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Abstract: This paper presents a comprehensive analysis of the potential benefits and feasibility of
integrating Building Energy Management Systems (BEMSs) with Building Information Modeling
(BIM) in, but not limited to, the construction and building management sectors. By examining
advantages, challenges, and real-world case studies, this study offers valuable insights into the
impact of BEMS-BIM integration on building operations. The research methodology includes a
literature review and bibliometric analysis to understand the subject domain and identify prevalent
keywords. Additionally, case studies demonstrate the effectiveness of BEMS-BIM integration in
real-world scenarios. This study investigates the possibilities and challenges of BIM to the BEMS
methodology for energy-efficient industrial buildings, emphasizing the importance of addressing
uncertainties and enhancing software interoperability. This research highlights the potential of BEMS-
BIM integration to revolutionize building performance, enhance sustainability, and contribute to a
greener and more efficient future for the construction and building management industries.

Keywords: building energy management systems (BEMSs); building information modeling (BIM);
digital twin; integration; energy efficiency; sustainability; building performance

1. Introduction

Increasing energy expenses and the growing dependency on technology in the manage-
ment and upkeep of residential, commercial, and service buildings call for the investigation
of novel approaches to achieve cost effectiveness [1,2]. In this context, the integration of
Building Energy Management Systems (BEMSs) [3,4] with Building Information Modeling
(BIM) [5,6] emerges as a promising avenue to optimize energy consumption and enhance
the overall efficiency of construction and building operations [7].

BEMS technology represents a synergistic combination of hardware and software
systems that enable the monitoring, analysis, and control of a building’s energy usage [8].
By optimizing the efficiency of various building services, BEMS plays a pivotal role in
helping organizations regulate their environments, ensuring benefits to clients, staff, and
product integrity [9].

The evolution of BEMS technology aligns with the progressive integration of measur-
able parameters, including temperature, humidity, air quality, and other factors, that signif-
icantly influence indoor environmental quality. This integration involves a collaborative
approach that encompasses the design and construction phases, project implementation,
and the ongoing management of building systems and energy resources [10].

One area of significant interest revolves around integrating BEMS with BIM technol-
ogy [11]. This integration has become feasible due to the innovative progress in hardware
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and software solutions, particularly in the realm of virtual models, enabling smart tech-
nologies to exchange information seamlessly between physical and virtual representations,
often referred to as “Digital Twin (DT)” [12].

This integration allows for efficient data collection, processing, and feedback for fa-
cilities management through techniques such as data-driven decision making, artificial
intelligence (Al), and machine learning (ML) [13]. By leveraging these advanced technolo-
gies, superior strategies can be developed to conserve energy and enhance the efficiency of
critical building systems like heating, ventilation, and air conditioning [14].

By harnessing the capabilities offered by BEMS technology, organizations can gain com-
prehensive insights into various facets of energy consumption within a building. Through
monitoring and analysis of systems like heating, air conditioning, ventilation, lighting,
and more, specific areas for energy savings and operational efficiency improvements can
be identified. This leads to the adoption of sustainable practices, cost reductions, and
enhanced operational performance [15].

The integration of BEMS into buildings presents numerous advantages, addressing
a variety of challenges and unlocking opportunities for enhanced operational efficiency,
as discussed in this study. However, the current state of building management indicates
significant room for improvement. Research estimates suggest that around 90% of buildings
in the heating, ventilation, and air conditioning (HVAC) sector suffer from inadequate
management, leading to substantial annual energy cost losses. Inefficient control of heating
and cooling sources can result in up to 30% higher energy consumption when compared to
buildings equipped with efficient BEMS [4]. Addressing these challenges, BEMS technology
offers the capability to analyze energy usage patterns, establish usage limits, and define
energy consumption targets for different building systems [7].

However, the integration of BEMS with BIM technology presents its own set of chal-
lenges. These include incomplete or limited information in existing buildings, compatibility
issues, data integration complexities, and the need for skilled professionals who can effec-
tively operate and maintain the integrated system [16].

Nonetheless, advancements in sensor technologies, data integration methods, and DT
solutions provide opportunities for overcoming these challenges. These technologies allow
for real-time data collection, seamless integration with BIM models, and the creation of
virtual replicas of physical assets. These DTs can be used to simulate and optimize building
performance, streamline maintenance activities, and achieve better energy efficiency [17].

To gain more information about the published articles and their connection, the
VOSviewer version 1.6.19 was used, developed by Nees Jan van Eck and Ludo Waltman at
Leiden University’s Centre for Science and Technology Studies, Leiden, Netherlands [18].
It is a sophisticated software tool designed for visualizing and exploring bibliometric and
scientometric data. By analyzing relationships between scholarly documents, authors, and
keywords, VOSviewer generates informative and visually engaging maps and network
visualizations. The tool can be employed to reveal meaningful patterns, trends, and collab-
orations within extensive datasets of the scientific literature, allowing for the extraction of
valuable insights and informed decisions to be made in various research domains.

The aim of this paper is to investigate the integration of BEMS with BIM technology to
enhance energy efficiency and sustainability in commercial and service sectors. It covers
the advantages and disadvantages of BEMS, the process of creating BEMS models, the role
of BIM in building operations, and the challenges and opportunities of integrating BEMS
and BIM. This paper also highlights real-world implementations and their benefits, offering
practical insights into this integration. Overall, it aims to unveil the potential of BEMS-BIM
integration for enhancing building energy management and sustainability.

By examining the advantages and challenges of BEMS, exploring the process of creat-
ing BEMS models, and understanding the role of BIM in building operations, this paper
delves into the potential benefits of integrating BEMS with BIM for improved energy
efficiency and sustainability. This study addresses both the technical aspects and the practi-
cal implications of this integration by showcasing real-world implementations. Through
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comprehensive analysis, this paper aims to offer valuable insights into the feasibility and
impact of adopting BEMS-BIM integration in all sectors, as well as mentioning possible
future research in this domain.

The integration of BEMS with BIM technology has the potential to revolutionize
building operations and maintenance, resulting in significant energy savings, improved
environmental conditions, and enhanced overall building performance. This paper aims
to contribute to the existing body of knowledge by providing a comprehensive overview
of the subject, highlighting its relevance in the current energy landscape, and identifying
future research directions.

This paper is divided into six distinct sections, each serving a specific purpose. The
introduction section provides contextual information regarding the present situation and
offers foundational knowledge essential for comprehending the rationale behind the sub-
sequent review. The subsequent section, dedicated to BEMS, offers a comprehensive
examination of BEMS, delving into its intricate details and elucidating its operational
mechanisms. This section not only presents an insight into the practical application and
potential enhancements in BEMS but also delves into the exploration of synergistic inte-
gration with machine learning methodologies. The subsequent section, focusing on BIM,
furnishes readers with fundamental theoretical underpinnings relevant to BIM, followed
by an exploration of diverse real-world instances that illustrate its practical applications.

In the methodology section, an elaboration of the procedural framework employed
for the literature selection and the subsequent construction of bibliometric analyses is
meticulously detailed. This is followed by the presentation and discussion of the outcomes
derived from the bibliometric analysis, as well as the exploration of feasibility and real
use cases stemming from the integration of BEMS and BIM. The conclusion of the review
synthesizes the main tenets underscored throughout the paper, accentuating the key points.
Additionally, potential avenues for future research are introduced, fostering an awareness
of the directions in which the field could evolve.

2. Building Energy Management Systems (BEMSs)

BEMSs play a crucial role in optimizing energy consumption and enhancing building
efficiency, particularly in smart and sustainable cities [19].

Based on the analyzed studies concerning the use of BEMS, several advantages and
disadvantages of BEMS can be identified [7]:

The advantages of BEMSs [20]:

* Increased energy efficiency;

* Improved environmental conditions;

*  More efficient use of personnel;

e Enhanced fire, safety, and emergency procedures;

¢ Improved building performance standards;

e  Streamlined building management;

e  Reduced carbon emissions;

*  Reduced overall costs through improved energy efficiency and personnel optimization.

The disadvantages of BEMSs:

e  Higher initial design and installation costs;

*  Potentially higher operation and maintenance costs compared to simpler systems;

*  Requires experienced operators;

*  Demands commitment at all levels throughout its operational life to sustain maxi-
mum efficiency.

Over the past decade, the integration of ML has significantly advanced BEMS appli-
cations in various areas, including load /power prediction, fault detection and diagnosis
(FDD), and occupancy-related tasks [21].

Load prediction involves forecasting future cooling, heating, and electricity demand,
while power prediction focuses on equipment power generation, such as photovoltaic



Energies 2023, 16, 6327

4 0f 23

panels and wind turbines. Accurate load/power prediction is essential for improving
energy efficiency and flexibility in buildings [22]. These prediction models find practical
applications in demand-side management (DSM) and model predictive control (MPC).
DSM aims to balance electricity supply and demand, adapting to dynamic building energy
consumption and the increased use of renewable energy systems. On the other hand,
MPC optimizes building energy systems to meet specific goals under constraints, such as
minimizing costs or energy consumption [23].

Various ML algorithms, including autoregressive methods, tree-based methods, artifi-
cial neural networks (ANNSs), and deep neural networks (DNNs), have been utilized to
achieve reliable load /power prediction. ANN, in particular, has proven effective in address-
ing complex real-world problems, while DNN with long short-term memory (LSTM) layers
has demonstrated superior performance compared to tree-based algorithms for building
electricity demand prediction [24].

ML has also shown promising results in FDD for building energy systems, enabling
the early detection of equipment faults and enhancing energy efficiency [25].

Additionally, ML-based thermal comfort models have been employed to optimize
building HVAC systems, resulting in reduced energy consumption and improved occupant
satisfaction [26]. The integration of ML with Internet of Things (IoT) devices has facilitated
convenient data collection, enabling further enhancements in building energy efficiency.
For instance, ANN combined with IoT data has led to significant reductions in HVAC
energy consumption [27].

In the realm of advanced energy management, Advanced Energy Management Sys-
tems (AEMSs) have emerged as cutting-edge technologies designed to optimize energy
consumption and improve building performance. By collecting data from various sources,
such as smart meters, sensors, and weather forecasts, AEMS utilizes sophisticated algo-
rithms to monitor and control energy usage within buildings [28].

The key advantages of AEMS include enhanced energy efficiency, improved building
performance through real-time analysis, and increased comfort and productivity for build-
ing occupants. Statistical evidence supports these benefits, with studies showing reductions
in energy usage of up to 35% in commercial buildings and energy savings ranging from
10% to 30% through AEMS implementation [29,30]. Smart energy management systems
also have the potential to reduce peak power use by 15% to 20% [31].

Embracing AEMS and incorporating ML-based approaches in BEMS offer significant
potential for revolutionizing building performance. These advancements drive efficiency,
reduce costs, and contribute to the sustainability of both the environment and building
occupants [32].

Creating BEMS models involves several key steps to ensure that the model accurately
represents the building’s energy performance and behavior. The following is a general
process involved in creating them [4,10,33]:

¢ Data Collection and Building Survey:
Gather all relevant building data, including architectural drawings, construction plans,
specifications, and equipment details, and conduct a comprehensive on-site survey
to collect information on building geometry, envelope properties, HVAC systems,
lighting systems, occupancy patterns, and any other relevant parameters [34].

¢ Building Geometry Modeling:
Use the collected data to create a 3D digital model of the building’s geometry. This
model represents the physical layout and structure of the building, including floors,
walls, windows, doors, and roofs [35].

¢  Building Energy System Modeling:
Develop detailed models of the building’s energy systems, including HVAC system:s,
lighting systems, and other energy-consuming equipment, and specify the characteris-
tics and properties of each component, such as the efficiency of chillers, boilers, air
handling units, lighting fixtures, etc. [36].

e Energy Simulation Software:
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Choose an appropriate energy simulation software that can integrate the building
geometry and energy system models. Popular simulation tools include EnergyPlus,
eQUEST, and DOE-2, which can analyze the building’s energy consumption under
different conditions and schedules [37].

Weather Data and Occupancy Profiles:

Import local weather data to simulate the building’s energy performance under dif-
ferent climate conditions and define occupancy profiles to account for variations in
internal heat gains based on the building’s usage and occupancy patterns [38].
Simulation and Calibration:

Run the energy simulation using the chosen software to analyze the building’s energy
performance. Compare the simulation results with actual utility bills or historical
energy consumption data to calibrate the model and ensure its accuracy.

BEMS Integration:

Integrate the calibrated energy model with the BEMS. The BEMS may include sen-
sors, meters, and control algorithms to monitor and manage the building’s energy
consumption in real-time.

Sensitivity Analysis and Optimization:

Perform sensitivity analyses to evaluate the impact of different building parameters
and design options on energy consumption. Optimize the BEMS settings and control
strategies to achieve energy efficiency and occupant comfort goals.

Validation and Commissioning:

Validate the BEMS model by comparing its performance against real-world data after
the system is installed and operational. Commission the BEMS to ensure it functions
as intended and meets the desired energy efficiency and control objectives.
Continuous Monitoring and Maintenance:

After implementation, continuously monitor the BEMS and the building’s energy
performance to identify any discrepancies or potential improvements. Regularly
update the model with new data and changes to the building’s systems to maintain its
accuracy over time.

There is a lot of research in the field of BEMS, which needs to be highlighted as well.

Recent research conducted in South Africa [39] on the state of BEMS research in South
Africa identifies several areas of focus and gaps in the existing literature. The findings
reveal the following key results:

Building Typology:

The research primarily concentrates on BEMS studies related to residential buildings,
with commercial, educational, and office buildings also receiving some attention.
However, industrial and institutional buildings have been relatively neglected in
the literature. The prevalence of energy inefficiencies in domestic households is
highlighted as a significant concern.

Building Services Subsystems:

The major focus in BEMS studies has been on HVAC systems, underscoring the
significant contribution of heating and cooling demands to energy consumption in
South Africa. Lighting systems and consumer electronics are other areas of interest,
but they have not received as much attention as HVAC systems.

Applied BEMS Strategies:

DSM emerged as the most widely adopted strategy, especially in residential build-
ings, to address energy management challenges. In commercial buildings, MPC was
utilized to tackle real-time electricity pricing issues. However, optimization methods
and FDD were relatively underrepresented, despite their potential for enhancing
energy efficiency.

Methodological Approaches and Testbeds:

Classical techniques such as linear programming and linear regression have been
commonly used in BEMS studies. To overcome the limitations of these traditional
approaches, researchers have applied metaheuristic methods like genetic algorithms
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(GAs). Additionally, AI and ML techniques, such as deep learning neural networks,

have been employed for energy demand prediction and optimization. The use of

simulation testbeds for validation is predominant. Gaps in this section include limited
integration of big data analytics, a lack of hybrid methodologies, insufficient consider-
ation of uncertainty and sensitivity analysis, and the need for real-time performance
assessment in actual operational conditions.

¢ Focused Energy Management System Tasks:

BEMS studies primarily concentrate on control functions, monitoring and evaluation,

and analyzing and predicting current and future energy use. Optimizing energy

efficiency within the operational stage of buildings has emerged as a key priority.

However, the gaps involve the underrepresentation of demand response strategies,

limited integration of renewable energy sources (RESs), neglect of occupant behavior

modeling, and a lack of multi-objective optimization approaches to balance conflict-
ing objectives.

Similar trends are observed in Europe due to the similarity in weather conditions
between South Africa and Europe, with the only difference being the inverted seasons.

In a comprehensive review by [3], energy management strategies for BEMS are ex-
plored in both non-residential and residential buildings. The efforts are categorized into a
focus on non-residential buildings (71.74%), residential buildings (21.74%), and both types
(6.52%). Key strategies include MPC, DSM, optimization, and FDD, with challenges related
to model quality and user-oriented optimization.

Another study by [13] presents a taxonomy of ML functionalities in virtual power
plants (VPPs) and BEMS. The taxonomy covers three tiers: optimize, forecast, and classify,
encompassing various ML applications such as optimization, forecasting (load, price, and
renewable generation), and fault detection. This study emphasizes the growing interest
in ML for optimizing VPPs and energy forecasting while identifying future research areas
and challenges.

3. Building Information Modeling (BIM)

BIM plays a crucial role in building operations. BIM is a digital representation of the
physical and functional characteristics of a building or infrastructure [40]. Its primary pur-
pose is to enhance the collaboration, efficiency, and decision-making processes throughout
the building’s entire lifecycle, including the operational phase. The following are some key
ways in which BIM contributes to building operations [5]:

¢ Facility Management and Maintenance:
BIM provides a comprehensive database of information about the building, including
architectural, structural, and mechanical, electrical, and plumbing (MEP) details. These
data can be used by facility managers and maintenance teams to effectively manage
the building’s assets, plan preventive maintenance, and quickly access information
about various systems and components [41].

*  Space Management:
BIM allows for accurate space management, enabling facility managers to visualize
and track spaces within the building, assign uses, and manage occupancy. This helps
to optimize space utilization, track changes in real-time, and plan for future space
requirements [42].

e Energy Efficiency and Sustainability:
BIM can be utilized to simulate and analyze energy performance, daylighting, and
other sustainability factors. By assessing different scenarios and energy-efficient strate-
gies, building operators can make informed decisions to reduce energy consumption
and lower operating costs [1,43].

*  Asset Tracking and Inventory Management:
BIM can be integrated with asset tracking systems, allowing facility managers to mon-
itor and maintain equipment and inventory efficiently. This integration streamlines
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the process of tracking assets, automating inventory management, and optimizing
procurement processes.

e  Emergency Planning and Safety Management:
BIM can assist in emergency planning by providing visual and data-rich representa-
tions of the building’s layout, escape routes, and safety equipment locations. This
information aids in developing effective emergency response plans and conducting
simulations to assess safety measures [14].

*  Upgrades and Retrofits:
During the operational phase, buildings may require upgrades or retrofits. BIM’s
detailed information and visualization capabilities help architects and engineers plan
and execute these projects with greater accuracy and minimal disruption to the build-
ing’s occupants.

¢ Collaboration and Communication:
BIM facilitates collaboration among various stakeholders, including architects, engi-
neers, contractors, facility managers, and owners. It serves as a centralized platform for
sharing information, making revisions, and documenting changes, ensuring everyone
involved has access to the most up-to-date data.

¢ Data for Decision Making;:
BIM generates valuable data and insights throughout a building’s lifecycle. By analyz-
ing these data, building operators can identify trends, predict maintenance needs, and
make informed decisions to optimize performance and reduce operational costs [6].

BIM'’s integration into building operations provides numerous benefits, ranging from
improved efficiency and cost savings to enhanced safety and sustainability measures. As
the technology continues to evolve, its impact on building operations is likely to become
even more significant [44].

A digital twin is a big part of BIM. In this context, it refers to a virtual, data-rich
representation of a physical building, infrastructure, or facility. It serves as a dynamic
digital counterpart, constantly updated throughout the project’s lifecycle. The digital twin
integrates various data sources, including architectural, structural, and MEP information,
along with real-time data from embedded sensors within the physical asset [45—-47].

The benefits of a digital twin in BIM are numerous. It fosters enhanced collaboration
and communication among project stakeholders, enabling seamless data sharing and
informed decision making. Design and construction teams can simulate and analyze
different scenarios, identifying clashes and optimizing designs before construction begins,
leading to cost and time savings [41].

The real-time monitoring capabilities of the digital twin enable facility managers to
assess the asset’s performance, predict maintenance needs, and maximize operational
efficiency. Moreover, the digital twin provides a holistic view of the project’s entire lifecycle,
supporting long-term planning, asset management, and eventual decommissioning or
renovation [43].

The integration of DT technology within BIM is revolutionizing the design, construc-
tion, and management of buildings and infrastructure, harnessing real-time data and
advanced modeling for enhanced project outcomes and efficient asset performance [17].
In the context of sustainable energy management, ref. [43] explores the application of DT
technology, a key element of Industry 4.0, across domains such as building energy analysis.
Enabling real-time monitoring, optimization, and prediction of energy consumption, DT
technology contributes to sustainable building energy management and cost reduction.
This study reviews the evolution and application of DT technology in building energy,
discusses its integration with BIM, and assesses its impact on energy optimization, indoor
environmental monitoring, and energy efficiency evaluation [49]. Despite the challenges,
including data quality and model complexity, this review underscores the potential of DT
technology, especially in conjunction with machine learning, to enhance energy efficiency,
reduce carbon emissions, and align with sustainable development objectives [50].
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In [51], BIM integration is proposed to enhance energy audit processes, introducing
a BIM-based framework and tool for efficient building envelope assessments. Notably
reducing assessment effort, this approach envisions wider BIM adoption for building
evaluations, aligning with the integration of digital construction practices into energy audits
and extending assessments to virtual building representations. The study acknowledges
potential issues with calculation accuracy due to incomplete digital building models,
emphasizing data verification and standardization for enhanced reliability.

In [52], a Parametric BIM-based Optimality Criteria method is presented, combining
parametric BIM with the Optimality Criteria approach to optimize envelope shape and
element size in high-rise buildings. This approach aims to improve energy performance and
structural efficiency through multi-objective optimization, showcasing potential structural
cost variations of up to 60% while enhancing energy efficiency.

Addressing the issue of inadequate organizational BIM capabilities, ref. [53] examines
assessment criteria in Malaysia and Iran. The study identifies nineteen criteria for orga-
nizational BIM capabilities and highlights the importance of suitable infrastructure and
openness to technology as common priorities. Although subsequent criteria vary between
countries, the study reveals consistent overarching constructs emphasizing organizational
BIM and general capabilities. The research underscores the significance of resource suffi-
ciency and standardized guidelines for effective BIM implementation while also revealing
Iran’s focus on employee management and rule definition. Future research could explore
similar analyses in countries with diverse income levels to further assess criteria variations.

4. Methodology

Through comprehensive analysis, this research aims to offer valuable insights into the
feasibility and impact of adopting BEMS-BIM integration in all sectors. By revolutionizing
building operations and maintenance, this integration could lead to substantial energy
savings, improved environmental conditions, and enhanced overall building performance.
This paper seeks to contribute to the existing body of knowledge by providing a compre-
hensive overview of the subject, highlighting its relevance in the current energy landscape,
and identifying potential future research directions. A literature review is crucial for under-
standing the current state of research, existing gaps, and the foundation upon which this
investigation builds.

The research methodology employed in this study involved conducting a literature
review. This choice was motivated by its capacity to unite findings from an extensive
array of studies concerning the subject matter, thereby furnishing a holistic portrayal of
the topic [13]. The primary source of literature was the Web of Science database as well as
all databases indexed in WOS, which were complemented by data from Google Scholar to
include practical literature.

To dissect the occurrence patterns of keywords within the chosen publications, a biblio-
metric analysis was executed utilizing VOSviewer software [18]. This analysis allowed for
the identification of patterns and trends within the literature, enhancing the understanding
of the research landscape.

The process of handpicking studies for the review adhered to a three-fold procedure:

1.  Initiation involved conducting a search based on the field of interest, encompassing
title, abstract, keywords, and publication year.

2. Subsequently, the outcomes of the initial search were meticulously refined to ensure
pertinence and suitability.

3. The final selection of studies transpired through a dual process of visual screening and
citation analysis, meticulously guaranteeing the inclusion of pertinent and influential
works within the review.

The search step for selecting studies was conducted by using the keyword function
on the Web of Science website. The used keywords were “Building Energy Management
Systems”, and “Building Information Modeling”, both abbreviations, as well as “digital
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twin”. The initial number of papers found was 2186 using the keyword “Building Energy
Management Systems” as the must include and all others as should include.

From the found articles, the first one, using both BEMS and BIM as keywords in the
abstract, was [54] in 2013, which discussed the increasing interest in improving the energy
efficiency of BEMS and HVAC systems in buildings. The study utilizes BIM and Energyplus
to analyze energy performance and applies a GA-based optimization technique to obtain an
optimized HVAC control schedule for maximizing building energy performance. However,
the presence of references to BEMS and BIM can be traced back to as early as 1991 in
academic papers. Notably, during this period, BEMS was the predominant term used,
whereas BIM gained widespread acceptance only in the early 2000s. The year 2002 was
selected as the initial criterion due to its status as the first year in which a minimum of
two papers were published in each subsequent year. The revised count of papers meeting
this criterion amounted to 2155. The publications were acquired in July of the year 2023,
so they contain only approximately 50% of the total publications from that year. A graph
illustrating the distribution of these publications over the years starting in the year 2002 is
presented in Figure 1.
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Figure 1. The number of published papers and citations of reviewed articles throughout the years.

The number 2155 underwent additional refinement by exclusively considering articles
that did not mention the boundary element method, as this method was frequently iden-
tified by the acronym BEMS. Further filtration was performed by changing the keyword
“BIM” to must include, resulting in a reduction in the overall article count to 338. Using
the integrated Web of Science functionality, a visualization was generated based on the
provided papers to determine their country of origin, as depicted in Figure 2. Subsequently,
a more detailed analysis was conducted to display the distribution of publications catego-
rized by their respective continents of origin, as represented in Figure 3. The journals to
which the publications were submitted were also analyzed, and these results can be seen
in Table 1.

In the process of visual screening, the titles, abstracts, findings, conclusions, and
citations of various articles were examined. The main criterion for this point was the
minimal amount of citations shown in the WOS database. At least five citations were
needed to get through this screening process. After the third stage of the search, the final
set consisted of 208 unique publications. The whole process can be seen in Figure 4.
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Table 1. The top 10 journals where the selected articles were published.

Journal Name Number of Publications
Energy and Buildings 30

Energies 27

Energy Procedia 12

Journal of the Architectural 12

Institute of Korea Planing Design

Sustainability 11

Applied Mechanics AND Materials
IEEE Industrial Electronics Society
IFAC-PapersOnLine

6TH International Building
Physics Conference IBPC 2015

Applied Energy 6

74 27 26
PEOPLES R CHINA ST CANADA

|\ |[\©O| O

20
SOUTH KOREA

Figure 2. Visualization of the number of reviewed articles by their country of origin (created by the
Web of Science database. Only the top 10 countries were taken).

Africa
1%

Europe
41% Asia
44%

Oceania \
2% North America Southle/menca
(]

11%
orth America = Oceania = Europe

m Africa = Asia = South

Figure 3. The percentage of publications published in the BEMS domain by their continent of origin.
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WQOS All
Databases
(n=2186)
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Publication year at
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N
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Selected
Papers
(n=2155)
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element method
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Selected
Papers
(n=338)
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Final Papers
(n=208)
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(n=31)
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publication
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(n=1817)
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Excluded
(n=130)

VOSviewer
analysis

Figure 4. A flowchart depicting the stages of the literature selection process along with the corre-

sponding exclusion criteria for each stage.
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5. Results and Discussion

From Figure 1, it can be observed that the trends in the number of publications on
BEMS and/or BIM are closely connected with the increasing need for energy optimization
and efficiency in buildings. As global concerns about energy consumption, greenhouse
gas emissions, and sustainability have grown, the building industry has faced mounting
pressure to address these challenges. There was a small slowdown during the economic
crisis in 2008, as well as the first year affected by the coronavirus pandemic. A small
slowdown in the increasing trend can be seen in the year 2019, when a lot of improvements
were made in the cost efficiency of RES, such as solar and wind power and building large
off-shore wind plants, as well as the increased use of the natural gas power plants, which
were seen as a clean alternative.

The research methodology encompassed the extraction of titles, abstracts, and author
information from selected publications in the domain of interest. These publications were
obtained from the Web of Science database and exported into a Comma-Separated Values
(CSV) report, facilitating meticulous examination. For comprehensive bibliometric analysis
and an exploration of the interrelationships between BEMS and BIM concepts, the authors
employed VOSviewer—a potent software tool renowned for constructing and visually
representing bibliometric networks [18].

Through a meticulous examination of keyword occurrences among the selected pub-
lications, the research sought to identify the most prevalent terms shared across the lit-
erature. This methodological approach provides valuable insights into the fundamental
connections and associations prevailing within the subject domain. To establish a robust
analytical foundation, a prudent threshold was set by the authors, requiring at least ten
occurrences of keywords within the selected publications. As a result, out of the initial pool
of 5999 keywords, which occurred at least once, 131 keywords met the rigorous inclusion
criteria of having at least ten occurrences.

Each of the 131 identified keywords underwent an exhaustive evaluation, considering
their co-occurrence links with other keywords in the literature. This systematic analysis
enabled the identification of the most influential keywords, characterized by their pro-
nounced associations with other terms. Using the default VOSviewer tool setting, only 60%
of the most influential keywords were selected to reduce the complexity of the finished
visualization. The final amount of keywords visualized was 79.

Among the meticulously curated keywords, “integration”, “information modelling”,
“energy consumption”, and “maintenance” emerged as the most prominently employed
terms. Remarkably, these keywords played a pivotal role in shaping clusters of significant
importance within their respective research contexts. To visually depict these crucial
findings, Figure 5 presents the most prevalent single and two-word keyword combinations
extracted from the titles, abstracts, or keywords of the analyzed publications.

Notably, an intriguing revelation emerged during the examination of interconnections
and citations among the identified keywords. “Integration”, “information modelling”, and
“energy consumption” were found to be the most frequently cited and highly interconnected
keywords, exhibiting a remarkable total link strength of approximately 400 each (total link
strength is the sum of all individual link strengths based on their co-occurrence frequency
in a dataset). Surprisingly, “BIM tool” exhibited a relatively limited presence among the
identified keywords, indicating a notable scarcity of research publications concerning the
emerging integration between BEMS and BIM. This apparent disparity suggests that the
scholarly focus remains predominantly directed toward BEMS, potentially impeding the
comprehensive exploration and dissemination of knowledge related to the integration
with BIM.
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Figure 5. The most common keywords in selected publications related to BEMS and BIM (outputs
of VOSviewer).

An insightful analysis can be derived from examining the continental origins of the
selected papers, as illustrated in Figure 3. The notable presence of Asia, accounting for 44%
of the chosen publications, can be attributed to several compelling factors. Asia’s rapid
economic growth and urban expansion have led to an escalating demand for sustainable
and energy-efficient building solutions. Consequently, researchers and professionals in
Asian countries have actively pursued investigations and implementations of BEMS and
BIM integration to tackle energy consumption challenges within the built environment.
Moreover, governmental policies and initiatives prioritizing energy efficiency and eco-
friendly building practices, particularly in nations like China, Japan, South Korea, and
India, have likely stimulated vigorous research and development in this domain.

The 41% contribution from Europe underscores the region’s longstanding commitment
to environmental sustainability and energy conservation. European nations have been
pioneering the adoption of RES and advocating for sustainable building methods for an
extended period. The convergence of BEMS with BIM aligns seamlessly with Europe’s
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emphasis on intelligent and energy-efficient structures, rendering it an area of paramount
interest for researchers, policymakers, and industry stakeholders across the continent.

The 11% share attributed to North America among the chosen publications can be
linked to the region’s persistent endeavors to curtail carbon emissions and address the
exigencies of climate change. Countries such as the United States and Canada have made
significant investments in research and innovation pertaining to energy management and
building sustainability. The integration of BEMS and BIM offers promising avenues to
optimize energy usage and amplify building performance, garnering substantial attention
from researchers and practitioners in North America.

The representation of Africa, South America, and Oceania in the chosen publications
is equally noteworthy. Africa’s 1% presence reflects a nascent yet growing interest in
sustainable building practices and energy-efficient solutions. The continent’s burgeoning
urbanization and evolving development landscape are likely to drive increased research
and application of BEMS and BIM integration in the future.

Similarly, South America’s 1% share reflects a developing trend toward addressing
energy consumption challenges in the built environment. The region’s diverse climate zones
and socio-economic contexts provide fertile ground for exploring innovative strategies
such as BEMS and BIM integration.

The 2% representation from Oceania may be correlated with the region’s emphasis on
sustainable development and ecologically sound building practices. Oceania’s distinctive
environmental challenges, encompassing extreme weather conditions and water scarcity,
have catalyzed interest in energy-efficient edifices and advanced technologies like BEMS
and BIM. It is likely that researchers and industry experts in Oceania are actively exploring
these integrative methodologies to mitigate environmental impacts and ensure the prudent
utilization of resources.

The distribution of selected publications across these diverse continents serves as a
reflection of the global resonance surrounding sustainable building practices and the quest
for energy efficiency. The variations in percentage distribution among continents can be
ascribed to region-specific priorities, governmental policies, and the extent of research
and development endeavors in the realm of BEMS and BIM integration. As the urgency
to address climate change and energy consumption intensifies, collaborative endeavors
spanning continents are poised to play a pivotal role in shaping a more sustainable future
for the built environment.

The integration of BEMS and BIM has emerged as a powerful approach to optimize
building performance, enhance energy efficiency, and create smarter, more sustainable built
environments. This synergistic coupling of BEMS and BIM technology holds great promise
for the construction and building management industries. The integration of these two
technologies allows for the real-time exchange of data, creating a powerful platform for
effective building management [47,55].

This integration yields a range of substantial benefits, mainly directed at reducing
energy consumption in buildings, improving energy performance prediction accuracy, and
generating potential cost savings. This integration brings together real-time operational
data from BEMS and the comprehensive architectural insights of BIM, forming a symbiotic
relationship that optimizes energy efficiency across the building’s lifecycle [56]. The main
benefits are the following:

¢ Energy consumption reduction by empowering stakeholders to make well-informed
decisions from the outset. Architects and engineers can utilize real-time BEMS data
during the design phase to tailor building orientation, system sizing, and layout to
maximize energy efficiency. This data-driven design approach ensures alignment with
actual operational parameters, creating a solid foundation for buildings that inherently
prioritize energy conservation.

*  Real-time performance monitoring and management, which contributes to prompt
energy-saving interventions. By integrating BEMS data into BIM models, facility
managers gain continuous insights into energy consumption patterns and system effi-
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ciencies. This real-time feedback loop enables the early identification of inefficiencies
or deviations, facilitating proactive measures to prevent energy wastage and ensuring
optimal system performance.

An enhancement in the accuracy of energy performance predictions through dynamic
simulations, a hallmark of the BEMS-BIM integration. By incorporating real-time
operational data and occupant behavior, these simulations provide a realistic represen-
tation of how building systems will function. The result is a more reliable estimation
of energy usage during the design phase, ensuring that energy-efficient strategies are
grounded in empirical data and better poised to translate into operational efficiency.

Cost savings as a significant financial advantage of BEMS-BIM integration. Reduced
energy consumption translates directly into lower operational costs over the building’s
lifespan. The integration assists in optimal system sizing, mitigating the oversizing
that often leads to capital and operational inefficiencies. Timely fault detection and
maintenance practices, guided by real-time data, minimize downtime, yielding not
only operational cost savings but also improved occupant satisfaction.

Retrofitting and upgrades by using the integration’s insights to guide well-informed
decisions on energy-saving measures, ensuring that resources are allocated efficiently
to generate maximum impact. Furthermore, streamlined collaboration among stake-
holders, fostered by BEMS-BIM integration, minimizes errors, reworks, and associated
costs throughout the project’s lifecycle.

However, the integration of BEMS and BIM also comes with technical aspects and

practical implications. Data standardization is a crucial challenge, as harmonizing data
formats between BEMS and BIM systems is essential for smooth data transfer and inter-
operability. Establishing a robust communication protocol is vital to ensure real-time data
synchronization between the two systems. Moreover, integrating two critical systems
demands robust security measures to safeguard against potential cyber threats and data
breaches [57]. The successful implementation of BEMS-BIM integration also requires a
skilled workforce capable of operating and managing both technologies effectively [12].

There are some effective strategies, which can be used for overcoming these techni-

cal challenges:

Clear Project Goals and Requirements:

Define clear project goals and requirements for the integration of BEMS and BIM.
Understand the specific objectives, data exchange needs, and desired outcomes. This
will provide a strong foundation for the integration process and help guide decisions
throughout the project.

Standardized Data Formats and Protocols:

Ensure that both BEMS and BIM systems use standardized data formats and pro-
tocols for data exchange. Common standards such as Industry Foundation Classes
(IFCs), Building Controls Virtual Test Bed, and Building Automation and Control
Networks can facilitate seamless communication between systems. Implementing
these standards reduces compatibility issues.

Open Application Programming Interfaces (APIs):

Utilize open APIs to enable data sharing and communication between BEMS and BIM
systems. Open APIs allow developers to create custom integrations that suit specific
project needs. This approach promotes flexibility and scalability, making it easier to
adapt to changes in technology and system requirements.

Interdisciplinary Collaboration:

Foster collaboration between various project stakeholders, including architects, en-
gineers, facility managers, and IT professionals. Interdisciplinary teamwork ensures
that different perspectives are considered, leading to a more holistic integration ap-
proach. Regular communication and coordination can address technical challenges
and enhance the overall integration process.

Data Mapping and Transformation:
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Develop a clear data mapping and transformation strategy to align data structures
between BEMS and BIM systems. This involves identifying equivalent data fields,
units, and semantics to enable accurate data exchange. Data transformation tools
or middleware can be employed to facilitate this process and ensure consistency
across systems.
e  Pilot Testing and Validation:

Before full-scale implementation, conduct pilot testing to validate the integration
approach. Use a smaller-scale project or a subset of data to identify and address any
technical issues or bottlenecks. Pilot testing helps refine the integration process and
minimizes risks associated with large-scale deployment.

Despite its potential benefits, there are several problems and challenges to consider.
Integrating BEMS and BIM may require initial capital investment and upgrades to existing
systems, which could be a barrier for some stakeholders. The complexity of integrating
two complex systems demands careful planning and skilled implementation to avoid com-
plications. Additionally, some stakeholders may be hesitant to embrace new technologies
and workflows, necessitating change management strategies [1].

Nevertheless, the feasibility of BEMS-BIM integration is evident as many BEMS and
BIM systems already have API capabilities, making integration technically viable. Moreover,
various industry organizations are actively working to develop standards and best practices
for BEMS-BIM integration, further promoting its feasibility.

The process of creating a BEMS model integrated with BIM involves three main
steps [11]:

1. The creation of a BIM model:

A BIM model is created by the BIM designer based on the building’s structure using a

BIM authoring system. This model includes information and geometric object data,

as well as spatial relationships between objects. To ensure compatibility and ease of

use, the model is exported using the IFC format, which is supported by various BIM
software manufacturers.
2. The creation of the BEMS model:

Simultaneously with the creation of the BIM model, the BEMS designer processes

information related to the BEMS. A comprehensive list of all data points is generated,

with automatic generation possible for most systems. However, manual enrichment
of data with additional information may be required. Each data point is then mapped
to a specific device in the BIM model.

3.  The optimization and updating of the BEMS model:

Once the BEMS model is created, it is essential to ensure the correct functioning of
the energy data used. Regular updates and adjustments become necessary during
renovations, layout changes, or sensor replacements. Such updates are typically
localized and do not significantly affect the overall model structure. The model
maintenance workflow involves fewer but similar tasks compared to the model
creation workflow. Multiple actors, including BIM and BEMS modelers, may be
involved in these updates. Before integrating the BEMS, data quality from individual
measurement points must be verified and then updated in the BEMS model.

In real-world scenarios, the integration enables optimized designs, real-time perfor-
mance monitoring, predictive maintenance, and collaborative efforts. BEMS data inform
energy-efficient designs, while integration allows continuous energy tracking during con-
struction and occupancy. Predictive maintenance minimizes downtime, and collaboration
is enhanced among stakeholders [58].

One of the uses of the fusion of BEMS and BIM is to facilitate a 3D visualization of sen-
sor readings, including temperature and CO, data, localized to specific building levels [59].
Additionally, historical sensor data from selected rooms can be graphically represented,
allowing for the analysis of trends over defined time spans. This synergy between BEMS
and BIM not only empowers instantaneous comprehension but also furnishes an analytical
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framework for deciphering patterns within architectural spaces. An example of this can be
seen in Figure 6.

March 2023 April 2023 May 2023 June 2023

Figure 6. Heat map created in BIM model using BEMS historical sensor data [59].

Challenges include harmonizing diverse data sources and addressing complexity,
necessitating training and robust security measures. Nonetheless, opportunities are signifi-
cant. The integration empowers comprehensive decision making, extends sustainability
efforts, simplifies compliance, and drives innovation. Ultimately, research into BEMS-BIM
integration reshapes sustainable building design and construction [60].

Several case studies were already created, where this integration was used. Ref. [47]
conducted a case study of this integration. Ports, being essential hubs for human activities
and trade, are closely linked to environmental concerns. Anzio, a fishing port in Italy’s
Lazio region, is one such example with a rich history of local development. To address the
challenges of sustainability, a new approach utilizing BEMS and BIM has been adopted.

The integration of BEMS and BIM allows for better decision making and energy
performance evaluation in the port area. Digital models created using BIM technology
provide detailed information on various building systems, while BEMS monitors and
controls energy usage. The combination of these technologies has resulted in remark-
able improvements.

The optimization of lighting terminals through the use of LED structures has led to a
substantial reduction of about 65% in energy consumption for lighting compared to the
previous state. Additionally, the installation of charging devices for boats in the port area
has further enhanced energy efficiency.

Wind energy potential assessment revealed suitable locations for micro wind turbines,
and with the installation of fifteen turbines, the port can produce around 36,300 kWh of
energy annually.

Moreover, a solar energy assessment demonstrated the feasibility of installing pho-
tovoltaic panels in the port area. The placement of solar canopies over parking areas
generated approximately 186,254.63 kWh per year. In conjunction with wind energy, the
port can achieve zero-energy demand status, producing more energy than it consumes.
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The adoption of these RESs significantly contributes to reducing CO, emissions. The
port’s transformation into a sustainable zone has been successful, benefiting both the
environment and the community.

Considering the investment costs, the overall expense for installing wind and solar
systems amounted to EUR 512,400. However, state incentives, such as feed-in tariffs and
tax deductions, make the return on investment feasible and financially attractive.

In conclusion, the integration of BEMS and BIM in Anzio’s port area has yielded
impressive results, showcasing the potential of sustainable energy solutions in transforming
ports into environmentally friendly and self-sufficient zones.

The study in [14] introduces a novel framework designed to achieve continuous
Bayesian calibration of whole building energy simulation (BES) models. This framework
harnesses data from BIM and BEMS. By leveraging information from both BIM and BEMS,
this approach optimizes the calibration process, resulting in notable time and effort savings.

To ensure the fidelity of the translation from BIM to BES models, the study employed
five geometric test cases. These cases effectively demonstrated a strong concordance
between the original BIM and the BES model based on the Green Building XML format.

Furthermore, the study showcases a practical calibration case study involving a real
building. This case study utilized BIM alongside three years of monthly electrical energy
consumption data. The effectiveness of the continuous Bayesian calibration method was
assessed and the findings indicated reduced prediction uncertainty and heightened ac-
curacy when compared to non-continuous approaches. The research also delves into the
incorporation of probabilistic BES predictions, underlining the significance of analyzing the
distributions of the coefficient of variance of the root mean square error and the normalized
mean biased error for more robust evaluations.

In summary, this research offers a promising approach for enhancing the calibration
of BES models by integrating BIM and BEMS data, paving the way for more accurate and
efficient building energy simulations and predictions.

The study conducted in [15] investigates the possibilities and challenges of using BIM
to BEM methodology for modeling, analyzing, and optimizing energy-efficient industrial
buildings. Two industrial facilities were analyzed as case studies. The research identified
varying needs in the level of development and semantic differences among disciplines (ar-
chitecture, structural engineering, analysis) as problems. Time pressure was also identified
as a significant factor leading to building model defects. These deficits represent different
types of uncertainties related to integrated energy modeling using BIM to BEM.

The study emphasizes the importance of conducting an uncertainty analysis as the
initial step in integrated modeling and developing strategies to address these uncertainties.
To minimize BIM to BEM uncertainties, improvements in software interoperability (model-
ing uncertainty) are necessary, but equally important is the reshaping of the design process
and the augmentation of individual competencies to tackle process-related uncertainties.

Another paper [61] addresses the issue of constrained operational flexibility resulting
from conventional CHP unit modes, which, in turn, limits the efficient use of renewable
energy. This problem is akin to challenges faced in the integration of BEMS and BIM, where
optimizing building systems’ performance requires overcoming operational rigidity. To
tackle this, a novel scheduling model based on chance-constrained programming is pro-
posed. This model aims to minimize costs in a small integrated energy system, accounting
for renewable uncertainties and thermal comfort requirements in buildings. The solution
approach, employing sequence operation theory and the CPLEX solver, transforms chance
constraints into solvable formats.

Key findings from simulations include: The proposed model optimizes thermal inertia
and auxiliary equipment, bolstering operational flexibility and encouraging renewable
energy consumption. The solution approach efficiently resolves the model, converting
chance constraints into solvable formats via the CPLEX solver. Different auxiliary equip-
ment choices influence flexibility, and their coordinated operation enhances both flexibility
and energy supply reliability.
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In summary, the text presents a solution to enhance operational flexibility in energy
systems, which resonates with the challenge of optimizing building performance through
the integration of BEMS and BIM. This solution encourages better integration of renewable
energy while ensuring system efficiency and reliability are maintained.

Looking to the future, there are exciting research directions to explore. Developing
interoperability standards and formats that facilitate seamless integration across different
BEMS and BIM platforms is crucial. Additionally, researchers can explore the potential
of Al to analyze and optimize data from both BEMS and BIM, unlocking new avenues
for sustainable building management. Furthermore, conducting a lifecycle analysis to
understand the long-term impact of BEMS-BIM integration on building performance,
energy efficiency, and occupant comfort is essential. Some of these future perspectives and
challenges mentioned in [62] can be seen here:

*  Performance-Driven Design:
Challenges in performance-driven design encompass generation, simulation, and
optimization. Architects must develop algorithms for design parameter adjustment,
enhancing generative design. Performance-driven methods emphasize conceptual
logic over outcomes, yet current algorithms lack geometric diversity. Integrating inner
space topology with energy/ventilation performance remains underexplored.

*  Model-Based Operational Performance Optimization:
Operational optimization relies on efficient simulations for energy savings. Ensuring
computation speed aligns with real-time control constraints is essential. Balancing
computation speed and model accuracy is a key challenge, warranting investigation.

¢ Integrated Simulation for Digital Twins:
Digital twins demand data integrity and real-time simulations. Data quality, cost-
effective sensor use, and real-time simulations are priorities. Scaling simulations for
urban use requires diverse data integration.

*  Building Simulation for Urban Energy Planning;:
Urban energy modeling’s accuracy can improve through uncertainty analysis and
model calibration. Integrating UBEM with urban energy systems enhances energy
infrastructure modeling.

¢ Building-to-Grid Interaction Modeling:
Enhancing building—grid interaction modeling entails leveraging flexibility and adapt-
ing to rapid grid changes. Addressing occupancy impact on energy consumption and
exploring larger-scale simulations and control are critical.

6. Conclusions

The integration of Building Energy Management Systems with Building Information
Modeling creates a big shift within the domain of sustainable building design and construc-
tion. This integration empowers stakeholders to optimize energy efficiency and ensure
occupant well-being from design to operation and maintenance. By merging real-time
BEMS data with BIM's holistic insights, decisions are driven by comprehensive information.

This integration facilitates a data-centric approach to sustainable design. The combi-
nation of real-time BEMS data and BIM’s visualization capabilities allows architects and
engineers to meticulously analyze energy consumption patterns and system performance.
This leads to designs that not only meet sustainability standards but also prioritize occupant
comfort while minimizing energy use.

Predictive maintenance is a key advantage of the BEMS-BIM synergy. Real-time BEMS
insights seamlessly interfaced with BIM enable stakeholders to anticipate maintenance
needs and prevent energy inefficiencies. Collaboration is enhanced as architects, engineers,
energy analysts, and facility managers work together, fostering effective communication
and shared problem solving. Moreover, on a larger scale, this integration contributes
to urban sustainability by optimizing energy allocation and load management. Overall,
the integration of BEMS and BIM propels energy-efficient and eco-conscious building
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practices, aligning with global efforts to combat climate change and establish sustainable
built environments.

The feasibility of BEMS-BIM integration is evident, as many systems already have
API capabilities, and industry organizations are actively developing standards and best
practices for integration. However, technical aspects and practical implications, such as
data standardization, communication protocols, and cybersecurity, need to be carefully
addressed for successful implementation.

Moreover, case studies have showcased the effectiveness of BEMS-BIM integration
in real-world scenarios. From continuous Bayesian calibration of BES models to utilizing
BIM for modeling energy-efficient industrial buildings, these studies have demonstrated
significant improvements in accuracy, efficiency, and sustainability.

While this review article highlights the transformative potential of integrating BEMS
with BIM for sustainable building design and operation, it is important to acknowledge
certain limitations inherent in such review-based analyses. Firstly, the comprehensiveness
and accuracy of the conclusions heavily rely on the quality and scope of the selected
literature. Despite the efforts to include a diverse range of sources, there might still be
gaps in coverage or biases in the literature selection process that could impact the overall
validity of the conclusions drawn. Additionally, as the field of BEMS-BIM integration
is continually evolving, the review’s findings might be subject to a degree of temporal
relevance, where new advancements or changes in practices emerge after the review’s
publication. Furthermore, while the review provides valuable insights and highlights key
trends, it might not capture every nuanced detail or specific context that individual studies
could offer. Finally, as with any review, the interpretations and synthesis of information
are subject to the author’s perspective and potential biases, which could influence the
overall assessment of the integration’s benefits and challenges. Despite these limitations,
this review serves as a valuable resource for understanding the current state and future
potential of BEMS-BIM integration within the domain of sustainable building practices.

Looking ahead, exciting research directions await. Developing interoperability stan-
dards and formats for seamless integration across different BEMS and BIM platforms
will facilitate widespread adoption. Furthermore, exploring the potential of Al for data
analysis and optimization will unlock new possibilities for sustainable building manage-
ment. Conducting lifecycle analyses will provide a comprehensive understanding of the
long-term impact of BEMS-BIM integration on building performance, energy efficiency,
and occupant comfort.
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Abbreviations

The following abbreviations are used in this manuscript:

AEMS  Advanced Energy Management System

Al Artificial Intelligence
ANN  Artificial Neural Network
API Application Programming Interface

BEMS  Building Energy Management System
BES Building Energy Simulation

BIM Building Information Modeling

Csv Comma-Separated Values

DNN  Deep Neural Network

DSM Demand-Side Management

DT Digital Twin

FDD Fault Detection and Diagnosis

GA Genetic Algorithm

HVAC Heating, Ventilation, and Air Conditioning
IEC Industry Foundation Class

IoT Internet of Things

LSTM  Long Short-Term Memory

MEP Mechanical, Electrical, Plumbing

ML Machine Learning

MPC Model Predictive Control

RES Renewable Energy Source

VPP Virtual Power Plant
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