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Abstract: The fourth industrial revolution has resulted in the digitalization of projects and operations across
all sectors. Accordingly, efforts are being made to utilize advanced technologies to improve the energy
efficiency of the building sector. This study has reviewed the current application and limitations of cutting-
edge technologies in this regard. An overview of the use of the Internet of Things (IoT), artificial intelligence
(AI), digital twin (DT), and building information modeling (BIM) for energy efficiency of buildings has been
provided. It has been found that the use of Industry 4.0 technologies, during the construction and operational
phase of buildings, has a great potential to reduce energy consumption and emissions of the sector. This study
may help stakeholders of the built environment to understand the role of industry 4.0 tools for energy efficiency
of the sector.
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I. Introduction

It is projected that the frequency of extreme weather events, due to climate change, will be
enhanced with time [1]. The building sector, due to its huge energy consumption and emissions, is
considered at the forefront of the campaign for sustainable development [2,3]. According to the
reports, the building sector accounts for 40 % of total energy consumption and 36 % of carbon
emissions [4]. Efforts are being made, across the globe to take initiatives for lowering energy
consumption in the building sector, and most of the countries have already set their action plans in
this regard [5]. Countries are making huge investments in establishing the infrastructure for energy
efficiency, and extensive rebates are also conferred by governments to individuals and organizations
who are adopting measures for energy efficiency. The energy efficiency appeal is widely accepted
owing to its potential not only for saving in utility costs but also for reduction in emissions.

With the advent of Industry 4.0, cutting-edge technologies can play a contributory role in
reducing the energy consumption of the building sector [1]. It has been reported that the integration
of innovative technologies in building operations has the potential to reduce energy consumption by
up to 14 % percent in retail stores and 18 % in offices [6]. During recent years, there has been a
proliferation of research studies undertaken on the integration of industry 4.0 tools for the energy
efficiency of buildings. However, most studies have focused on a specific technology for the energy
efficiency of buildings, and there is a need to provide an overview of the current use of these
technologies and their limitations in one study. By reviewing the literature on the subject, this study
aims to provide insights into this domain.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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IL. Building Energy Efficiency in Industry 4.0 Era

The use of building automation systems has emerged since 1980 [7]. Initially, automation
systems were decentralized and were used to control different functions of buildings separately [8].
However, with time, the capacity of automation systems has enhanced, and now a single system can
monitor and control different functions of a building [7]. The enhanced capability of automation
systems, with the advent of Industry 4.0 and the availability of robust technologies, can help greatly
in promoting the energy efficiency of the built environment [9]. Several technologies, including the
Internet of Things, (IoT), artificial intelligence (AI), digital twin (DT), and building information
modeling (BIM), are being integrated with building systems to improve energy efficiency. The
following sections will provide an overview of the application of these technologies for energy
efficiency in buildings.

A. Building Energy Efficiency through IoT

The advent of IoT offers interesting opportunities for its integration across all sectors [10]. While
interconnecting several devices through data collection and sharing, IoT provides an automation
system for the buildings which can be controlled by the building owner through a smart device easily
[11]. The IoT has led to the formulation of the Internet of Energy (IOE), which utilizes the IOT in
distributed energy systems for improving energy efficiency and resultantly reduces the detrimental
effects on the environment [12].

Researchers have worked on the integration of IOT for buildings' energy efficiency, Khan, et al.
[13], in a study utilizing Android Smartphones and FLIROne, collected 50 thermal images and
identified insulation problems of the building with an accuracy of 75 %. These thermal images were
taken from outside and inside of the building to identify the temperature difference. In another study,
Metallidou, et al. [12] proposed a template for smart buildings to improve energy efficiency. They
utilized a remote-control method, which was supported by a cloud interface for improving the energy
performance of existing buildings. While utilizing IoT, Humayun, et al. [14] proposed a green
energy system model for the optimization of energy at both the building level and city level. The
mathematical evaluation of their model suggested that this model has enormous potential to save
energy in different dimensions of smart cities, which includes buildings, smart homes, street
billboards, and smart parking. Similarly, Kumar, et al. [10] in their study used I0T to achieve energy
efficiency through a smart construction architecture. The results of their simulation highlighted that
by utilizing the Constrained Application Protocol (CoAP) method in the designed smart building,
energy consumption was reduced by 30.86 %. In a similar work, Wang, et al. [15] utilized a Wi-Fi
probe-based method for occupancy detection, and their method saved up to 26.4 % of energy.

It has been found that studies on IoT for building energy efficiency have mostly focused on
energy markets, users, and devices, however, building design aspects have not been considered [16].
Future studies may be undertaken on the application of IoT for building energy efficiency while
considering the design aspects.

B. Building Energy Efficiency through Al Techniques

Artificial intelligence can be defined as the capability of computers to undertake intelligent tasks
that could not have been undertaken by machines previously [17]. Due to the surprising benefits of
Al it has been widely used across all sectors. Accordingly, Al techniques such as deep learning (DL)
and machine learning (ML) have been used to develop solutions for the built environment [1]. Al
utilizes predictive modeling and data analytics while getting input from historical data and past
experiences to develop human-like reasoning capacities in machines [17]. This way, machines can
predict and forecast future occurrences or certain events.

Several studies have been undertaken for the integration of Al in buildings to promote energy
efficiency. In this regard, Le, et al. [18] proposed four Al techniques to forecast the heating load of the
buildings. They concluded that out of the proposed techniques, the genetic algorithm model proved
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to be as most efficient for efficiently calculating the heating loads. For calculating anomalous energy
consumption in buildings, DirvenData [19] proposed a model based on AI and a rule-based
algorithm. This model calculated the difference between the predicted and the real energy
consumption. While utilizing a multi-objective genetic algorithm (MOGA) and artificial neural
network (ANN), Satrio, et al. [20] optimized the operations of the chiller system in a building. The
optimization considered two objectives wherein ANN was used to perform correlation between
objective functions and decision variables while MOGA provided various possible design variables.
In another work, Ilbeigi, et al. [21] proposed a reliable optimization method for building energy
consumption using Energy Plus software for evaluating and scrutinizing the critical factors
arithmetically. They also created an ANN with a multi-layer perceptron model (MLP) for simulating
energy consumption. Finally, they optimized the energy consumption of the case study building by
the Galapagos plugin, which relied on a Genetic Algorithm based on the crucial variables. While
proposing a Recurrent Neural Network (RNN) method for building energy consumption, Aowabin
Rahman [22] compared its robustness and accuracy with the ANN method. They found that the
estimation of energy consumption can be improved by the RNN method in comparison to the ANN
method. While using the ML method, Shiyu Yang [23] proposed a model for a predictive control
system for building automation systems and compared it with a conventional reactive control system
for controlling mechanical ventilation and air conditioning in a lecture hall. Their proposed method
reduced electricity consumption by 36.7 % and energy consumption by 58.5 % for air conditioning.
In another work, Marijana Zeki¢-Susac [5] created prediction models for the energy efficiency of a
public sector building using a Rpart regression tree, Deep neural networks, and Random forest with
variable reduction procedures. They concluded that the most accurate results were given by the
Random forest method.

It has been found that Al-based techniques have advanced substantially. However, owing to
data complexity and uncertainty in design parameters for building energy management problems,
the computational cost is still high [24], and thereby, utilization of soft computing for building energy
management is still limited.

C. Building Energy Efficiency through Digital Twin

The concept of DT was proposed for the first time in 2011 and was used in aircraft design. Due
to its ability to replicate the real world, the concept gained popularity within no time, and DT is
currently used by several industries. The use of DT can radically alter the architecture engineering
and construction (AEC) sector [25]. The virtual representation of the real-world building
environment through DT is aiding operators and designers to devise a control and design strategy
[26]. The integration of database and sensor systems has promoted the use of DT [27].

Several studies have been conducted on the use of DT for building energy efficiency. While
utilizing DT, Seo and Yun [27] proposed a framework to assess energy efficiency strategies in
university buildings. They developed a DT for their case study, which was based on 9 university
buildings, including 55 rooms. It was concluded that by using an infrared sensor, there is a potential
to reduce power consumption by 60 %. In another study, Lydon, et al. [28] used the DT for the
optimization of concrete roof structures for space conditions by geothermal renewable energy
resources. While using ML approaches, Lin, et al. [29] created a hybrid DT model for capturing the
building’s HVAC system dynamic behavior for the occupant's satisfaction and energy efficiency. In
another work, Bayer, et al. [30] proposed a method for calibration and validation of a DT for a
multifunctional and prefabricated fagade element for radiant heating. Similarly, using DT, Clausen,
et al. [31] designed and implemented a framework for buildings to perform predictive controls while
getting input from weather forecasts, planned and current occupancy, and the prevailing state of the
controlled environment. They demonstrated their case study in an institutional building whereby DT
controlled the heating and ventilation system. The application of this model resulted in a comfort
level comparable with a commercial building management system, and the model has the potential
for energy saving as well.
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Despite the possible benefits of DT for the built environment, its implementation is still in its
infancy, and the major impediments to the adoption of DT are the lack of available technology, the
absence of standards and tools, workforce upskilling, data security, and complexity of DT
technological systems [32,33]. Efforts to overcome these impediments by the concerned stakeholders
may help in improving the energy efficiency of the built environment.

D. Building Energy Efficiency through BIM

BIM provides an integrated model that can be utilized for the storage and communication of
geographic information, spatial and geometric relationships, properties and quantities of building
components, material inventories, cost estimates, and schedules [34]. BIM is known for its potential
to transform the methods for the integration of environmental and energy models within building
systems [35, 36]. While opening pathways for a digitalized industry and society, BIM can improve
the energy efficiency of buildings [37]. A subset of BIM, known as building energy modeling (BEM),
provides the robust integration of energy analysis throughout the life cycle stages of buildings. BEM,
in contrast to conventional energy simulation tools, is not only less time-consuming but also can
develop complex models effectively [38]. BEM provides a range of tools throughout the building
lifecycle stages for energy analysis and, therefore, helps in improving the energy performance of
buildings [39].

Several researchers have utilized BIM for building energy efficiency [40] and explored the
potential to embed parameters in BIM architectural model files for enhancing energy efficiency at the
early design stages. They concluded that the available BIM tools have the potential to add value to
the design process and can result in energy-efficient outcomes. Similarly, Di Giuda, et al. [41] utilized
BIM for the maintenance and management of an existing school building based on a process and
technological innovation. For the energy-efficient reuse and refurbishment of public buildings, they
proposed advanced design standards and validated them on the selected building. While providing
an overview of competencies and skills required for utilizing BIM for buildings' energy efficiency,
Alhamami, et al. [37] highlighted that BIM can contribute a lot to buildings' energy efficiency with
the provision of adapted educational programs and BIM training.

Though BEM makes energy analysis easier than conventional tools; nevertheless, there exist
several interoperability issues between BIM to BEM methodologies that need to be overcome to
enhance the efficiency of the process [42]. Future studies may focus on eliminating the
interoperability issues between BIM to BEM methodology.

ITI. Conclusions

The application of Industry 4.0 technologies for building energy efficiency and their limitations
have been reviewed in this study. It has been found that the available cutting-edge technologies have
enormous potential for reducing the energy consumption of the building sector.

The capability of building automation systems has enhanced substantially with the use of IoT,
Al DT, and BIM. These technologies are used in combinations for monitoring and controlling several
building functions. Currently, advanced technologies are used during different lifecycle phases of
buildings to lower energy consumption. Nevertheless, there are still areas where integration of these
technologies is faced with different challenges, and therefore, the full potential of industry 4.0 tools
is yet to be realized in this regard.

Future studies may be undertaken to address the limitations as highlighted in the paper for
better integration of industry 4.0 tools for improving the energy efficiency of the building sector. The
overview provided in the study may help decision-makers and practitioners in knowing the role of
industry 4.0 technologies for energy efficiency in the building sector.


https://doi.org/10.20944/preprints202310.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2023 doi:10.20944/preprints202310.0301.v1

References

1. P. W. Tien, S. Wei, ]. Darkwa, C. Wood, and J. K. Calautit, "Machine learning and deep learning methods
for enhancing building energy efficiency and indoor environmental quality—-a review," Energy and Al p.
100198, 2022.

2. GOV.UK, "Energy Consumption in the UK 2019," 2019. Available:
https://www.gov.uk/government/collections/energy-consumption-in-the-uk (accessed on).

3. S. Yousuf, S. Alamgir, M. Afzal, S. Maqgsood, and M. S. Arif, "Evaluation of Daylight Intensity for
Sustainbility in Residential Buildings in Cantonment Cottages Multan," Mehran University Research Journal
of Engineering and Technology, 36, no. 3, 597-608, 2017-07-01 2017, doi:
http://dx.doi.org/10.22581/muet1982.1703.16.

4. W.Wang, T. Hong, X. Xu, J. Chen, Z. Liu, and N. Xu, "Forecasting district-scale energy dynamics through
integrating building network and long short-term memory learning algorithm," Applied Energy, 248, 217-
230, 2019.

5. S.M. Marijana Zeki¢-SuSac, Adela Has, "Machine learning based system for managing energy efficiency of
public sector as an approach towards smart cities," International Journal of Information Management, 2021,
https://doi.org/10.1016/j.ijinfomgt.2020.102074.

6. A. A.C. f. a. E-E. Economy, "Smart Buildings: A Deeper Dive into Market Segments," 2017. [Online].
Available: https://www.aceee.org/research-report/al703

7. C.Ionescu, T. Baracu, G.-E. Vlad, H. Necula, and A. Badea, "The historical evolution of the energy efficient
buildings," Renewable and Sustainable Energy Reviews, 49, 243-253, 2015.

8. 5. Wang, Intelligent buildings and building automation. Routledge, 2009.

9. M. Chen, A. Sinha, K. Hu, and M. I. Shah, "Impact of technological innovation on energy efficiency in
industry 4.0 era: Moderation of shadow economy in sustainable development," Technological Forecasting and
Social Change, 164, p. 120521, 2021.

10. A. Kumar, S. Sharma, N. Goyal, A. Singh, X. Cheng, and P. Singh, "Secure and energy-efficient smart
building architecture with emerging technology IoT," Computer Communications, 176, 207-217, 2021.

11. M. Alaa, A. A. Zaidan, B. B. Zaidan, M. Talal, and M. L. M. Kiah, "A review of smart home applications
based on Internet of Things," Journal of network and computer applications, 97, 48-65, 2017.

12. C. K. Metallidou, K. E. Psannis, and E. A. Egyptiadou, "Energy efficiency in smart buildings: IoT
approaches,” IEEE Access, 8, 63679-63699, 2020.

13. N. Khan, N. Pathak, and N. Roy, "Detecting common insulation problems in built environments using
thermal images," in 2019 IEEE International Conference on Smart Computing (SMARTCOMP), 2019: IEEE, 454—
458.

14. M. Humayun, M. S. Alsaqger, and N. Jhanjhi, "Energy optimization for smart cities using iot," Applied
Artificial Intelligence, 36, no. 1, p. 2037255, 2022.

15. W.Wang, T. Hong, N. Li, R. Q. Wang, and J. Chen, "Linking energy-cyber-physical systems with occupancy
prediction and interpretation through WiFi probe-based ensemble classification,” Applied energy, 236, 55—
69, 2019.

16. M. H. Karam M. Al-Obaidi, Nayef A. M. Alduais, H. S. A.-D., and H. O. a. A. G., "A Review of Using IoT
for Energy Efficient Buildings and Cities: A Built Environment Perspective," Energies, 2022.

17. J. Ngarambe, G. Y. Yun, and M. Santamouris, "The use of artificial intelligence (AI) methods in the
prediction of thermal comfort in buildings: Energy implications of Al-based thermal comfort controls,”
Energy and Buildings, 211, p. 109807, 2020.

18. L.T.Le, H. Nguyen, J. Dou, and J. Zhou, "A comparative study of PSO-ANN, GA-ANN, ICA-ANN, and
ABC-ANN in estimating the heating load of buildings’ energy efficiency for smart city planning," Applied
Sciences, 9, no. 13, p. 2630, 2019.

19. DirvenData, "Power laws: Detecting anomalies in usage,” 2020. [Online]. Available:
https://www.drivendata.org/ (accessed on)

20. P. Satrio, T. M. I. Mahlia, N. Giannetti, and K. Saito, "Optimization of HVAC system energy consumption
in a building using artificial neural network and multi-objective genetic algorithm," Sustainable Energy
Technologies and Assessments, 35, 48-57, 2019.

21. M. Ilbeigi, M. Ghomeishi, and A. Dehghanbanadaki, "Prediction and optimization of energy consumption
in an office building using artificial neural network and a genetic algorithm," Sustainable Cities and Society,
61, p. 102325, 2020.

22. V. S. Aowabin Rahman, Amanda D. Smith, "Predicting electricity consumption for commercial and
residential buildings using deep recurrent neural networks," Applied energy, 2018, doi:
https://doi.org/10.1016/j.apenergy.2017.12.051.


https://www.gov.uk/government/collections/energy-consumption-in-the-uk
http://dx.doi.org/10.22581/muet1982.1703.16
https://doi.org/10.1016/j.ijinfomgt.2020.102074
https://www.aceee.org/research-report/a1703
https://www.drivendata.org/
https://doi.org/10.1016/j.apenergy.2017.12.051
https://doi.org/10.20944/preprints202310.0301.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2023 do0i:10.20944/preprints202310.0301.v1

23. M.P.W. Shiyu Yang, Wanyu Chen, Bing Feng Ng, Swapnil Dubey, "Model predictive control with adaptive
machine-learning-based model for building energy efficiency and comfort optimization," Applied Energy,
2020, doi: https://doi.org/10.1016/j.apenergy.2020.115147.

24. S. Ardabili, L. A., C. M., and B. T. a. A. M., "Systematic Review of Deep Learning and Machine Learning
for Building Energy," Front. Energy Res, 2022, doi: 10.3389/fenrg.2022.786027.

25. B. Yang, Z. Lv, and F. Wang, "Digital Twins for Intelligent Green Buildings," Buildings, 12, no. 6, p. 856,
2022.

26. S. H. Khajavi, N. H. Motlagh, A. Jaribion, L. C. Werner, and J. Holmstrom, "Digital twin: vision, benefits,
boundaries, and creation for buildings," IEEE access, 7, 147406-147419, 2019.

27. H. Seo and W.-S. Yun, "Digital Twin-Based Assessment Framework for Energy Savings in University
Classroom Lighting," Buildings, 12, no. 5, p. 544, 2022.

28. G.P.Lydon, S. Caranovic, I. Hischier, and A. Schlueter, "Coupled simulation of thermally active building
systems to support a digital twin," Energy and Buildings, 202, p. 109298, 2019.

29. Y.-W. Lin, T. L. E. Tang, and C. J. Spanos, "Hybrid approach for digital twins in the built environment," in
Proceedings of the Twelfth ACM International Conference on Future Energy Systems, 2021, 450—457.

30. M. Bayer, M. Karnutsch, M. Grobbauer, M. Gnigler, and M. Leeb, "Simulation model for minimal invasive
refurbishment approaches through prefabricated multifunctional radiant heating facade elements," in
Proceedings of the Building Simulation Conference, Rome, Italy, 2019, 2—4.

31. A.Clausenetal., "A digital twin framework for improving energy efficiency and occupant comfort in public
and commercial buildings," Energy Informatics, 4, 1-19, 2021.

32. M. Shahzad, M. T. Shafig, D. Douglas, and M. Kassem, "Digital twins in built environments: an
investigation of the characteristics, applications, and challenges," Buildings, 12, no. 2, p. 120, 2022.

33. M. Afzal, "BIM 7D: Research on Applications for Operations & Maintenance," presented at the 1st BIM A+
International Conference, University of Minho, Portugal, 30/09/2021, 2021.

34. S. Eleftheriadis, D. Mumovic, and P. Greening, "Life cycle energy efficiency in building structures: A review
of current developments and future outlooks based on BIM capabilities," Renewable and Sustainable Energy
Reviews, 67, 811-825, 2017.

35. C.S. Dossick and G. Neff, "Organizational divisions in BIM-enabled commercial construction,” Journal of
construction engineering and management, 136, no. 4, 459-467, 2010.

36. F.K. Cheung, J. Rihan, J. Tah, D. Duce, and E. Kurul, "Early stage multi-level cost estimation for schematic
BIM models," Automation in construction, 27, 67-77, 2012.

37. A. Alhamami, I. Petri, Y. Rezgui, and S. Kubicki, "Promoting energy efficiency in the built environment
through adapted bim training and education," Energies, 13, no. 9, p. 2308, 2020.

38. H.Kim and K. Anderson, "Energy modeling system using building information modeling open standards,"
Journal of Computing in Civil Engineering, 27, no. 3, 203-211, 2013.

39. H. Gao, C. Koch, and Y. Wu, "Building information modelling based building energy modelling: A review,"
Applied energy, 238, 320-343, 2019.

40. S.Beazley, E. Heffernan, and T. J. McCarthy, "Enhancing energy efficiency in residential buildings through
the use of BIM: The case for embedding parameters during design," Energy Procedia, 121, 57-64, 2017.

41. G. M. Di Giuda, V. Villa, and P. Piantanida, "BIM and energy efficient retrofitting in school buildings,"
Energy Procedia, 78, 1045-1050, 2015.

42. G. Gourlis and I. Kovacic, "Building Information Modelling for analysis of energy efficient industrial
buildings—-A case study," Renewable and Sustainable Energy Reviews, 68, 953-963, 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.1016/j.apenergy.2020.115147
https://doi.org/10.20944/preprints202310.0301.v1

