsequently negatively impacting the energy efficiency.



According to TIA-942 [100], clause 5.3.5, there are recommended
requirements of the machine room environment affecting the operation of
the equipment in the data centre. These requirements are as follows:

- Psychrometer dry-bulb temperature: 20°C (68°F) to 25°C (68°F);

- relative humidity: 40% to 50%;

- dew point: not more than 21° C (69.8°F);

- rate of change: not more than 5°C (9°F) per hour;

- depending on local environmental conditions, dehumidification and
humidification equipment may be required.

Ambient air temperature and humidity should be measured after the
equipment has been started. Measurements should be taken 1.5m (5ft)
above floor level at intervals of 3m to 6m (10ft to 30ft) along the axis of cold
aisles and at any location where air is drawn by the operating equipment.

Temperature measurements should be taken at several locations near
the air intake of any equipment with possible cooling problems.

4.3 Building management systems

A BMS in a data centre is usually linked to several installations, including
the power supply, with equipment to monitor the condition of the
distribution section, diesel generators and UPS; the air conditioning of the
technical rooms; the automatic installation of gas firefighting equipment;
and the general ventilation control. The BMS is a fully autonomous and
functionally complete solution. The system comprises technological
equipment, measuring and control instruments, and automation
equipment.

A BMS consists of primary measuring sensors and actuators, with data
collection modules located in local automation cabinets. The modules and
sensors are connected by communication and data transmission channels.
The BMS server collects data for further control using the operator's
workstation.

4.3.1 Description of the main automation equipment

The main automation equipment comprises humidity and temperature
Sensors.

These sensors reflect the temperature and humidity indicators in the
data centre premises. The recommended humidity parameters are in the

range of 40-60%. Typically, data centre room temperature sensors are
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mounted in potentially hot areas near each HVAC unit to monitor their
operating status.

A network switch is a device that connects equipment to a computer
network within one or more network segments. It operates at the link layer
of the Open System Interconnection (OSI) network model.

A BMS server has been installed in the cabinets and data centre to
collect data from sensor equipment. It has been integrated into the BMS
data exchange network following the Ethernet standard.

The operator panel software is designed to organize local control and
output information from sensors. In the event of a failure, the software
provides control and visualization functions for presenting data.

4.3.2 Connecting sensors to the BMS

Temperature and humidity sensors are located alongside a digital-to-
analogue converter and are connected to the controller using RJ-45
connectors. The controllers can communicate using Transmission control
protocol (TCP)/Internet protocol (IP), Simple network management protocol
(SNMP), and other protocols. The signals from the sensors are processed in
the controller, recorded in the memory, and transferred to the server
software via the IP network. Moreover, the BMS program's web application
enables us to access data and establish thresholds.

Figure 4.11 illustrates the process of connecting sensors to the BMS
system.
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Figure 4.11: Connection of sensors to the BMS system [19].

Temperature and humidity sensors located in a data centre provided
the data analysed in this study. These sensors were connected to
controllers and expansion boards provided by article processing charges
(APC). These sensors were connected to controllers and expansion boards
provided by APC. In this study, we used a total of 10 controllers and
expansion boards. Each controller or expansion board can accommodate

up to 6 sensors.
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4.4 Implementation BIM for FM

From the perspective of the BIM model, it is essential to include humidity
and temperature sensors to accurately monitor the environment where the
servers are located in real-time.

Using internal thermometers of equipment for data acquisition, which
is common practice, has several disadvantages. The main disadvantage is
that the temperature data only reflect the sensor installation point and do
not show the real condition of the cabinet as a whole. Additionally, servers
do not have humidity sensors, which are also crucial for the normal
operation of a data centre.

Therefore, to ensure optimal data centre operation, a specific number of
temperature and humidity sensors must be installed at designated
locations. This leads to an optimisation problem for the sensor system,
which can be studied using the proposed model.

It is recommended to use sensors with a cable connection to eliminate
potential electromagnetic signal interference. For example, the use of Wi-Fi
sensors is not recommended [16].

To link physical sensors to the model, it is essential to generate families
of these sensors in Revit and choose the FM software.

441 Preparing new families according to the requirements of the proposed
model and data export

To create the model families, temperature and humidity sensors were
designed with the following parameters: Name, Manufacturer, Equipment
code, Type, Brand, Unit of measurement, Inlet and outlet temperature or
humidity, ID, Note, and sensor size. All of these characteristics are
necessary during the operational stage. Additionally, they are
automatically included in the specifications of new sensors created in Revit
and exported to the FM model.

The proper organization of communication with BIM is crucial for the
framework used in FM. Practical examples of using BIM for FM are
provided in the following sections. [17].

The primary methods for exchanging information include transferring
the model through IFC files and using XML or Construction operations
building information exchange (COBie) properties of the model elements.
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Another option is to manually create an FM model or use specialized
software for direct data transfer.

In addition to the graphical component, the information component is a
crucial element of families in Revit for FM. The transfer of data to the FM
model remains an open issue, as it is dependent on the specific data
exchange requirements of each facility.

Consequently, it is more efficient to directly transfer data to the
program for FM. This method allows the transfer of both graphical
information about objects and their properties. Furthermore, in the
proposed methodology, the following functions from FM software have an
important role:

1. Transfer the 3D model with all the necessary parameters to the

software for FM.

2. Supplement the model with the necessary information: scans of

drawings, datasheets.

3. Connecting of real sensors and elements of engineering systems to

the program.

4. Indication and display of emergency situations, with the ability to

identify the object in 3D.

5. Creation of scheduled maintenance schedules and assignment of

responsible per-sons.

When implementing our model, EcoDomus software for our study
purpose [101] was used, which provides the abovementioned functions.
Communication between EcoDomus and BMS also allows us to display
graphics from the equipment’s sensors, providing access to relevant
information to all building engineers. Communication between BMS and
EcoDomus is facilitated through a web interface. EcoDomus receives the
same data as the BMS system.

The location of temperature sensors in the data centre room illustrated
in Figure 4.12.
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Figure 4.12: Location of temperature sensors in the data centre room in the racks [19].

4.5 Results and discussion

Improving the design and operation stages of data centres leads to
increased facility efficiency. Crucial to operational efficiency is controlling
the temperature and humidity distribution within data centres. Therefore,
determining the optimal parameters of the temperature and humidity
sensor system, including the number and position of sensors, is essential
for improving efficiency. Optimization requires an appropriate data model,
such as the one proposed in this section.

Our experience in implementing a data model in the 'CROC project'
demonstrates significant time savings from the data centre's design stage
to its operation. Compared to working with classical CAD and BMS
systems, we achieve efficiency improvements in the design stage.

The following improvements were achieved in the case study: a 25%
reduction in engineers' work time (from 80 to 60 man-hours), a 50%
reduction in approval time with related systems (from 24 to 12 man-
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hours), and a two-fold reduction in time for checking intersections during
the design stage with other systems (from 32 to 16 man-hours).

The method presented in this section enables the detection of
deviations from the required sensor parameters and immediate notification
of the operator. Additionally, unlike the traditional BMS, changes in sensor
position or the addition of new sensors are automatically replicated in the
information model.

The results obtained during the monitoring of the sensors are reflected
in Appendix D. From the obtained data, it can be said that the real data
differs from the CFD analysis, this is due, among other things, to the use
of different architecture and geometry of the corridors themselves. But the
most significant factor is that there are leaks at the real facility, and it is
not possible to completely isolate the corridor. In this regard, hot and cold
air mixes. Another important aspect is that the sensors were installed only
inside telecommunications cabinets.

The results of this section serve as the basis of the Thesis 3.
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5 Application of the research results

As described in Section 1, the main components of a data centre include
technical systems such as telecommunications cabinets and air
conditioning units, systems for routing various cables, pipelines and air
ducts, a temperature monitoring system, a system for cooling equipment
and an UPS system.

The racks, the equipment inside them and the cables connecting the
equipment are the key elements from an information systems point of view.
To ensure correct operation, it is necessary to design the object without
unnecessary intersections with other engineering systems, taking into
account and correcting any emerging intersections. Effective cooling and
monitoring of these parameters are also necessary. This creates the need to
select the equipment cooling system correctly and simulate temperature
parameters accurately.

As second part of research into optimising the design of cable routes
and equipment inside telecommunication cabinets, the results were used
to model the data centre of 'Compressor', CROC's company. The data
centre is certified by the Uptime Institute at Tier III level, which
corresponds to a fault tolerance ratio of 99.982%. The 'Compressor' data
centre has a total area of 5000 square metres and can accommodate 800
racks, each with an average electric power of 6 kW. The total power supply
capacity of the data centre is 8 MW.

The research on a new plugin for identifying and eliminating collisions
between engineering systems was applied at a large private data centre.
The data centre comprises several floors with telecommunication rooms
and over 1000 racks. The research in cable routes and new families of
racks from the previous part were also utilised in the design of this data
centre.

The climate monitoring portion of the study was also tested in a private
data centre. Models were created for 54 temperature sensors and 5
humidity sensors that were uniformly distributed throughout the room.
The digital copies of the sensors were connected to real sensors located in
18 cabinets and zones in the actual data centre using FM software. This
section of the study also pertains to CFD modelling. The input data for the
model consisted of a room containing 15 telecommunication cabinets

measuring 600x1200%x2000 mm and a heat load of 10 kW in each cabinet.
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The room contained one UPS measuring 600x1200x2000 mm and a heat
load of 8.5 kW. Cooling was provided by eight inter-row air conditioners
measuring 300x1200x2000 mm.

As demonstrated by the materials provided, our research has practical
applications and are still utilized for designing and modelling tangible
objects.
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6 Summary

In this dissertation, we presented our research about the improvement
methods for design and maintenance of data centres, based on BIM
concept. We highlight the main contributions of this dissertation using
four theses. First, we introduced our research and the theoretical
background of the Structured cabling system in the Section 1. Also novel
cabinets family and cable trays design methods was introduced in
Section 2.

The new special purpose cabinet family enables automatic selection of
required equipment and its location in the 'properties' section. This allows
for unique filling of each cabinet, eliminating errors in facade diagram
creation. All equipment is automatically included in the specification.

Thesis 1

Introduction of a novel systematic approach for design and identification of
cable channels for a unified data centre cable infrastructure, allowing all
cable channels elements to be automatically considered and specified.

[ have developed a new-dynamic family of telecoms cabinets for server rooms
and data centres, allowing for different internal equipment configurations
and optimising documentation for subsequent operation.

The equipment location design inside cabinets and the element specification
in the model of SCS was optimized with a new specific dynamic cabinet
family based on algorithm level.

As a result, the novel family that was created and implemented in Revit,
reduces the duration of the design phase and creates schemes up to three
times faster in comparison with traditional CAD design.

The key features are the following: by adjusting the family parameters
different sub-families can be selected within cabinet units, sub-families can
be modified and added within the cabinet, the creation of a cabinet facade
scheme is facilitated on the basis of the equipment inside, specifications are
generated automatically.

The improved solution for organising cable ducts was found based on user
level, making it possible to automate the process of modelling and
accounting for all elements of cable trays.

Related publications:

Pogorelskiy S.; Kocsis 1., Designing structured cabling systems
documentation and model by using Building Information Modelling -
Literature review, Annales Mathematicae et Informaticae (2024). DOI:
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10.33039/ami.2024.02.005

Pogorelskiy S.; Kocsis 1., Automation for structured cabling system in data
centres using Building Information Modelling. International Review of
Applied Sciences and Engineering 13.3 (2022), pp. 335-345.
URL:https://doi.org/10.1556/1848.2022.00424

In Section 3, we described the plugin enables engineers from different
systems to use it simultaneously, reduces the time required to search and
display collisions by a factor of ten, speeds up the process of generating
reports on system intersections, and allows tracking of the history of
changes to each individual collision.

The aim of this section was to identify the main issues that arise when
working on the intersections of engineering systems in the BIM model and
developing a plugin.

Thesis 2

I developed a solution that allows to effectively track and visualise collisions
based on BIM where different engineering systems intersect during the
design phase, also allowing to reduce irrelevant collisions.

The efficiency of the collision reduction process was improved using a new
approach in plug-in design.

The C#-based novel plug-in was developed based on code level, and has been
tested in a real-life project eliminates intersections with engineering systems
in data centre models. It has significantly reduced the time needed to search
for a single collision, as the conditional number of clicks needed to fix a
collision has been reduced by 100 times. Collaborative fixing of collisions is
enabled within the same model that saves extra work and communication.
At the algorithm level, a unified database allows for easy tracking and
reporting of each collision.

Related publications:

Pogorelskiy S.; Kocsis 1., BIM based collision tracking at the intersections of
different building engineering systems at the design stage, International
Review of Applied Sciences and Engineering 1-11  (2024).
URL:https://doi.org/10.1556/1848.2024.00833

In Section 4, we to demonstrate the concept of a direct connection of
BIM from design to operation of a data centre providing a practical
example of a temperature and humidity monitoring system.
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Improving the design and operation stages of data centres leads to
increased efficiency and significant cost savings. Crucial to operational
efficiency is controlling the temperature and humidity distribution inside
data centres. Therefore, finding the better parameters for the temperature
and humidity sensor system, including the number and position of
sensors, is essential for efficiency improvement.

In this case we introduced a solution through the utilization of both
CFD analysis and BIM during the design and CFD stages. The conclusions
drawn support the necessity of investigating BIM and CFD in tandem.

The objective of this research part was to undertake a comprehensive
literature review of corridor isolation systems and analysed the use of
corridor isolation and identified the optimal method.

To determine the method, I carried out BIM of the server room and
analysed the required elements, materials, and geometry. Also was used
hydrodynamic modelling to identify the distribution of temperature flows.
The CFD provides a reliable model that simulates real data centre
scenarios.

As a demonstration of the differences between hot- and cold-aisle
insulation, was analysed the temperature in various vertical and horizontal
segments of the server room hall.
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Thesis 3

[ combined a BMS in a data centre with a real-time BIM model to improve its
operability. The utilisation of CFD modelling and the identification of an
enhanced cooling methodology for data centre equipment has facilitated the
optimisation of cooling efficiency for equipment within cabinets, thereby
enhancing their operational efficacy.

The communication between real sensors and BIM was improved with a new
approach, based on algorithm level.

The direct connection and communication between BMS and EcoDomus
were facilitated through a web interface.

As a part of the new solution, relevant information is visualized through
graphics about the equipment’s sensors to support all building engineers.
The methodology was tested with 54 temperature sensors and 5 humidity
sensors where the digital copies of the sensors were connected to the facility
management software.

The proposed method enables the detection of deviations from sensor
parameters and immediate notification of the operator. In contrast to the
classical BMS, changes in the position of the sensors or the addition of new
sensors are automatically duplicated in the information model.

Also, CFD model was established to simulate real data centre scenarios, by
analysing the required elements, materials, and geometry of a BIM model of
a server room and conducting hydrodynamic modelling to identify
temperature flows. The contrast between hot-aisle and cold-aisle insulation
was analysed through a temperature analysis of various vertical and
horizontal cross-sections of a server room.

Related publications:

Pogorelskiy S.; Kocsis I., Efficiency improvement with data centre monitoring
based on building information modelling on the facility management stage,
Designs 7 (2023) 3:1-3:15. URL: https://doi.org/10.3390/designs7010003.
Pogorelskiy S.; Kocsis 1., BIM and Computational Fluid Dynamics Analysis
for Thermal Management Improvement in Data Centres, Buildings 13(10)
(2023). DOI: 10.3390/buildings 13102636.d0i:10.3390/designs7010003.

Finally, in Section 5 we presented possible applications of our main
research results. The creation of various add-ons and plug-ins for BIM
modelling of technically complex objects such as data centres is an
important scientific and engineering experience on the basis of which the
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performance at all stages of the model's life can be significantly optimised.
Also, an important feature of our research is that it was tested on real
objects and in case of additional real requests from engineers, we made the
necessary adjustments and additions.
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Abbreviations

3D 3-dimensional

4D 4-dimensional

ACCA The Association of Chartered Certified Accountants
AECO Architecture, engineering, construction and owner-operated
AHP Analytic hierarchy process

APC Article processing charges

ASHRAE ?Iiréei:;iec;r; society of heating, refrigerating and air-conditioning
BIM Building information modelling

BMS Building management system

BVH Boundary volume hierarchy

CAC Cold-aisle containment

CACS Cold-aisle containment system

CAD Computer-aided design

CFD Computational fluid dynamic

COBie Construction operations building information exchange
CRAC Computer room air conditioning

DCiE Data centre infrastructure efficiency

FM Facility management

HAC Hot-aisle containment

HACA Hot and cold aisles

HACS Hot-aisl econtainment system

HTML Hypertext markup language

HVAC Heating, ventilation and air conditioning systems
ICT Information and communication technology

IFC Industry foundation classes

IP Internet protocol

ID Identifier

IT Information technology

ML Machine learning

MEP Mechanical, electrical and plumbing

NWB Natural wet bulb temperature

OSHA Occupational safety and health administration
OSI Open System Interconnection

PDU Power distribution units

PIM Performance indication model

PUE Power usage effectiveness

SNMP Simple network management protocol
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SCS

Structured cabling systems

TCP Transmission control protocol
UPS Uninterruptible power supply
XML eXtensible markup language
WBT Wet bulb temperature

WSN Wireless sensor networks

79




References

[1]

(2]

[3]

[4]

[5]

[6]

[7]

(8]

Korol E.; Kagan P.; Barabanova T. Automation of the Formation
of Organizational Technological Documentation. Journal
"Applied Mechanics and Materials", 2015, Vol. 738-739, pp.
444-447. DOI:10.4028 /www.scientific.net/amm.738-739.444.

National Standard of the Russian Federation «Data Processing
Centres. Engineering infrastructure. Stages of creation» GOST R
58811-2020, clause 3.1.13.

Filin S.A. Organization of a management system for the
operation of a data processing centre. Electronic scientific
journal "Age of Quality", 2018 No. 2, pp. 35-59. Available online:
URL: http:/ /www.agequal.ru/pdf/2018/218003.pdf (12
February 2024).

Matko V., Brezovec B., Milanovi¢ M. Intelligent Monitoring of
Data Centre Physical Infrastructure. Applied Sciences, (2019),
9(23), 4998. doi:10.3390/app9234998 Intelligent Monitoring of
Data Centre Physical Infrastructure Appl. Sci. 2019, 9(23)
DOI:10.3390/app9234998.

Pogorelskiy S.; Kocsis I., Designing structured cabling systems
documentation and model by wusing Building Information
Modelling - Literature review, Annales Mathematicae et
Informaticae (2024). DOI: 10.33039/ami.2024.02.005

Chahrour R.; Hafeez M.A.; Ahmad A.M.; Sulieman H.I.; Dawood
H.; Rodriguez-Trejo S.; Kassem M.; Naji K.K.; Dawood N. Cost-
benefit analysis of BIM-enabled design clash detection and

resolution. Construction Management and Economics, 2021,
Vol. 39(1), pp. 55-72. D0OI:10.1080/01446193.2020.18027.

Hu Y.; Castro-Lacouture D.; Eastman C.M. Holistic clash
detection improvement using a component dependent network
in BIM projects. Automation in Construction Vol. 105 (2019).
102832. DOI: 10.1016/j.autcon.2019.102832.

Parn E.A.; Edwards D.J.; Sing M.C.P. Origins and probabilities
of MEP and structural design clashes within a federated BIM
model. Automation in Construction Vol. 85. (2018), pp. 209-
219. DOI:10.1016/j.autcon.2017.09.010.

80



[9]

[10]

[11]

[12]

[13]

[14]

[15]

Helm P.V.D.; Bohms H.M.; Berlo L.A.H.M.IFC-based clash
detection for the open-source BIMserver. In Proceedings of the
EG-ICE 2010 - 17th International Workshop on Intelligent
Computing in Engineering, Nottingham, UK, 30 June-2 July
2010. Available
online: URL: https://repository.tno.nl/ /islandora/object/uuid:7
192d278-692b-46ce-8678-92406fa6627c (accessed on 8 January
2024).

Hu Y.; Castro-Lacouture D.; Eastman C. M.; Navathe S. B.
Automatic clash correction sequence optimization using a clash
dependency network. Automation in Construction, 2020, 115,
103205. DOI:10.1016/j.autcon.2020.103205.

Wang L.; Leite F. Knowledge Discovery of Spatial Conflict
Resolution Philosophies in BIM-Enabled MEP Design
Coordination Using Data Mining Techniques: A Proof-of-
Concept. Journal of Computing in Civil Engineering,
2013. DOI: 10.1061/9780784413029.053.

Wang L.; Leite F. Formalized knowledge representation for
spatial conflict coordination of mechanical, electrical and
plumbing (MEP) systems in new building projects. Automation
in Construction, 2016, Vol. 64, Pp- 20-
26. DOI:10.1016/j.autcon.2015.12.020.

Hu Y.; Castro-Lacouture D. Clash relevance prediction based on
machine learning. Journal of Computing in Civil Engineering,
2019, 33(2), 04018060. DOI:10.1061/(asce)cp.1943-
5487.0000810.

Lin W. Y.; Huang Y.H. Filtering of Irrelevant Clashes Detected by
BIM Software Using a Hybrid Method of Rule-Based Reasoning
and Supervised Machine Learning. Applied Sciences, 2019,
9(24), 5324. DOI: 10.3390/app9245324.

Pogorelskiy S.; Kocsis I. Automation for structured cabling
system in data centres using Building Information Modelling.
International Review of Applied Sciences and Engineering 13.3
(2022), pp. 335-345. DOLI:
https://doi.org/10.1556/1848.2022.00424.

81



[16]

[17]

[18]

Wei W.; Wenjia L.; Deify L.; Woonki N. Improving Data Centre
Energy Efficiency Usinga Cyber-physical Systems Approach:
Integration of Building Information Modelling and Wireless
Sensor Networks. Procedia Engineering, 118 (2015), pp. 1266—
1273. DOI:10.1016/j.proeng.2015.08.481.

Rossella M.; Maurizio N.; Francesco P.; Andrej T. A Methodology
for a Performance Information Model to Support Facility
Management. Sustainabilty 2019, 11, 7007. Available online:
https:/ /www.mdpi.com/2071-1050/11/24/7007 /htm

(accessed on 210ctober2023).

Soliman K.; Naji K.; Gunduz M.; Tokdemir O.B.; Faqih F.; Zayed
T. BIM-based Facility Management Models for Existing
Buildings. Journal of Engineering Research Vol.10(2022) NelA,
pp- 21-37. DOI: 10.36909/jer.11433.

[19] Pogorelskiy S.; Kocsis I. Efficiency Improvement with Data

[20]

[21]

[22]

[23]

Centre Monitoring Based on Building Information Modelling on
the Facility Management Stage, Designs 7.1 (2023), 3:1-3:15.
DOI:10.3390/designs7010003.

Abakumov R. G.; Naumov A. E. (2018). Building Information
Model: advantages, tools and adoption efficiency. IOP
Conference Series: Materials Science and Engineering, Vol. 327,
p. 022001. DOI:10.1088/1757-899x/327/2/022001.

Rybakova A.; Kagan P. (2020). Application of Building
Information Modelling in Data Centre design. IOP Conference
Series: Materials Science and Engineering. Vol. 869, p.
022006. DOI:10.1088/1757-899x/869/2/022006.

Han J.; Zhou X.; Zhang W.; Guo Q.; Wang J.; Lu Y. Directed
Representative Graph Modelling of MEP Systems Using BIM
Data. Buildings 12.6 (2022) 834:1-834:21.
DOI:10.3390/buildings12060834.

Czmoch I.; Pekala A. Traditional Design versus BIM Based
Design. Procedia Engineering, 91 (2014), pp. 210-
215. DOI:10.1016/j.proeng.2014.12.048.

82


https://doi.org/10.3390/buildings12060834

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Qin H. (2017). The Advantages of BIM Application in EPC
Mode. MATEC Web of Conferences, volume 100, EDP Sciences,
2017, p.05058. DOI:10.1051 /matecconf/201710005058.

Gong P.; Zeng N.; Ye K.; Kénig M. An Empirical Study on the
Acceptance of 4D BIM in EPC Projects in China. Sustainability,
11(5) (2019), p.1316. DOI:10.3390/sul11051316.

Bai W.; Geng W. Research on operation management under the
environment of cloud computing data centre. International
Journal of Database Theory and Application Vol.8, No.2 (2015),
pp-185-192. DOI:10.14257/ijdta.2015.8.2.17.

Bayati M. Managing Energy Consumption and Quality of Service
in Data Centres. In: 2016 5th International Conference on
Smart Cities and Green ICT Systems (SMARTGREENS), IEEE,
2016, pp. 1-9. DOI:10.5220/0005791802930301.

Cho J.; Yang J.; Lee C.; Lee J. Development of an energy
evaluation and design tool for dedicated cooling systems of data
centres: Sensing data centre cooling energy efficiency. Energy
and Buildings, 96 (2015), PP 357-
372. DOI:10.1016/j.enbuild.2015.03.040.

Moghaddam R.F.; Asghari V.; Moghaddam F.F.; Lemieux Y.;
Cheriet M.. A Monte-Carlo approach to lifespan failure
performance analysis of the network fabric in modular data

centres. Journal of Network and Computer Applications, 87
(2017), pp. 131-146. DOI:10.1016/j.jnca.2017.03.015.

Halmetoja E. (2019). The conditions data model supporting
building information models in facility
management. Facilities. DOI:10.1108/f-11-2017-0112.

Hubbell M.; Moran A.; Arcand W.; Bestor D.; Bergeron B.; Byun
C.; Gadepally V.; Michaleas P.; Mullen J.; Prout A.; Reuther A,
Rosa A.; Yee C.; Kepner J. Big Data strategies for Data Centre
Infrastructure management using a 3D gaming platform. 2015
IEEE High Performance Extreme Computing Conference
(HPEC). DOI:10.1109/hpec.2015.7322471.

Irizarry J.; Gheisari M.; Williams G.; Roper K. Ambient
intelligence environments for accessing building information,
83



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Facilities Vol. 32 Iss 3/4 (2014), pp. 120-138. DOI:10.1108/F-
05-2012-0034.

Levy M.; Hallstrom J.O., A new approach to data centre
infrastructure monitoring and management (DCIMM). 2017
IEEE 7th Annual Computing and Communication Workshop
and Conference (CCWC). DOI:10.1109/ccwc.2017.7868412.

Rani N. A. A.; Baharum M. R.; Akbar A. R. N.; Nawawi A. H.
Perception of maintenance management strategy on healthcare
facilities. Procedia - Social and Behavioral Sciences 170 (2015),
pp- 272-281. DOI:10.1016/j.sbspro.2015.01.037.

Saha S.; Sarkar J.; Dwivedi A.; Dwivedi N.; Narasimhamurthy
A.M.; Roy R. A novel revenue optimization model to address the
operation and maintenance cost of a data centre. Journal of
Cloud Computing 5 (2016) 1:1-1:23. DOI:10.1186/s13677-015-
0050-8.

Tang H.; Cao J.; Shao Z. (2017). Network simulation and
vulnerability analysis on organization of facility management.
2017 IEEE International Conference on Systems, Man, and
Cybernetics (SMC). DOI:10.1109/smc.2017.8123005.

Wang P.; Rao L.; Liu X.; Qi Y. D-pro: Dynamic Data Centre
Operations With Demand-Responsive Electricity Prices in Smart
Grid. IEEE Transactions on Smart Grid, Vol. 3, No 4, pp. 1743-
1754. DOI:10.1109/tsg.2012.2211386.

Wiboonrat, @ M.; Kaewsiri U. (2014). A chronological
transformation of data centre project management. 2014 World
Automation Congress (WAC). DOI:10.1109/wac.2014.6935754.

Hong C.; Ming X.; Liu K.; Tu B.; Yu J. Application of bim
technology in building mechanical and electrical engineering
modelling and pipeline inspection, in: IOP Conference Series:
Earth and Environmental Science, volume 719, 2021, p.
022018. DOI:10.1088/1755-1315/719/2/022018.

Baltabekov N.; Zharassov S.; Zhussupov T.; Utepov Y. (2021).

BIM for construction clash detection process after design stage:
a case study of high residential complex in Nur-Sultan city.

84



[41]

[42]

[43]

[44]

[45]

[46]

[47]

Technobius, Vol. 1 No 3 (2021).
DOI:10.54355/tbus/1.3.2021.0004.

Kermanshahi E. K.; Tahir M. B. M.; Lim N. H. A. S.; Balasbaneh
A. T.; Roshanghalb S.. Implementation of Building Information
Modelling for Construction Clash Detection Process in the
Design Stage: A Case Study of Malaysian Police Headquarter
Building. IOP Conference Series: Earth and Environmental
Science, 476 (2020), 012009. DOI:10.1088/1755-
1315/476/1/012009.

Hasannejad A.; Sardrud J. M.; Javid A. A. S. BIM-based clash
detection improvement automatically. International Journal of
Construction Management, Vol. 23(14) (2023), pp. 2431-2437,
DOI: 10.1080/15623599.2022.2063014.

BOOK, Juszczyk Michal, Wieczorek Damian, Pacyno Hanna,
Dzienniak Anna, 2023/07/06, pp. 110 — 126, ‘Clash Detection
Based on IFC/BIM Models - Case Studies Process
Parameterization’. DOI:10.5592/CO/SENET.2022.8.

Trebbi C.; Cianciulli M.; Matarazzo F.; Mirarchi C.; Cianciulli G.;
Pavan A. Digital Transformation of the Design, Construction and
Management Processes of the Built Environment' (Springer,
2020). URL:
https://library.oapen.org/handle/20.500.12657 /23057.

Savitri D. M.; Juliastuti; Pramudya A. A. Clash detection
analysis with BIM-based software on midrise building
construction project. IOP Conference Series: Earth and
Environmental Science, (2020). 426,
012002. DOI:10.1088/1755-1315/426/1/012002.

Lee Y.-T.; Wen C.-Y.; Shih Y.-C.; Li Z.; Yang A.-S. Numerical and
experimental investigations on thermal management for data
centre with cold aisle containment configuration. Appl. Energy
2021, Vol. 307, 118213. DOI:10.1016/j.apenergy.2021.118213.

Cho J.; Woo J. Development and experimental study of an
independent row-based cooling system for improving thermal
performance of a data centre. Appl. Therm. Eng. 2020, 169,
114857. DOI:10.1016/j.applthermaleng.2019.114857.

85



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Rong H.; Zhang H.; Xiao S.; Li C.; Hu C. Optimizing energy
consumption for data centres. Renewable and Sustainable
Energy Reviews, 58 (2016), Pp- 674-
691. DOI:10.1016/j.rser.2015.12.283.

Cho J.; Kim Y. Improving energy efficiency of dedicated cooling
system and its contribution towards meeting an energy-
optimized data centre. Appl. Energy 2016, Vol.165, pp. 967-
982. DOI:10.1016/j.apenergy.2015.12.099.

Lu H.; Zhang Z.; Yang L. A Review on Airflow Distribution and
Management in Data Centre. Energy Build, Vol.179 (2018), pp.
264-277. DOI:10.1016/j.enbuild.2018.08.050.

Wang C.-H.; Tsui Y.-Y.; Wang C.-C. On cold-aisle containment of
a container data centre. Applied Thermal Engineering, 112
(2017), PP- 133-142.
DOI:10.1016/j.applthermaleng.2016.10.089.

Nada S.A.; Elfeky K.E. Experimental investigations of thermal
managements solutions in data centres buildings for different
arrangements of cold aisles containments. Journal of Building
Engineering, 5 (2016), pPp- 41-49.
DOI:10.1016/j.jobe.2015.11.001.

Khalaj A.H.; Scherer T.; Siriwardana J.; Halgamuge S.
Increasing the thermal efficiency of an operational data centre
using cold aisle containment. In Proceedings of the 7th
International Conference on Information and Automation for
Sustainability (ICIAfS), Colombo, Sri Lanka, 22-24 December
2014. DOI:10.1109/iciafs.2014.7069633.

(54) Lin C.-C.; Shih Y.-C. The optimal thermal management
study of a next-generation data centre. Case Studies in Thermal
Engineering, 26 (2021), 101031.
DOI:10.1016/j.csite.2021.101031.

Lu H.; Zhang Z. Numerical and Experimental Investigations on
the Thermal Performance of a Data Centre. Appl. Therm. Eng.
2020, 180, 115759. DOI:10.1016/j.applthermaleng.20.

Zhan B.; Shao S.; Lin M.; Zhang H.; Tian C.; Zhou Y.
Experimental investigation on ducted hot aisle containment
86



[57]

[58]

[59]

[60]

[61]

[62]

[63]

system for racks cooling of data centre. International Journal of
Refrigeration 127 (2021), PP- 137-147.
DOI:10.1016/].ijrefrig.2021.02.006.

Chu W.-X.; Wang C.-C. A review on airflow management in data
centres. Applied Energy, 240 (2019), pp. 84-119.
DOI:10.1016/j.apenergy.2019.02.04 1.

Sundaralingam V.; Arghode V.K.; Joshi Y.; Phelps W.
Experimental Characterization of Various Cold Aisle
Containment Configurations for Data Centres. Journal of
Electronic Packaging. 2014, 137(1), 011007.
DOI:10.1115/1.4028520.

Nada S.A.; Elfeky K.E.; Attia A.M.A. Experimental investigations
of air conditioning solutions in high power density data centres
using a scaled physical model. International Journal of
Refrigeration. 63 (2016), pPPp- 87-99.
DOI:10.1016/j.ijrefrig.2015.10.027.

Alkharabsheh S.A.; Sammakia B.G.; Shrivastava S.K.
Experimentally Validated Computational Fluid Dynamics Model
for a Data Centre with Cold Aisle Containment. J. Electron.
Packag. 2015, 137,021010. DOI:10.1115/1.4029344.

Gondipalli S.; Bhopte S.; Sammakia B.; Iyengar M.K.; Schmidt
R. Effect of isolating cold aisles on rack inlet temperature. In
Proceedings of the 11th Intersociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems, Orlando,
FL, USA, 28-31 May 2008. DOI:10.1109/itherm.2008.4544403.

Caifeng G.; Zhen Y.; Jianlin W. Investigation of Airflow Pattern of
a Typical Data Centre by CFD Simulation. Energy Procedia
2015, 78,2687-2693. DOI:10.1016/j.egypro.2015.11.350.

Zhou R.; Wang Z.; Bash C.E.; McReynolds A. Modelling and
Control for Cooling Management of Data Centres with Hot Aisle
Containment. In Volume 4: Energy Systems Analysis,
Thermodynamics and Sustainability; Combustion Science and
Engineering; Nanoengineering for Energy, Parts A and B,
Proceedings of the ASME International Mechanical Engineering
Congress and Exposition, Denver, CO, USA, 11-17 November

87



[64]

[63]

[66]

[67]

[68]

[69]

2012; ASME: New York, NY, USA, 2012.
DOI:10.1115/imece2011-62506.

Wibron E.; Ljung A.-L.; Lundstrém T. Computational Fluid
Dynamics Modelling and Validating Experiments of Airflowin a
Data Centre. Energies 2018, 11,644. v10.3390/en11030644.

Onyiorah C.; Eiland R.; Agonafer D.; Schmidt R. Effectiveness of
rack-level containment in removing data centre hot-spots. In
Proceedings of the Fourteenth Intersociety Conference on
Thermal and Thermomechanical Phenomena in Electronic
Systems (ITherm), Orlando, FL, USA, 27-30 May 2014.
DOI:10.1109/itherm.2014.6892363.

Tsuda A.; Mino Y.; Nishimura S. Comparison of ICT equipment
air-intake temperatures between cold aisle containment and hot
aisle containment in data centres. In Proceedings of the 2017
IEEE International Telecommunications Energy Conference
(INTELEC), Broadbeach, QLD, Australia, 22-26 October 2017.
DOI:10.1109/intlec.2017.8211679.

Nemati, K.; Alissa, H.A.; Murray, B.T.; Sammakia, B. Steady-
state and transient comparison of cold and hot aisle
containment and chimney. In Proceedings of the 15th IEEE
Intersociety Conference on Thermal and Thermomechanical
Phenomena in Electronic Systems (ITherm), Las Vegas, NV,
USA, 31 May-3 June 2016. DOI:10.1109/itherm.2016.7517717.

Shrivastava, S.K.; Calder, A.R.; Ibrahim, M. Quantitative
comparison of air containment systems. In Proceedings of the
13th InterSociety Conference on Thermal and
Thermomechanical Phenomena in Electronic Systems, San
Diego, CA, USA, 30 May 2012-1 June 2012.
DOI:10.1109/itherm.2012.6231415.

Alkharabsheh S.A.; Shrivastava S.K.; Sammakia B.G. Effect of
Cold Aisle Containment Leakage on Flow Rates and
Temperatures in a Data Centre. In Volume 2: Thermal
Management; Data Centres and Energy Efficient Electronic
Systems, Proceedings of the International Electronic Packaging
Technical Conference and Exhibition, Burlingame, CA, USA, 16—
18 July 2013; ASME: New York, NY, USA, 2013.
DOI:10.1115/ipack2013-73216.
88



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Tatchell-Evans M.; Kapur N.; Summers J.; Thompson H.;
Oldham D. An experimental and theoretical investigation of the
extent of bypass air within data centres employing aisle
containment, and its impact on power consumption. Applied
Energy 2017, 186, PP- 457-469.
DOI:10.1016/j.apenergy.2016.03.076.

Pogorelskiy S.; Kocsis 1., BIM and Computational Fluid
Dynamics Analysis for Thermal Management Improvement in
Data Centres, Buildings 13(10) (2023). DOI:
10.3390/buildings13102636

Rybakova A.O.; Kagan P.B. Application of Building Information
Modelling in the Design of Data Centres. Collection of Materials
of the All-Russian Scientific and Practical Conference
"CONSTRUCTION SYSTEM TECHNOLOGY.CYBER-PHYSICAL
CONSTRUCTION SYSTEMS - 2019" (Moscow, November 25,
(2019), pp. 450-453.

Leite F.; Akcamete A.; Akinci B.; Atasoy G.; Kiziltas S. Analysis
of modelling effort and impact of different levels of detail in

building information models. Automation in Construction Vol.
20(5), 2011, pp. 601-609. DOI:10.1016/j.autcon.2010.11.027.

Tommelein, 1.D.; Gholami, S. Root causes of clashes in building
information models. Proceedings of IGLC20: 20th Annual
Conference of the International Group on Lean Construction,
San  Diego, CA, USA, 1820 July 2012. URL:
https:/ /iglc.net/Papers/Details/850.

Craig D.L.; Zimring C. Support for collaborative design
reasoning in  shared virtual spaces. Automation in
Construction, Vol. 11 (2002), pPp. 249-259. DOI:
10.1016/s0926-5805(00)00102-3.

Kalay Y.E. P3: Computational environment to support design
collaboration. Automation in Construction, Vol. 8(1), 1998, pp.
37-48. DOI:10.1016/s0926-5805(98)00064-8.

Froese T.M. The impact of emerging information technology on
project ~management for  construction. Automation in
Construction, Vol.19, 2010, pPp- 531-538. DOI:
10.1016/j.autcon.2009.11.004.

89



[78]

[79]

[80]

[81]

[82]

83]

[84]

[85]

Korman T.; Simonian L. Using Building Information Modelling to
Teach Mechanical, Electrical, and Plumbing Coordination. In
Proceedings of the 2010 Annual Conference of the ASEE,
Louisville, KY, USA, 20-23 June 2010. DOI:10.18260/1-2--
15643.

Ashcraft HW. Implementing BIM: A report from the field on
issues and strategies. Paper Presentation at the 47th Annual
Meeting of Invited Attorneys. 2008. Available
online: www.plbrokers.com/articles /ImplementingBIMUpdate-
Ashcraft.pdf (accessed on 16 February 2024).

Benning, P; Dumoulin C.; Dehlin S.; Tulke J.; Aberg P.; Fristedt
S.; Holopainen R. Report-Collaboration Processes. In Framework
for Collaboration; InPro Consortium: Brussels, Belgium, 2010;
pp. 1-125.

Hartmann T. Detecting Design Conflicts Using Building
Information Models: A Comparative Lab Experiment. In
Proceedings of the CIB W78 2010: 27th International
Conference, Cairo, Egypt, 16-18 November 2010.

Shafiqg M.T.; Matthews J.; Lockley S.R. Requirements for Model
Server Enabled Collaborating on Building Information Models.
International Journal of 3-D Information Modelling, 1(4), 2012,
pp- 8-17. DOI:10.4018/ij3dim.2012100102.

Love P.E.D.; Edwards D.J.; Smith J.; Walker D.H.T. Divergence
or congruence? A path model of rework for building and civil
engineering projects. Journal of Performance of Constructed
Facilities 2009, 23(6), pPP- 480-488.
DOI:10.1061/(ASCE)CF.1943-5509.0000054.

Han S.; Love, P.; Pefia-Mora, F. A system dynamics model for
assessing the impacts of design errors in construction
projects. Mathematical and Computer Modelling, 57(9-10),
2013, pp. 2044-2053. DOI:10.1016/j.mcm.2011.06.039.

Kensek K.; Noble D. Building Information Modelling; John Wiley

& Sons Inc.: New Jersey, NJ, USA, 2014; pp. 179-180. ISBN
9781118766309.

90



[86]

[87]

(88]

[89]

Leon M.; Laing R. The Review of BIM as an Effective Tool for
Collaborative Design during the Early Design Stages. In
Proceedings of the First UK Academic Conference on BIM,
Newcastle upon Tyne, UK, 5-7 September 2012; pp. 117-123.

Leite, F. Capturing Expert Knowledge in Design Coordination to
Train Novice Designers. 2014. Available
online: http://ascelibrary.org/doi/pdf/10.1061/978078441351
7.003 (accessed on 14 February 2024).

Wang L.; Leite F. Comparison of Experienced and Novice BIM
Coordinators in Performing Mechanical, Electrical, and
Plumbing (MEP) Coordination Tasks. In Proceedings of the
Construction Research Congress, Atlanta, GA, USA, 19-21 May
2014; pp. 21-30.

Akponeware A.O., Adamu Z.A. Clash detection or clash
avoidance? An investigation into coordination problems in 3D
BIM, Buildings 7 (3) (2017) 1-28
DOI:10.3390/buildings7030075.

[90] Chervova N.A., Lepeshkina D.O. Collisions of general utilities

designing through the use of BIM-platforms. Construction of
Unique Buildings and Structures. 2018. 66(3). Pp. 19-29.

[91] Pogorelskiy S.; Kocsis I., BIM based collision tracking at the

[92]

intersections of different building engineering systems at the
design stage, International Review of Applied Sciences and
Engineering 1-11 (2024).
URL:https://doi.org/10.1556/1848.2024.00833.

Steve S. The Green Grid, White Paper #50 “Data Centre
Efficiency and IT Equipment Reliability at Wider Operating
Temperature and Humidity Ranges”. Available online:
https://www.thegreengrid.org/(accessed on 06 March 2024).

[93] Uddin M.; Shah A.; Alsaqour R. and Memon J. Measuring

Efficiency of Tier Level Data Centres to Implement Green Energy
Efficient Data Centres. Middle-East Journal of Scientific
Research. 2013, 15(2), Pp- 200-207.
DOI:10.5829/idosi.mejsr.2013.15.2.2356.

91



[94]

[93]

[96]

[97]

(98]

[99]

Demetiou D. A Simple Method to Understand Trade-Offs in Data
Center Cooling. Electronics cooling. 2015, june, pp. 6-10.
Available online: https:/ /www.electronics-
cooling.com/2015/05/a-simple-method-to-understand-trade-
offs-in-data-center-cooling/ (accessed on 23 December 2022).

The American Society of Heating, Refrigerating and Air-
Conditioning Engineers. Available online:
https:/ /www.ashrae.org/(accessedon21October2022).

Siemon. Available online: https://ecatalog.siemon.com/
(accessed on 21 August 2023).
Aisle containment offers efficient cooling of IT hardware but

could interfere with fire protection. URL:
https:/ /blog.qrfs.com/381-aisle-containment-may-compromise-
server-room-fire-protection-systems/

ISO 7243. Ergonomics of the thermal environment —
Assessment of heat stress using the WBGT (wet bulb globe
temperature) index. Available online:
https:/ /www.iso.org/(accessed on 17 October 2023).

Niemann J.; Brown K.; Avelar V. Impact of hot and cold aisle
containment on data centre temperature and efficiency. In
Schneider Electric Data Centre Science Centre, White Paper;
Schneider Electric: Rueil Malmaison, France. 2011; Volume
135, pp.1-14.

[100] Telecommunications Infrastructure standard for Data Centers

ANSI/TIA-942. Available online:
https:/ /standards.globalspec.com/std/ 10166217 /TIA-942

[101] Eco Domus Software. Available online:

https:/ /www.ecodomus.com/(accessed on 21 October 2023).

92



A. List of relevant publications

Referred journal papers

[J1] Pogorelskiy S.; Kocsis I. Addendum To: Automation for structured
cabling system in data centres using Building Information Modelling.
International Review of Applied Sciences and Engineering 15 (2)
(2024), pp. 279-279. URL:
https://doi.org/10.1556/1848.2022.11424.

[J2] Pogorelskiy S.; Kocsis 1., BIM based collision tracking at the
intersections of different building engineering systems at the design
stage, International Review of Applied Sciences and Engineering 1-
11 (2024). URL:https://doi.org/10.1556/1848.2024.00833

[J3] Pogorelskiy S.; Kocsis I., Designing structured cabling systems
documentation and model by using Building Information Modelling —
Literature review, Annales Mathematicae et Informaticae (2024).
DOI: 10.33039/ami.2024.02.005.

[J4] Pogorelskiy S.; Kocsis I. Automation for structured cabling system in
data centres using Building Information Modelling. International
Review of Applied Sciences and Engineering 13.3 (2022), pp. 335-
345. URL: https://doi.org/10.1556/1848.2022.00424.

[J5] Pogorelskiy S.; Kocsis I., BIM and Computational Fluid Dynamics
Analysis for Thermal Management Improvement in Data Centres,
Buildings 13(10) (2023). DOI: 10.3390/buildings13102636.

[J6] Pogorelskiy S.; Kocsis I., Efficiency improvement with data centre
monitoring based on building information modelling on the facility
management stage, Designs 7 (2023) 3:1-3:15.
doi:10.3390/designs7010003.

Papers in conference proceedings

[I1] Pogorelskiy, S., Alava, D. Building Information Modelling: Present
realities and Future possibilities. International Journal of
Engineering and Management Sciences, (2018) 3(4), 377-394.
DOI:10.21791/IJEMS.2018.4.32.

Conference talks

[C1] Pogorelskiy S.; Kocsis I. “Designing structured cabling systems
documentation and model by using Building Information Modelling”.
ICAI 2023 12th International Conference on Applied Informatics.
Eger, 2023. URL: https://icai.uni-
eszterhazy.hu/2023/abstracts/ICAI_2023_abstract_015.pdf.
93


https://icai.uni-eszterhazy.hu/2023/abstracts/ICAI_2023_abstract_015.pdf
https://icai.uni-eszterhazy.hu/2023/abstracts/ICAI_2023_abstract_015.pdf

B. Appendixes

Appendix A

Table Al. Headings of the main database tables for télécommunication cabinets [15]

Component

Patch panel (Optical cassettes/adapters or cooper cassettes/adapters);
Cable organizer;

Switch;

Reserve panel;

Blank panel;

Special telecommunication equipment

Code A unique number identifying a specific family or object in a model
Identification number of the family type, for example, all optical panels in
Code type which cassettes are built have their own number, those in which optical
adapters are built have a different number
. Closely related to cabinet marking and identifies the location of equipment in
Location .
the cabinet.
Unit Identifies a specific unit in the cabinet
Panel’s . . .
Unique identifier of the panel name
name
Level Relative elevation of a floor or building in a model
Mark Unique marking of an element in a model
Position Characterizes the type of object, closely related to the type code
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Appendix B

Table B1l. Example of cable conduits specification [15]

No Name Type, Item Manuf | Unit | Numbe | Weight | Pack
brand code acture rev. r , kg aging
r

Cable trays

1 | Non- AHMT3( | 01255 | OSTE | Mete 97,5 0,77 30
perforated M)- 1 C r
tray LN series | 50x50m
50x50x2500 p
Details

2 | Mounting [II1100 | 05190 | OSTE | mete 16 0,5 60
profile PP100 1 C r

3 | Swivel bar for TIIIC 04035 OSTE unit 8 0,04 100
tray height 1 C
50

4 | Changeable CAYU- 03285 | OSTE | unit 6 0,06 150
universal tray 50 1 C

connector for
a tray with a
height of 50

Fasteners
5 | Split anchor A3M830 | 06308 OSTE unit 186 0,013 100
M8x30 A 9 C
(brass)
6 | Semi- BM6x10 | 06610 OSTE unit 56 0,005 500
cylindrical 9 C
head screw
DIN 7985
M6x10
7 | Nut with lock I'M6CE | 06760 OSTE unit 56 0,003 500
collar DIN 9 C
6923 M6
8 | Nut with lock I'M8CE | 06780 OSTE unit 372 0,007 250
collar DIN 9 C
6923 M8
9 | Connecting rcM8 06908 | OSTE unit 54 0,04 100
nut DIN 6334 9 C
M8x28
1 | Threaded rod IIIT18-2 06482 OSTE unit 213 0,6 25
0 | DIN 975 9 C
M8x2000
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Appendix C

Clashes for engineering systems [91]

Figure C1.
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Appendix D

Table D1. Average temperature data from the sensors used in the case study [19].

Temperature Sensors

Rear Side Rear Side Front Side
Cabinet 1 TS 1.1 TS 1.2 TS 1.3

23.18 °C 23.60 °C 18.54 °C
Cabinet 2 22?93'3(: 22?3:23'?(: 12.803.5’3(:
Cabinet 3 22?5:3%'30 23?12'30 1g.soi'§c
Cabinet 4 22.87230 2287380 1g.s3j'§c
Cabinet 5 22.862.‘}C zg.ssg'gc 12.892'%
Cabinet 6 22?92'3(: 22?72'?(: 12.802?(:
Cabinet 7 2’£.S6E75IEC 22?7;?(: 12.8555’3(:
Cabinet 8 23?42'30 22?451;'?0 13812'%
Cabinet 9 22842'30 22.89?80 13823'%
Cabinet 10 B2 R 15,50
Cabinet 11 2T:§01711’i: 2T:§2121 1’%: 1T9S.3111 1’?:
Cabinet 12 RN 2553 °C 551 %
Cabinet 13 BT AR 527
Cabinet 14 2T 1S 7124;10 2T:§2164 ;Qc 1T 93.0144;?&
Cabinet 15 2TQS.2125:’%: 525.6145:’%3 1T9S.0185;f:
Cabinet 16 2184 °C 2565 °C 1516
Cabinet 17 2T:§41971’i: QTQS.6117 1’%: 1T9S.01471’?:
Cabinet 18 meTC TR 595

Table D2. Average humidity data from the sensors used in the case study [19].

Humidity Sensors

HS 1 HS 2 HS 3 HS 4 HS 5

35.19% 34.70% 36.89% 35.15% 35.36%
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