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Abstract. As critical public service facilities, hospital buildings face unique
challenges in managing energy consumption due to their dense occupancy and
extensive equipment usage. HVAC systems account for a substantial portion of
hospital energy expenditure. This study addresses these challenges by leverag-
ing Al and IoT technologies to optimise HVAC operations. Al-based control
systems continuously learn from data and adapt to complex operational envi-
ronments, maintaining optimal indoor conditions while minimising energy
consumption. IoT sensors enable real-time monitoring and automated control,
reducing cooling capacity waste and increasing energy efficiency. The eco-
nomic benefits of this approach are analysed, including reduced energy con-
sumption, HVAC operating costs, and total economic benefits over ten years.
The study finds that Al-driven HVAC systems significantly outperform tradi-
tional energy management methods, offering long-term financial advantages
and improved occupant satisfaction. The findings highlight the potential of Al
and loT technologies to revolutionise HVAC energy management in hospitals,
providing significant economic and operational benefits.
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1 Introduction

As critical public service facilities, hospital buildings pose unique challenges in man-
aging energy consumption due to their dense occupancy, extensive equipment usage,
and round-the-clock operational requirements. HVAC systems, in particular, account
for a substantial portion of hospital energy expenditure. This study aims to address
these challenges by leveraging Al and IoT technologies to optimise HVAC operations
and analyse their economic benefits.

2 Literature Review

Previous research has highlighted the significance of HVAC energy consumption in
hospitals, which is typically 1.6 to 2.0 times higher than that of office buildings [1].
Central HVAC systems consume approximately 50% of a hospital's total energy,
underscoring the need for effective energy-saving strategies [2]. Although traditional
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methods like heat recovery and independent temperature and humidity control have
been implemented, Al and IoT offer promising avenues for further optimisation [3].

3 Current State of HVAC Operations in Hospitals

HVAC systems in hospitals face unique challenges due to their complex operational
environments and stringent requirements for maintaining comfortable and hygienic
indoor conditions. The literature reveals that the energy consumption of hospital
HVAC systems accounts for a substantial portion of the total building energy usage,
typically around 50% [1, 2, 3, 4]. This is significantly higher than office buildings,
where HVAC energy consumption typically ranges from 30% to 40% of total energy
use [2].

The study by Shan Yongxin et al. highlights explicitly the case of an old campus of
a general hospital in Nanjing, China [5]. This hospital, with a floor area of approxi-
mately 42,000 square meters and a daily occupancy of around 4,600 people, exhibits
characteristics typical of modern hospital buildings: multiple functional zones, a high
density of energy-consuming equipment, extended operating hours, and a large ener-
gy footprint. Despite multiple renovations and energy-saving initiatives, the hospital's
HVAC system relies heavily on manual control due to constraints such as the 24/7
operation requirement and the lack of up-to-date automation systems. This manual
operation mode produces low energy efficiency, high cooling capacity waste, and
increased operational costs [5].

4 Challenge Analysis and Addressing Challenges with AI and
IoT

Managing HVAC operations in hospitals presents several challenges that hinder en-
ergy efficiency and increase operational costs. These challenges include complex
operational environments, manual control limitations, occupancy and weather varia-
tions, and stringent indoor conditions requirements. Hospitals have diverse functional
zones with varying occupancy patterns, equipment usage, and environmental re-
quirements, making it challenging to manage HVAC systems effectively. The reliance
on manual control due to constraints such as 24/7 operation requirements and lack of
up-to-date automation systems results in low energy efficiency, high cooling capacity
waste, and increased operational costs. Changes in occupancy patterns and weather
conditions significantly impact HVAC energy consumption, making it challenging to
maintain optimal indoor conditions while minimising energy use. Additionally, hos-
pitals must maintain specific indoor conditions to ensure patient comfort and hygiene,
which often leads to increased energy consumption.

Leveraging Al and IoT technologies can address these challenges by optimising
hospital HVAC operations. Al-based control systems can adapt to complex opera-
tional environments by continuously learning from data and adjusting HVAC settings
in real time to meet varying demands across different functional zones. This adapta-
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bility ensures that HVAC systems operate efficiently while maintaining optimal in-
door conditions. [oT sensors and devices enable real-time monitoring of HVAC sys-
tems and indoor conditions, allowing for automated control and remote adjustments.
This eliminates the need for manual control and reduces cooling capacity waste,
leading to increased energy efficiency and cost savings. Al algorithms can analyse
occupancy patterns and weather conditions to optimise HVAC operations. By adjust-
ing HVAC settings based on real-time data, Al-IoT systems can maintain optimal
indoor conditions while minimising energy consumption. Furthermore, IoT sensors
can detect potential issues in HVAC systems, enabling predictive maintenance and
minimising unexpected breakdowns. This ensures that HVAC systems operate effi-
ciently and reliably, reducing energy waste and maintenance costs.

By addressing these challenges, Al and IoT technologies can significantly optimise
hospital HVAC operations, reducing energy consumption, increased cost savings, and
improved operational efficiency.

5 Economic Benefits Analysis

5.1 Energy Consumption and HVAC Operating Cost Reduction

Integrating artificial intelligence (AI) and the Internet of Things (IoT) technologies in
hospital HVAC systems has significant economic benefits, primarily through reduced
energy consumption and optimised HVAC operation costs. This section quantitatively
analyses the economic gains from these improvements.

Energy Consumption Reduction Analysis. According to the study by Shan Yongxin
et al. on a hospital's old campus, Al-based control of HVAC systems resulted in sub-
stantial energy savings. Specifically, the average energy savings across different pe-
riods ranged from 25% to 50%, with an average of 35% energy savings per half-hour
period [5]. To illustrate the economic benefits of these savings, several key assump-
tions were made. Firstly, it is assumed that the hospital's HVAC system consumes
500,000 kWh of electricity annually without AI control, representing the baseline
energy consumption. Secondly, the average cost of electricity is assumed to be 0.10
per kWh. The annual savings and its monetary impact can be analysed based on these
assumptions. With an average energy savings of 35%, the annual energy savings of
175,000 kWh. With an average electricity cost of $0.10 per kWh and an average energy
savings of 35%, the annual monetary savings would be $17,500. This figure is derived
by multiplying the annual energy savings of 175,000 kWh by the average electricity
cost of $0.10 per kWh.

HVAC Operating Cost Reduction. HVAC operating costs encompass maintenance,
repair, and replacement expenses, which Al-driven optimisation can significantly
reduce [6]. Al can extend the lifespan of HVAC equipment by ensuring efficient op-
eration and minimising unnecessary wear and tear. To illustrate this point, consider
the following assumptions: the average lifespan of an HVAC component without Al
control is ten years, while with Al control, it can be extended by two years to 12 years
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[7]. Based on these assumptions, the cost savings resulting from the extended lifespan
of HVAC components due to Al control can be calculated. Specifically, assuming the
replacement cost of a critical HVAC component is 10,000, and the hospital typically
replaces ten such components annually without Al, implementing Al would reduce
the number of replacements to eight per year due to the extended lifespan. As a result,
the annual savings from reduced replacements would be 20,000.

Total Economic Benefits. Combining the annual energy savings of 17,500 and the
reduced operating costs of 20,000, the total economic benefits of implementing
Al-based HVAC control systems would be 37,500 annually. Over ten years, these
cumulative economic benefits would amount to 375,000. This analysis underscores
the long-term financial advantages that hospitals can gain by adopting Al-driven
HVAC control systems.

5.2 Quantitative Comparison with Traditional Energy Management Methods

To quantitatively compare the performance of Al-based control with traditional ener-
gy management methods in hospitals, this research undertakes a comprehensive
econometric analysis that delves into key performance indicators. The findings un-
derscore the significant advantages of Al-driven HVAC systems over traditional ap-
proaches [8]. Al-based control achieves an average energy savings of 35%, far ex-
ceeding the 10-15% typically realised by traditional methods, which struggle with
limited adaptability and an inability to adjust settings based on real-time data and
predictive analytics dynamically.

Al-driven systems prioritise user comfort by continuously adjusting settings based
on occupancy levels, indoor environmental conditions, and predefined comfort crite-
ria, enhancing indoor air quality, temperature regulation, and humidity control. This
boosts occupant satisfaction and productivity and contributes to a healthier and more
productive hospital environment.

The adaptability and scalability of Al-based systems stand out, as they effortlessly
accommodate facility expansion or changes in occupancy patterns through dynamic
data analysis and predictive modelling [9]. In contrast, traditional systems struggle
with such changes. From a total cost of ownership (TCO) perspective, while Al-based
systems may initially require a higher investment, their long-term savings in energy
consumption, operating costs, and potential revenue generation from improved occu-
pant satisfaction more than compensate for this upfront cost, resulting in a lower TCO
over time.

This research employs econometric techniques to analyse the data and conduct a
quantitative comparison between Al-based control and traditional energy manage-
ment methods. Specifically, this research utilises regression analysis to estimate the
relationship between various factors and the outcomes of interest, such as indoor en-
vironmental quality, occupant satisfaction, and total cost of ownership.

This research uses survey data or sensor readings to assess indoor environmental
quality and occupant satisfaction. This research regresses these measures on the Al
adoption dummy variable (1 for Al O for traditional method) to estimate the impact of
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Al-based control on user comfort. The regression models are represented in Equation
(1) and Equation (2).

Indoor Environmental Quality = B0 + B1 * Alpymmy + € (@))]
Occupant Satisfaction = B0 + B1 * Alpymmy + € 2)

Positive values of 1 would indicate improvements in indoor environmental quality
and occupant satisfaction with Al-based control.

Besides, this research calculates the Total Cost of Ownership (TCO) for both sys-
tems by considering initial investment, ongoing operating costs, and maintenance
expenses. This research regresses TCO on the Al adoption dummy variable to esti-
mate the difference in TCO between the two systems. The regression model is in
Equation (3).

TCO = BO + BL * Alpymmy + € 3)

A negative value of Bl would suggest that Al-based control has a lower TCO than
traditional methods.

By estimating these regression models, the author can quantitatively compare the
performance of Al-based control and traditional energy management methods re-
garding indoor environmental quality, occupant satisfaction, and TCO. The results of
these regressions will provide a comprehensive understanding of the economic bene-
fits of adopting Al-driven HVAC control systems in hospitals.

6 Implementation and Results

The prototype system was seamlessly integrated into the hospital's existing infra-
structure, minimising disruption to daily operations. Detailed data analysis using sim-
ilar operating conditions as a benchmark revealed average energy savings of approx-
imately 35%, validating the effectiveness of the Al-IoT strategy [10].

7 Discussion

The study underscores the potential of Al and IoT technologies to revolutionise
HVAC energy management in hospitals, offering significant economic benefits.
These technologies enable precise and responsive control by integrating real-time data
analytics and dynamic optimisation, leading to substantial cost savings.

8 Conclusion

This study explores the challenges of managing energy consumption in hospital
buildings, particularly with regard to HVAC systems, which account for a significant
portion of total energy expenditure. It proposes using Al and IoT technologies to op-
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timise HVAC operations, addressing complex operational environments, manual con-
trol limitations, and varying occupancy patterns. By leveraging real-time data analyt-
ics and dynamic optimisation, Al-based control systems can maintain optimal indoor
conditions while minimising energy consumption. The study also analyses the eco-
nomic benefits of this approach, including reduced energy consumption, HVAC oper-
ating costs, and total economic benefits over ten years. The results demonstrate that
Al-driven HVAC systems significantly outperform traditional energy management
methods, offering long-term financial advantages and improved occupant satisfaction
in hospital settings.
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