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ABSTRACT

One potential approach to improving and enhancing energy use in buildings is artificial intelligence, which is part of the larger
digitalisation of society. Historically, rule-based controllers that required human tuning have been used to govern building service
systems. Although they are easy to use and inexpensive, they may not be the best option and won't be able to adjust to new circumstances.
Control and optimisation problems are ideal for the kind of machine learning known as reinforcement learning (RL). Aiming to maximise
cumulative rewards, RL takes a trial-and-error approach to optimal control. Its potential for controlling and optimising construction
applications has been demonstrated in simulated studies. Although there is a lot of literature on the topic, practical applications are more
difficult to come by. After establishing the existence of Al-based market solutions, this study compiles the results of the applications'
extensive testing on real-world deployments, including how the studies dealt with issues like adaptable solution security and the potential
for solutions to be used on a larger scale. Pretraining and online deployment could be made possible with digital twin technologies.
Furthermore, the study assesses the implementations' handling of ethical considerations and finds that RL-control systems do not have
an ethical analysis in place. There are major gaps in our knowledge of the dependability and efficacy of the suggested RL solutions in
complicated real-world contexts due to a lack of long-term research and an oversimplification that focusses on HVAC alone rather than
the full building management system.

1. Introduction

Europe’s digital transformation reflects the adoption and integration of digital technologies across governance, industry,
and society. Among these, artificial intelligence (Al) has been highlighted as a key enabler, capable of supporting cost-
effective and sustainable energy solutions. By April 2024, the European Union (EU) had already enacted 63 policies related
to Al, with the region’s Al market projected to reach USD 46.67 billion in 2024. Within the EU energy agenda,
digitalisation is particularly vital because it enhances the integration of renewable energy into the grid, thereby supporting
decarbonisation. The use of Al in energy systems is often combined with Internet of Things (10T) devices, which provide
real-time monitoring and control. Globally, 10T devices are forecasted to grow from 15.1 billion in 2023 to more than 29
billion by 2030.

Paiho et al. [7] described the “twin transition” as the merging of digitalisation with the European Green Deal (EGD) targets,
aiming to create resilient, carbon-neutral, and sustainable environments. Al applications are increasingly being used
throughout the lifecycle of buildings, especially in smart building management [8]. While the overall market maturity of
Al in this field remains at the demonstration stage, its role in enabling intelligent building systems is considered highly
significant [7]. For instance, Tuomela [9] reported that Finnish households achieved up to 30% winter energy savings after
adopting smart home energy management systems.

Several studies have assessed Al’s role in the construction sector, covering topics such as intelligent control for thermal
comfort [10], machine learning in energy demand forecasting [11], challenges in adopting Al for efficiency [12], energy
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optimisation throughout the building lifecycle [13], neural network-based energy prediction [14], and Al-driven smart
building solutions [15]. Despite these advances, practical deployment in real buildings is rare, mainly due to the need for
large, high-quality datasets. In most cases, building data is used for training models rather than applying them in real-world
control scenarios [10].

Digital twin technology, closely connected to Al-based control, has attracted increasing attention. A digital twin links 10T -
enabled physical infrastructure to a virtual model, where AI/ML analytics interpret and predict building behaviour. Much
of the literature on digital twins consists of conceptual or review papers [16—18], while some focus on AI’s role in shaping
their development [19]. Theoretical models have been proposed for digital twins to improve maintenance [20], occupant
comfort [21], construction automation [22], and industrial building operations [23]. Only a handful of studies have
evaluated digital twins in operational buildings through real-world case studies [24-26].

Ethical questions surrounding Al are especially prominent in Nordic countries [27,28]. At the EU level, ethical frameworks
are being formalised, and UNESCO has issued global recommendations. However, these guidelines remain general,
without prescribing specific applications [32]. Within the building sector, how to embed ethical concerns such as
transparency and human-centricity into Al deployment remains unclear. Although reinforcement learning (RL) and digital
twin applications show strong promise, they lack tested, large-scale real-world implementations. This study therefore seeks
to provide a foundation for applying Al-driven control and optimisation in actual buildings, focusing particularly on
reinforcement learning for HVAC systems.

2. Reinforcement learning in HVAC applications

Heating, ventilation, and air conditioning (HVAC) systems have traditionally been managed with simple rule-based
controllers. These rely on fixed schedules and reactive feedback loops [33—35]. While such approaches are inexpensive
and easy to apply, they are inefficient in complex settings where nonlinear dynamics and long time delays exist.
Adjustments are usually handled manually by specialists, as opposed to automated optimisation methods. However, these
systems cannot adapt to new conditions and often require recalibration when significant changes occur, such as retrofitting
or variations in occupant behaviour [33—35]. They also lack the ability to anticipate external factors like weather forecasts
or occupancy patterns. Model predictive control (MPC) offers a more advanced option, capable of predicting behaviour
several steps ahead [33,36]. Yet, despite its strengths, MPC depends on highly detailed building and HVAC models, which
are expensive and time-intensive to design and maintain.

In recent years, reinforcement learning (RL) has emerged as a promising alternative for HVAC control [37-39]. Unlike
MPC, RL does not require a complete model of the building system. Instead, it adapts to evolving conditions, such as
renovations or equipment upgrades. RL, a branch of machine learning, works by trial and error, identifying a policy that
maps environmental states to actions. An RL agent chooses actions based on its policy, interacts with the system, and
updates its strategy according to rewards received.

In HVAC use, the environment includes the building, its occupants, and the HVAC infrastructure. Many buildings already
employ management systems (BMSs) that provide environmental data [41]. From a practical standpoint, fewer sensors and
actuators are desirable, as they reduce cost and improve reliability [42,43]. Optimisation is driven by a reward function,
often designed to reduce energy consumption or cost. However, comfort for occupants must also be safeguarded, since
energy efficiency cannot come at the expense of well-being. Indoor environmental quality (IEQ) encompasses visual,
acoustic, thermal, and air quality dimensions, with the last two having the greatest impact on health [44].

Comfort is frequently measured through thermal conditions and indoor air quality [44]. IAQ involves pollutants from
indoor and outdoor sources, which may be physical, chemical, or biological [45]. Humidity and airflow also affect well-
being. For example, low relative humidity can facilitate the spread of influenza, while moderate humidity supports comfort
[46]. Health-focused strategies to reduce harmful exposures are therefore vital [44]. Thermal comfort, meanwhile, is
defined as a person’s satisfaction with their thermal surroundings [47]. Temperature is a dominant factor, with warmth
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linked to improved respiratory health, particularly in children, whereas cold exposure can drive higher energy use but also
produce indirect health benefits [48,49].

Conventional tools for assessing comfort, such as Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied
(PPD), are designed for large populations using simplified assumptions about metabolism or clothing [50,51]. These
models often lack the precision to tailor comfort to individuals or small groups, which poses both technical and ethical
challenges in human-centered applications [51].

Deploying RL-based HVAC controllers in practice may follow two approaches: static or dynamic. In static deployment, a
pretrained policy is applied directly without further learning. This is inexpensive, computationally light, and works on low-
cost hardware. However, static systems may underperform if the building changes, and periodic retraining may be
necessary [42,52]. Dynamic deployment, on the other hand, continuously updates the control policy during operation.
While it demands more computational resources and carries a risk of instability, it allows the system to adapt in real time,
improving performance over time and reducing dependence on perfect models [42,52]. The choice between these
approaches depends on the requirements and constraints of the building system in question.

3. Material and methods

The study's methodology is laid out in this section. Literature reviews and other sources, such as company websites, were
analysed as part of the project. Case analysis and the incorporation of various ethical standards were also carried out. The
next paragraphs elaborate on these points. Both Google and well-known building control company websites were combed
through in search of commercially available Al-based building control apps. Similar opportunities arose through other
mediums, such corporate marketing, for some of the featured market applications. A lot of products on the market claim
to be "smart,” but nobody ever really explains what that term means. For our assessment, we looked only at solutions that
made it crystal obvious on their website that they leverage Al or ML. While solutions specific to the Finnish market were
the primary emphasis, those accessible in other Nordic nations were also considered when appropriate. We have been going
over papers in Section 4.2 that discuss the use of reinforcement learning controllers in real-world HVAC systems. The
review comprised documents that had been published by the time the work was carried out in late 2023 and early 2024.
Since artificial intelligence (Al) as a whole would have been too generic, we opted to focus on reinforcement learning
instead due to its promising applications in smart controls. Cases from the lab and the actual world are both included. The
initial searches were conducted with ScienceDirect using the following keywords: "Reinforcement learning," "HVAC,"
"deployment,” or "real building." Articles that make it obvious in the abstract or section titles that a deployment is taking
place will be filtered out. Articles discovered through many other means were also incorporated. Researchers looked for
studies that addressed occupant health because it is a key factor in bringing Al-based controls into actual buildings.
Reviewing previous work and commercial applications of Digital Twin technology in actual built environments (including
health considerations) has supplemented the studies on RL controllers in Section 4.3. Building a digital twin and getting it
up and running can give a data-rich platform that helps with RL-based solution creation, deployment, and runtime
functionality. The majority of the content has been sourced from Google Scholar and ScienceDirect.

In this article, we examined three publications that dealt with actual developing Al scenarios by integrating the ethical Al
principles found in numerous references (see section 5.1) into an ethical framework. By first organising the principles with
the help of the Copilot Al program and then, with the help of an expert researcher's insights, we were able to integrate
several ethical principles. First, a focus on people; second, a commitment to their safety and security; third, an examination
of the relationship between ethics and social impact; fourth, safeguards for personal information and privacy; fifth,
openness and oversight from humans; and sixth, responsibility for decision-making and oversight. Using this ethical
paradigm, we then examined three practical Al applications for building automation. Three articles were chosen from
Section 4.2. One article, "Occupant-centered real-time control of indoor temperature using deep learning algorithms,"
represents personalised thermal comfort control with physiological measurements in a laboratory setting. The other two
articles are about energy usage optimisation with just building data and a non-laboratory version of personalised thermal
comfort control, respectively.
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4. Al-based smart control solutions in real buildings

4.1 Al-based market solutions

The main promotional benefits consist of lower heating costs, improved indoor air quality, and reduced carbon dioxide
output. A variety of management and enhancement methods include error identification features. Heimar Andersen and
colleagues [53] found that when exploring industry views on the challenges and motivations for adopting automatic fault
detection and diagnosis in buildings and HVAC systems, the detection of faults is not a sellable item; instead, clients are
more interested in acquiring the benefits it provides, like energy efficiency. This could clarify the reason apps are promoted
with an emphasis on management and enhancement instead of flaw identification. Typically, numerous and significant
benefits are claimed on the platforms of the applications. Still, it is unclear whether the benefits can be directly linked to
artificial intelligence or if they could also be achieved through other technological approaches. In addition, the explanations
were remarkably unclear. The particular technologies related to artificial intelligence used were not revealed. A noticeable
enthusiasm for Al-driven building management and enhancement solutions can be observed in the Nordic region,
highlighted by a significant array of recognised instances.

4.2 Improved education in the advancement of construction services strategies

Our scholarly investigation produced 16 publications that specifically outlined the evaluation of deep reinforcement
learning (DRL) methods in practical HVAC scenarios. Two of the investigations [36,42] utilised experimental
arrangements lacking real inhabitants, yet featured physical areas equipped with authentic heating devices, whereas the
remaining two involved participants within the experimental setting. Merely two had set up devices in a home environment,
whereas the rest were located in workplaces or communal areas. In nearly half of the cases, the controller was utilised
exclusively for a designated area of the structure.

The length of the field trials differed greatly, spanning from 2 days to 1 year. The concise illustrations mainly evaluated
the pretrained RL-controller's ability for efficient management in an actual structure, whereas the prolonged scenarios
offered additional understanding of the systems' flexibility and continuous development in a genuine environment.
Our evaluation concentrated solely on HVAC enhancement, with the algorithms primarily designed to reduce energy usage
or expenses related to heating and cooling, all while maintaining thermal comfort for residents. One paper discussed the
quality of air inside buildings and energy consumption, another concentrated on enhancing residential hot water systems,
and a third analysed electricity consumption alongside heating. Table 2 summarises the key difficulties linked to the
recognised reinforcement learning-driven smart control methods in real-world building implementations, which will be
analysed and discussed in the following sections.

4.2.1 Creating the reinforcement learning regulator

Four point two point one point one. Measurements and functions. Sierla and colleagues [76] classified the actions in
reinforcement learning for HVAC into three unique categories: 1) control signal, where the action serves as a direct
command for an actuator sent through the programmable logic controller (PLC) of the building automation; 2) setpoint
adjustment, in which the action is defined as a setpoint within the control loop of the building automation; and 3) planning,
which pertains to actions linked to the building energy management system, generally ai This could be linked to very basic
management examples. Heidari and colleagues [42] observed that the benefit of a target signal is that, although the RL
controller operates as an overseeing controller, simply determining the target for a traditional controller, the effectiveness
stays stable and robust, enabling the incorporation of user-specified targets.

A particular situation did not clearly correspond with the categories suggested by Sierla et al. [76], since Wei et al. [72]
sought to save energy by offering users guidance on the best times for arriving and leaving, along with recommended
locations for presence. Their financial reserves relied on a strategy that permitted each area to reduce its heating, ventilation,
and air conditioning as well as lighting consumption when unoccupied, employing a machine learning approach to subtly
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encourage energy conservation through changes in tenant habits. This could be seen as a broadening of the organising
section.

The category of action represents a vital choice in the design of a reinforcement learning controller; however, the timing
of control and the precision of output signals could also face limitations dictated by the physical system in use. Based on
the utilised reinforcement learning method, the regulator might produce either continuous or discrete results. Instead of
exclusively linking output clarity to algorithm selection, publications also reference elements like actuator increment size
[41] and the feasibility of more precise adjustments. For example, when residents cannot detect slight changes in indoor
warmth, heightened precision might result in conflicting comfort responses [50]. The lowest limit for the controller timing
is set by the measurement duration, which varies from 5 seconds to 5 minutes, while the control time step generally lies
between 5 and 30 minutes (refer to Table 2). Heidari and colleagues [42] support a 30-minute regulation period because of
the slow reaction time of the hydronic heating system, while Chen and associates [34] noted that their practical test setup
functioned more swiftly than the simulation, suggesting that the utilised 15-minute control interval might be shortened
even more. Alongside management periods, undue adjustments have been reduced via the incentive mechanism by
applying sanctions for repetitive changes in regulator behaviours [35].

4.2.1.2. Motivational system and resident contentment.

In most of the analysed situations, thermal comfort is simplified to a direct relationship with indoor temperature, for
example, Refs. [36, 69, 70]. This approach is simple to implement for both models and real structures. While various
somewhat different roles have been proposed, they all possess a particular target temperature or temperature range; the
larger the difference between the measured temperature and this target, the more substantial the consequence enforced by
the reward mechanism. Furthermore, enhanced thermal comfort measurements have been assessed in the studies. PPD is
employed in the preliminary training stage when real thermal comfort information is unavailable [52,74], for setting up the
individual comfort framework [50], or as a standard reference point [73]. Jung and colleagues [71] assessed both actual
and generated thermal sensation ratings, subsequently translating them into the PPD index to measure thermal comfort as
a definitive figure.
In real-world scenarios, structures are often occupied by many people with different tastes; therefore, several research
efforts have concentrated on enhancing the personal satisfaction of the residents. They utilise tailored thermal comfort
frameworks created from information gathered directly from residents' feedback through surveys, biological monitors, or
a mix of the two. As an example, Lei and colleagues [50] used a tailored comfort matrix, set up with a preliminary comfort
questionnaire for every individual, which was applied in the pretraining stage. The framework was regularly refreshed
during the implementation phase. The writers note that the comfort framework has two benefits compared to direct
occupant input: it enhances the learning process by reducing potentially conflicting responses and allows for feedback
gathering at a lower frequency than the control is calculated. The ease drawback in the incentive formula is defined by the
typical unease of the present residents. However, programs dependent on ongoing questionnaires might face respondent
exhaustion, leading to participants being unable to reply reliably, thus generating less precise models [50,51]. As an
illustration. Zhang and colleagues [52] opt to update their approach by allowing residents to offer feedback only when
changes are required.

Portable devices offer a different approach to obtaining immediate responses from users. As an example, Jung and
colleagues [71] evaluated the participants' physical activity by employing acceleration data, in addition to heart rate and
skin temperature collected from a wristband. Nonetheless, gathering information through wearable biological devices from
every individual in non-residential structures would be excessively expensive, unfeasible, and would provoke worries
regarding data confidentiality. Consequently, it is essential to develop an all-encompassing thermal comfort framework
that considers personal differences [77].

Another issue regarding occupant satisfaction is that most studies concentrate exclusively on one factor affecting thermal
comfort, usually indoor temperature. Nonetheless, for instance. Jung and colleagues [71] along with Qin and associates
[70] acknowledge this as a constraint and argue that further factors, including relative humidity and air speed, should be
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included to provide a more comprehensive insight into occupant comfort. An & Chen [69] also focused on reducing
particulate air pollution, specifically indoor PM2.5 levels, while maintaining thermal comfort and conserving energy. This
was achieved by simultaneously operating a window, an air cleaner, and a cooling system.

Moreover, the equilibrium between energy efficiency and resident satisfaction is another aspect to consider when creating
a reward mechanism. The reasoning behind the selected values among rival reward expressions was frequently
insufficiently explained; however, they were commonly described as flexible factors, for example. Citations. [43, 50, 70].
A number of writers also aligned rival incentive phrases to a similar magnitude utilising past information, for instance.
Citations. [35,74]. Chen and colleagues [34] noted that the emphasis on thermal comfort in relation to energy use might
differ during times of occupancy compared to when spaces are unoccupied.

4.2.2 Initial Training

An essential benefit of RL-driven management is its autonomy from the requirement of developing and maintaining
complex frameworks. Permitting the system to start fresh and independently explore possible actions might lead to unhappy
residents or even harm to the structure, and attaining acceptable control results could take a considerable duration. To
ensure a smooth start, the documents mainly rely on the prior training of the RL agent in a simulated setting before it is
launched in the real world.

A variety of methods aimed at minimising pretraining efforts have been recorded. Zhang and colleagues [52] as well as
Lei and associates [50] utilised automated calibration of physical models to synchronise quantifiable data through the use
of Genetic Algorithms (GAs) in conjunction with Bayesian calibration or Gaussian Process-driven Bayesian optimisation.
For example, additional sources. [33, 35, 36, 70] employed analytical frameworks based on data.

An & Chen [69] demonstrated via simulations that a controller developed in one environment could be applied in spaces
with under a 20% difference in key parameters relative to the original and still exceed the effectiveness of the rule-based
controller. Qin and colleagues [70] noted that transfer learning could potentially be utilised in neural networks within
reinforcement learning, enabling the implementation of a pre-trained agent from an alternate situation in a fresh target
setting; nonetheless, they did not perform any experiments regarding this application.

Heidari and colleagues [42] suggested that the agent should be pretrained with broadly applicable insights, employing
differences in temperature reaction durations and occupancy patterns from various similar regions, instead of focussing on
just one setting. Introducing the representative to various forms might reduce overfitting, allowing for quicker adjustment
when applied in one structure. They claim that fluctuations in occupancy information are more essential in the training
dataset, since the characteristics of the building will show less variation than the occupancy information when utilised in a
particular scenario. Since the aim is to foster adaptable conduct, the foundational characteristics do not have to correspond
with the particular example. Chen and colleagues [34] implemented pretraining; however, instead of using a refined model
to develop a new strategy, they guided the agent based on the earlier strategy via imitation learning. This guideline is then
executed in the physical structure, where it is improved digitally via a method of investigation that gradually refines its
efficiency.

4.2.3. Virtual execution

The majority of publications seem to straightforwardly apply the trained regulator in the real construction. They might
overlook enhancements to governance strategies due to short implementation periods. Nonetheless, a limited number have
examined the complexities of implementation and virtual education more thoroughly. Y. Lei and colleagues [50] divided
the implementation stage into two sections. As long as the replay buffer is filled with real-time experiences, the control
strategy remains refined daily within the simulated setting. Automated model adjustment has been implemented through
Gaussian Process-driven Bayesian Optimisation to enhance the precision of the virtual setting upon receiving new data.
During the following phase, the representative acquires knowledge straight from the storage of past observations.
Naug and colleagues [35] divided the digital method into two parts: the implementation cycle and the re-education cycle.
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The offline re-education procedure entails a model based on data revising the structure dimensions, succeeded by the re-
education of the fresh control strategy to correspond with the revised model. The process of retraining begins with
evaluating and examining online performance. The execution cycle simply implements the operational strategy without
participating in discovery. This method reduces the likelihood of safety concerns emerging from investigation.
Nonetheless, it is crucial to acknowledge that in-person training allows for a greater sampling frequency, leading to faster
reacquisition. Nonetheless, adjusting with inadequate information could result in overfitting and severe memory loss;
therefore, they utilised Elastic Weight Consolidation as a method of regularisation. Zhang and colleagues [52] utilised the
deployment/relearning loop framework in conjunction with automated model adjustment methods, such as Bayesian
calibration and genetic algorithms.

No matter the implementation approach, HVAC control systems utilising reinforcement learning need to be carefully
crafted to tackle various real-world issues, such as missing or unrealistic measurement data, handling variable changes in
building operations, and making sure that the actions of the controller do not interfere with critical building functions to
secure approval from facility managers [35,41]. Luo and colleagues [51] highlighted the importance of automated
processing of collected data, including filling in short interruptions in sensor measurements using retrospective methods.
They implemented safety evaluations to evaluate the security of actions suggested by the RL controller before execution,
automatically deactivating the controller and permitting the conventional rule-based controller to take over control [41].

4.2.4 Confirmation stage

A further difficulty present in practical situations is that assessing the effectiveness of previous and current control systems
is complex, as environmental factors and occupancy fluctuate between evaluations carried out at various times. The
arrangement of the evaluative assessments is the main focus. A common approach consists of analysing successive time
periods. As an illustration. Naug and colleagues [35] compared the results over a span of two years using various controller
configurations, whereas Svetozarevic and associates [33] investigated consecutive weeks. Qin and colleagues [70]
evaluated the RL controller against a standard rule-based controller by determining a reference time period with roughly
equivalent outdoor temperature and relative humidity. Nonetheless, it is important to keep in mind that effectiveness can
also be affected by modifications in structural conduct. This can be accomplished solely through prolonged evaluation
periods when all essential actions from the prior management strategy are already in place. A suggested approach entails
switching daily between the differing regulatory strategies, permitting the rival policies to encounter largely similar weather
conditions while still allowing both managers to tackle daily and weekly load variations. In this case, intervals between the
separate policies ought to be omitted from the analysis to prevent skewing of the findings caused by the policy change [41].
In the final stages, adjustments must be made to reduce the effects of varying external conditions. Naug and colleagues
[35] utilised dynamic time warping to ensure the evaluation of similar situations regarding external temperature and relative
humidity. Svetozarevic and colleagues [33] adjusted the data based on Heating Degree Days, whereas Luo and others [41]
classified outdoor temperature and building load intervals, making comparisons only when both factors fell within identical
ranges.

On the other hand, some writers grounded their examination in a juxtaposition of the results achieved with a modern real -
world controller and those from a modelled baseline version. An and Chen [69] evaluated the simulated baseline controller
alongside the simulated RL controller against real-world measurements, whereas Zhang et al. [52] proposed a Gaussian
process-based method to create a baseline utilising historical data for a direct comparison of savings achieved with the RL
controller.

4.3 Creating virtual replicas to enable the incorporation of Al-based management systems into real structures

A variety of comprehensive case analyses have recorded the implementation and assessment of digital twin technology in
real-world buildings, such as the educational campus in Cambridge, UK [78], military installations in Italy [79], and
hospitals in China [80]. This research offers an extensive summary of the integration and management of 10T data within
structures to develop information models grounded in Building Information Modelling (BIM). Nonetheless, this study
offers limited insights into the use of Al for performing analytical tasks on the collected information. The implementation
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of virtual replica technologies in real structures has been recorded for educational and corporate environments in the
sources. Nonetheless, there is a lack of information and proof concerning the application of Al or the educational potential
of digital twins in the documented cases.

The approach to classifying the functional energy efficiency of structures via digital replicas is explored in Reference [83].
By leveraging data collection from the Internet of Things, a virtual representation was used to analyse the functioning
efficiency of a university facility in Nicosia, Cyprus; nonetheless, artificial intelligence analysis for assessing building
performance metrics was not utilised in this study. Manfren et al. [24] created regression models using data at different
time intervals to improve the effectiveness of smart thermostatic radiator valves (TRVSs) and gas absorption heat pumps
(GAHPs), while also offering insights into the overall performance of the building in a case study of Hale Court sheltered
housing in Portsmouth, UK. Nonetheless, the phrase “digital twin”” was used more as an abstract idea than as a functional
instrument for building energy monitoring and control.

In order to tackle the limitations posed by technology in the incorporation and duplication of the latest developments in
BIM, 10T, and Al, the study mentioned in [25] suggested an open-source approach for the anticipatory oversight of CO2
levels in structures, with the goal of enabling digital twin creators to build similar systems. An investigation was conducted
regarding the academic structure of a university campus in Norway to confirm the developed semantically improved digital
twin model, particularly emphasising the role of HVAC predictive upkeep [26]. Exploring the business uses of digital twin
technology for structures, while heavily promoted as digital twin solutions by companies like Bosch and Siemens, the
current research on the extent of Al implementation by these organisations is still unclear.

The concept of a digital replica is linked to the well-being and comfort of occupants, as outlined in Section 4.2.2. Currently,
most studies utilising digital twin technologies for thermal comfort and energy efficiency in structures mainly focus on
temperature and humidity information, overlooking other factors like air speed and radiant temperature [86]. However,
virtual replicas could provide diverse information to improve individualised temperature comfort frameworks. The layout
and closeness of individuals to different elements of the structure, like openings, air circulators, air distribution devices, or
warmth sources, can affect how comfortable individuals feel and ought to be included in comfort frameworks [87].
Illustrating the complex and interconnected relationships between construction systems and the well-being and satisfaction
of occupants is challenging [88]. Graph-based neural architectures, a distinct type of neural networks utilising graph
structures, could offer a means for examining intricate datasets [87].

Unlike production industries where virtual replicas have been successfully utilised, the use of virtual replicas in the
constructed surroundings encounters various challenges. They relate to specific building characteristics, encompassing
measurements, along with differences in style, on-location assembly, and the integration of various systems. Structures
possess an extended functional duration, requiring attention to deteriorating edifices and related frameworks. Consequently,
challenges in adopting digital twin technology within structures could relate to the upkeep costs linked to Information and
Communication Technology (ICT) or IoT systems, encompassing software and hardware enhancements essential for the
continuous functioning of Al/ML algorithms. There are no uniform approaches available for creating and executing digital
replicas in structures. The complexity of information exchange in structures poses a major obstacle to the broad adoption
of virtual replicas, as various participants and data owners are involved during the management of a building's life cycle,
encompassing construction, property owners, equipment vendors, and service providers.

When put into action, a virtual replica of a structure provides an extensive and evolving information system that artificial
intelligence applications can leverage, first during the construction stage prior to the establishment of a tangible edifice,
and later during the functioning phase, to enhance building management and resident satisfaction instantaneously. In the
construction stage, a digital model of the structure, including information on operational activities, resident actions, and
environmental factors, can be employed by management algorithms, like reinforcement learning, to improve their decision-
making frameworks and discover the best policies and management approaches. Throughout the active period, an extensive
virtual replica of the structure and its components (including climate control and illumination) employing near-
instantaneous information and cohesive analysis would enable flexibly enhanced management techniques. These
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approaches would adapt to varying construction circumstances, usage trends, and energy requirements, with intelligent
agents consistently observing the digital replica’s condition and predictions. Additionally, in complex construction settings
defined by multiple interconnected systems and data-holding participants, creating a digital replica can provide a unified
platform (throughout both the design and operational stages) to enhance interactions among different Al entities, promoting
their capacity to work together, negotiate, and achieve common objectives.

4.4 Ethical issues in implementing Al-based control and optimization solutions into real buildings

This study finds that ethical issues are often overlooked when suggesting Al applications for real buildings. Ethics in this
context focus on ensuring Al is human-centered, prioritising safety, reliability, security, sustainability, and societal impact.
At the same time, concerns about privacy and data protection are central to how data is gathered and managed. Ethical
practice requires transparency, supported by clear governance structures and accountability mechanisms. Al systems
should remain impartial and actively work to reduce bias and discrimination by recognising human diversity.

This chapter sets out the ethical aspects that should guide the design and implementation of Al in buildings. It introduces
the principles of ethical Al and proposes a framework for assessing practical applications. The EU has stressed that
digitalisation and growing data use bring major challenges, particularly regarding cybersecurity, privacy, and ethics. Y ussuf
and Asfour [13] noted that data validation and protection are critical in applying Al in buildings, as faulty or missing inputs
can generate illogical controller behaviour [41]. Incorporating ethics systematically into Al design remains essential [89],
yet applying high-level principles during software development is still a major challenge despite existing standards [90].

Kop et al. [91] proposed a framework for responsible technology adoption under three themes: Protection, Engagement,
and Progress. Protection focuses on safeguarding information and reducing risks. Engagement calls for openness, inclusion,
and diversity. Progress highlights sustainability, accountability, and stakeholder involvement. The EU’s Al Act, finalised
in February 2024, builds on similar ideas by categorising Al systems according to risk [29]. The Act prohibits high-risk
practices such as social scoring, manipulative behavioural techniques, and real-time biometric surveillance. It also demands
transparency: systems must identify Al-generated content, prevent illegal outputs, and disclose training data sources.
GDPR adds further requirements, including fairness, purpose limitation, data minimisation, and accuracy.

Once applied in buildings, the Al Act will enforce this risk-based structure, ensuring compliance and oversight. The EU’s
Ethics Guidelines introduced the idea of Trustworthy Al, while UNESCO issued ten global principles for responsible and
sustainable Al. Responsible Research and Innovation (RRI) in Europe complements this, stressing foresight, inclusivity,
reflexivity, and responsiveness in technology adoption [96].

Building on these standards, this work evaluates three Al-based building control solutions: (1) deep reinforcement learning
for energy management [35], (2) multivariate occupant-focused control [50], and (3) real-time temperature regulation with
deep learning [71]. Our framework groups ethical concerns into six areas:

1. Human-Centric Al —ensuring proportionality, fairness, and non-discrimination while preventing harm. Systems
should support comfort, balance efficiency with well-being, and remain responsive to diverse occupants.

2. Safety, Security, and Reliability — protecting against cyberattacks and failures through robust testing and
validation.

3. Sustainability and Societal Impact — designing Al to deliver environmental benefits, long-term social value, and
economic stability.

4. Privacy and Data Protection — safeguarding personal information with secure storage, ownership clarity, and
consent mechanisms.
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5. Transparency and Human Oversight — enabling explainable decisions, user understanding, and education to
build trust in Al systems.

6. Governance and Accountability — assigning responsibility, ensuring compliance, and fostering collaboration
among governments, businesses, and civil society.

All six areas are essential, with categories 2, 4, and 5 closely tied to technology development, while 1, 3, and 6 relate more
directly to people and society. Together, they ensure Al in buildings supports human welfare and living conditions.

Adaptive Al controllers have already been tested in limited building scenarios, often supported by existing BMS data for
direct control. However, challenges remain, particularly in handling missing or erroneous data, which requires
preprocessing and safety mechanisms [41]. Training is a further barrier: most experiments rely on customised simulations,
raising doubts about scalability and transferability.

Field trials also tend to be short-term, leaving questions about long-term effectiveness and adaptability during building
upgrades or changes in occupant behaviour. Most focus only on temperature control, ignoring other aspects of facility
management. Comfort models often depend on detailed user feedback, which is impractical for large populations. Wearable
tracking devices could improve data collection, but they raise privacy concerns. Evidence from the UK shows that people
perceive smart home devices as riskier and less beneficial than conventional alternatives [97].

To overcome data scarcity, researchers are applying methods such as transfer learning. Gao et al. [98] used field data from
similar climates to predict comfort, while Li et al. [99] applied ASHRAE datasets to workplace comfort prediction. These
approaches reduce survey requirements while maintaining privacy. Cohort Comfort Models (CCM), as proposed by
Quintana et al. [100], use group-level similarities to estimate comfort with minimal prior data, offering a path to scalable,
customised systems.

Recent debates also call for standardising digital twin definitions, 0T protocols, and data-sharing practices to accelerate
real-world adoption. Sharma et al. [101] proposed evaluation criteria for digital twins, including technical readiness, data
reliability, and Al integration. Yet, the ethical dimension remains underexplored. As Vakkuri et al. [102] emphasise, Al
ethics is still developing. Salo-Pontinen and Saariluoma argue that national policies too often prioritise technical goals over
user-centered concerns. Scholars such as Ahmad et al. [104] highlight the importance of fairness, privacy, and cultural
perspectives in Al for smart cities. Sharpe [107] raises concerns about inhabitants effectively becoming test subjects when
their private data is collected for experimentation.

In sum, while reinforcement learning and digital twin technologies show strong potential, the literature demonstrates that
ethical concerns—privacy, fairness, transparency, and accountability—must be embedded at every stage. Without this, the
adoption of Al in buildings risks eroding trust, undermining safety, and failing to meet broader societal needs.

5. Conclusions

This research set out to build a foundation for applying artificial intelligence—driven control and optimisation systems in
real buildings. The evaluation reviewed the present state of such systems from four viewpoints: 1) solutions currently
offered in the market, 2) obstacles reported in scientific case studies, 3) the role of digital twins in deployment, and 4)
ethical issues linked to implementation. A summary of the key findings is provided in the figure.

With respect to RQ1, which focused on market-ready Al solutions, findings indicate that several products are already
available in the Nordic region, most of which target improvements in space heating for residential buildings. However,
these systems usually function as “black boxes,” offering little transparency or technical detail about the underlying Al
methods employed.
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Since descriptions of existing commercial tools often lacked clarity, RQ2 shifted attention to experimental reinforcement
learning (RL) applications reported in the literature. Here, the primary barrier to wider adoption was ensuring safe
adaptation when algorithms adjust to new conditions and verifying their scalability. Trials documented in published studies
were typically short in duration and limited in scope. As a result, more comprehensive investigations are needed to
determine how these methods affect whole-building performance over time.

RQ3 dealt with the contribution of digital twins to Al-enabled building control. Digital twins have the potential to provide
rich, integrated platforms that improve development, testing, and operation. Nevertheless, little evidence exists that the
data collected in practice has been fully exploited to create genuine digital twins as described in theory. Advancing this
field requires clearer definitions of maturity levels and the development of validation standards specific to buildings. These
should cover IoT integration, data-sharing practices, cybersecurity, and Al performance testing.

Finally, RQ4 addressed ethics. Reports of RL-based building control largely omitted systematic ethical assessments. Given
RL’s limited transparency in decision-making, ensuring human oversight and explainability is critical. This will be
important to gain the trust of building owners and operators and to avoid negative impacts on comfort, safety, or equipment.
Based on this, the ethical analysis recommends six guiding principles for Al in buildings: 1) Human-Centricity, 2) Safety,
Security, and Reliability, 3) Sustainability and Societal Impact, 4) Privacy and Data Protection, 5) Human Oversight and
Transparency, and 6) Governance and Accountability.
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