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The author studied architecture at university and first encountered Pettenkofer’s ventilation theory in 

Professor Koichiro Kimura’s “Architectural Health Engineering” course. This sparked a lasting interest in 

Pettenkofer. In July 2024, the author visited Munich to research him, exploring the Pettenkofer Institute at 

Munich University and the Fraunhofer Institute for Building Physics. They also visited Pettenkofer’s statue, 

grave, the water source he introduced to Munich, and a street named after him. Additionally, they collected 

related literature. This paper compiles the findings from that research. 

 

Introduction 

This author majored in architecture at university and, in the 

first year, mainly took foreign language and general 

education courses, in addition to some specialized 

architecture courses. These courses gave the author a strong 

sense of identity and joy as a student of architecture, and 

they were highly interesting. Among them, the most 

memorable was Professor Koichiro Kimura’s course on 

"Architectural Health Engineering." In this  course, 

Professor Kimura’s book The Theory of Architectural 

Planning was used as the textbook. 

 Part of the course covered the German public health 

scholar Max von Pettenkofer.  Pettenkofer was a professor 

at the University of Munich, and due to his popularity, many 

students attended his lectures. At that time, Munich winters 

were extremely cold, and the lectures were held with the 

windows tightly closed, which led to some students falling 

ill. Pettenkofer saw this as a decline in indoor air quality 

and attempted to measure the concentration of carbon 

dioxide. At that time, there were no gas analyzers, so lime 

was used to detect carbon dioxide. Through his research, he 

discovered that while carbon dioxide itself is not directly 

harmful to the human body, an increase in its concentration 

leads to a rise in harmful substances such as carbon 

monoxide and odors. He proposed that ventilation is 

necessary when the carbon dioxide concentration exceeds 

1000 ppm. This standard is now widely accepted  as a 

ventilation guideline. 

Through this course, the author was deeply impressed by 

Pettenkofer’s extraordinary insight and became eager to 

learn more about his achievements. 

In July 2024, the author went to Munich to learn more about  

Max von Pettenkofer. The author found considerable 

evidence there of the general public’s high regard for 

Pettenkofer.   One piece was a statue of Pettenkofer in the 

center of Munich.  Another was a major thoroughfare 

named after Pettenkofer.  Yet another was how well kept 

was the gravesite of Pettenkofer, with greenery and fresh 

flowers. 

The author visited the Max von Pettenkofer Institute, 

located within the University of Munich. This institute, 

which was founded by Pettenkofer, is a research center for 

public health and currently focuses on infectious diseases 

such as Covid-19. The author was told  that the institute is 

especially busy with research on new infectious diseases 

from Africa.  Finally, the institute introduced the author to 

books about Pettenkofer. 

 

1. Max von Pettenkofer: From Uncertainty to a 

Scientific Methodology in Public Health" 

Finally, the opportunity to utilize his practical and 

applicable scientific knowledge arrived. Max Gruber, in 

his eulogy for Max von Pettenkofer, stated the following: 

"Until about the age of 40, he spent his time without 

progressing toward a clear goal. He devoted his great 

talents to many tasks without a plan. However, when he 

was given the right opportunity, he was able to utilize 

those talents and develop a scientific methodology. 

“radually, it became apparent that his seemingly sporadic 

activities over the past ten years were actually converging 

into a coherent purpose—to apply the knowledge and 

methods of natural science to public health. "The turning 

point in Pettenkofer's life was his investigation of a 

cholera outbreak in Munich. Through this research, he 

realized that he had begun to promote "the application of 

precise natural sciences, which had been scarcely 

practiced until then." Systematic investigations into 

people's living conditions and the scientific reassessment 

of public health were expected to yield richer results, in 

contrast to the traditional, experience-based approaches. 

His lectures also gradually changed, initially teaching 

chemistry but eventually expanding to cover the fields of 

"health management" and "medical policy." 

 

Figure-1 The statue of Pettenkofer located in the 

center of Munich 
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Figure-2 Max von Pettenkofer Institute, University of 

Munich 

 

Figure-3 A major road named after Pettenkofer in 

Munich 

 

However, after engaging in debates about the causes of 

infectious diseases, Pettenkofer returned in 1851 to his 

research on indoor air quality. A committee to investigate 

ventilation in general hospitals was composed of 

professors from the university and technical university.  

There was a committee chaired by Dr. Jolly, with Drs. 

Kaiser, Alexander, and Pettenkofer participating. Dr. 

Pettenkofer, based on his expertise in air quality at the 

royal palace, was tasked with investigating a specific 

ventilation system. He first conducted a thorough 

inspection of the new hospital building and began his 

"Observations on the Progress of Ventilation" on April 1, 

1857. 

As a result, although the ventilation system introduced by 

former director and an excellent architect, Heberl, was 

highly regarded as effective, it was found to be 

unsustainable in actual use. According to Pettenkofer’s 

airflow measurements, the exchange of indoor and 

outdoor air occurred as expected in only 58 out of 100 

instances, with the air flowing in the opposite direction in 

the remaining 42 instances. 

Pettenkofer attempted to improve the ventilation, but he 

ultimately concluded that the system did not function at 

all. Furthermore, he sarcastically reported that the 

attending physician had opposed his findings, promoting 

the "improvement of the stove" as an expensive treatment. 

During the hospital visits, the physicians ventilated the 

rooms using regular airflow to deceive the committee 

members into thinking it was the result of technical 

improvements in the ventilation system. 

Regarding the progress of the investigation, Pettenkofer 

stated, "Since it became evident that the ventilation system 

could not be maintained, the committee, based on the 

chairman’s suggestion, decided to send me to Paris, where 

I conducted a detailed comparative study on the latest 

ventilation systems." According to the 1858 report of the 

Royal Bavarian Academy of Sciences, the investigation in 

Paris was carried out with great rigor. 

 

2. Pettenkofer and the Advancements in Hospital 

Ventilation: A Comparative Study of Traditional and 

Mechanical Systems 

Pettenkofer delegated the task of investigating the 

ventilation system of the general hospital, assigned by the 

committee, to his disciple Georg Veichtinger during his 

absence from April to June 1857. Like Pettenkofer, 

Veichtinger found that,  "the inflow of fresh air was 

somewhat more stable than in the maternity ward, but the 

discharge of polluted air was extremely inadequate," and he 

was disappointed with the results. During this time, 

Pettenkofer was studying the ventilation systems at La 

Riboisière Hospital and Beaujon Hospital in Paris, both of 

which had been installed based on thorough prior planning. 

Both ventilation systems were installed following a 

thorough preliminary examination to ensure the efficient 

exchange of air in the room. At La Riboisière Hospital, 

instead of relying on the conventional method of ventilation 

driven by the temperature difference between outside air 

and the indoor environment, a mechanical system powered 

by a steam engine was introduced. This system not only 

operated a centrifugal fan to circulate indoor air but also 

incorporated a hot water heating unit. After comparing this 

system with the traditional temperature-difference 

ventilation system, the hospital concluded that the airflow 

generated by mechanical ventilation was more uniform and 

superior. 

Pettenkofer added his own sensory observations. In the 

conventional ventilation system, the smell of patients' sweat 

permeated the wards, whereas with the mechanical 

ventilation system, fresh air was evenly supplied, 

significantly improving the quality of the air. He also 

measured that, while the concentration of carbon dioxide in 

the traditional system was 2.5%, it dropped to 1% in the 

rooms with mechanical ventilation. 

His impressions from La Riboisière Hospital highlighted 

several important points. First, he calculated the costs of the 

different systems and recognized that the mechanical 

ventilation system was considerably more expensive. In his 

paper, Pettenkofer used the term "hygiene," and he was 

convinced that the mechanical ventilation system was the 

most hygienic. However, he also noted that reducing costs 

and finding a more affordable and simpler way to operate 

the system would be a challenge for the future. 

Furthermore, at the Beaujon Hospital in Paris, Pettenkofer 

discovered an intricate ventilation system designed by the 

Belgian engineer Van Hecke. This system broke away from 

the traditional principles of natural ventilation, instead 
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mechanically controlling air exchange. The heated air, as 

needed, was properly warmed through a tank, following the 

principles outlined in Pettenkofer's own research. 

 

3. The Air Hygiene Research of Pettenkofer: Carbon 

Dioxide Measurement and Measures for Improving 

Living Environments 

"The heated air needed to pass over the water tank. This was 

not only to warm the air but also to moderately humidify it. 

Pettenkofer was greatly impressed by this Van Hecke 

system and recommended it as the 'best method' during the 

construction of the new hospital in Augsburg. 

Furthermore, Pettenkofer developed a method to accurately 

measure the concentration of carbon dioxide in the air using 

a device that absorbed carbon dioxide with limewater. In 

addition to this, he raised fundamental issues concerning 

'good air in dwellings' at the Academy's Committee on 

Natural Science and Technology. This view was published 

in March 1858 and was groundbreaking in the field of air 

hygiene. The paper outlined the standards for good air and 

how it could be maintained through natural or artificial 

ventilation. 

Pettenkofer focused on the quality of air in living spaces, 

once again emphasizing the importance of smell. 'It is the 

sense of smell that detects foreign substances in the air. The 

sense of smell can detect substances that cannot be 

identified by physical or chemical means. If the air causes 

discomfort to our sense of smell, it is thought to contain 

foreign substances. Pure air does not have such a sense of 

foreignness.' Therefore, while sufficient ventilation could 

be a solution, Pettenkofer also added the condition: 'as long 

as there is no source of air pollution.' For example, even if 

a hospital room or dining hall is ventilated, if poorly 

designed toilets constantly leak waste, the ventilation is 

compromised. Pettenkofer concluded that "hygiene cannot 

be maintained in places where perishable substances are not 

promptly removed or properly contained." Therefore, this 

is as follows: Max von Pettenkofer's lecture on hygiene at 

Ludwig Maximilian University: Max von Pettenkofer gave 

a lecture on hygiene during the summer semester of 1865 

at Ludwig Maximilian University. The content of this 

lecture has been recorded. This was a topic Pettenkofer was 

particularly interested in and wished to communicate to the 

students of that time. The content of the lecture has been 

translated from the literature and is reproduced here. 

1. Chemical composition of the atmosphere 

2. Physical changes in the atmosphere and 

climate 

3. Hygiene management of clothing and skin 

4. Properties of building materials in relation to air 

and heat 

5. Ventilation 

6. Heating 

7. Lighting 

8. Building sites and foundations 

9. Groundwater 

10. Relationship between ground conditions and the 

occurrence and spread of specific diseases 

(malaria, typhoid fever, cholera), as well as the 

influence of local climate 

11. Supply of drinking water and delivery systems 

to residential areas 

12. Main components of food 

13. Milk 

14. Meat 

15. Bread 

16. Vegetables, fruits, and other plant-based foods 

17. Low-alcohol beverages and vinegar 

18. Condiments (salt, sugar, spices, tea, coffee, 

tobacco, etc.) 

19. Nutrition and supply according to various social 

classes and conditions—supply regulations 

20. Collection and disposal of excreta and other 

household waste, industrial waste—sewage 

treatment 

21. Disinfection 

22. Food inspection 

23. Industries and factories harmful to health 

24. Schools, barracks, welfare facilities, hospitals, 

gathering places 

25. Preventive measures for toxic substances and 

their trade and distribution 

26. Medical statistics—biostatistics 

5.Conclusion 

Max von Pettenkofer was born on December 3, 1818, in 

Lichtenheim, a suburb of Neuburg along the banks of the 

Danube River. When cholera spread across Europe, 

Pettenkofer took action to combat the epidemic. At that 

time, household waste was commonly disposed of in the 

soil. Pettenkofer argued that soil contamination was the 

cause of cholera and also claimed that polluted well water 

was a source of the disease. As he was a chemist rather 

than a physician, his views were met with fierce 

opposition from the medical community. He also 

advocated for the importance of building ventilation. In an 

era without gas analyzers, Pettenkofer used lime to 

measure carbon dioxide levels. He asserted that ventilation 

became necessary when CO2 levels exceeded 1,000 ppm. 

While carbon dioxide itself is harmless to humans, he 

argued that an increase in CO2 levels would lead to higher 

concentrations of harmful carbon monoxide and 

unpleasant odors. 

In his younger years, Pettenkofer faced many challenges, 

often clashing with those who held different opinions. 

However, in his later years, he earned the trust of King 

Ludwig II, leading efforts to introduce a modern water 

supply and sewer system in Munich. As a result, the cholera 

outbreaks were brought under control, and Pettenkofer 

came to be known as the father of public health. After two 

cholera outbreaks in Munich in 1836 and 1854, Max von 

Pettenkofer was commissioned to study the causes and 

methods of cholera transmission. It was only after further 

outbreaks (typhus in 1872 and cholera in 1873/74) that the 

municipal magistrate of Munich seriously addressed the 
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renovation of the water supply and sewage systems. From 

1881 to 1883, a hillside catchment area was constructed 

near the Mühlthal for the city's water supply. The source of 

the Kasperlbach was initially captured. After the 

construction was completed, a monument was erected over 

the original spring in 1883. On May 1, 1883, the water 

supply system became operational. The hillside spring 

catchment area still supplies water to Munich today. 

 

Figure-4 The commemorative obelisk erected at the 

water source, Kasperlbach, Mühlthal, where 

Pettenkofer  installed the waterworks in Munich. 

 

 
Figure-5 A plaque commemorating  the introduction of 

the water supply to Munich 
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Figure-6 The grave of Pettenkofer surrounded by 

flowers , Munich 

 

 
Figure-7 A cross standing at the location where the 

body of King Ludwig Ⅱwas found in Lake Starnberg. 
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A global synthesis of forest fire-related air pollution and its impact on public health 
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Forest fires are increasingly recognized as significant contributors to global air pollution and public health burdens. This 

systematic review analyzes 14 peer-reviewed studies published between 2015 and 2025, focusing on the emissions and health 

consequences of wildfires across different regions. Emissions such as PM2.5, CO₂, and VOCs were found to increase respiratory 

and cardiovascular mortality, particularly in vulnerable populations. Our findings highlight the need for improved fire 

management, air quality surveillance, and health interventions, especially in high-risk areas affected by recurring fire events. A 

transdisciplinary policy approach is urgently required to mitigate future risks. 

 

1. Introduction  

The frequency, intensity, and spatial extent of forest fires 

have escalated significantly from 2001 to 2019 across various 

biomes, including tropical, subtropical, temperate, and boreal 

ecosystems [1]. This trend is primarily driven by 

anthropogenic climate change and land-use alterations, 

positioning wildfires as a global environmental and public 

health crisis [2, 3]. These fires emit large volumes of fine 

particulate matter (PM2.5), greenhouse gases, and toxic 

compounds such as polycyclic aromatic hydrocarbons (PAHs), 

often exceeding levels observed in industrialized urban 

centers [4, 5]. Wildfire emissions contribute to both short- and 

long-range atmospheric transport of pollutants, adversely 

impacting air quality hundreds to thousands of kilometers 

away [6, 7]. The resulting exposure is associated with 

increased morbidity and mortality, particularly from 

respiratory and cardiovascular conditions [8]. 

The degree of impact varies based on meteorological 

conditions, fire severity, vegetation type, and the socio-

economic vulnerability of affected populations [9]. Integrative 

assessments reveal that biomass‐burning emissions during 

major fire events can match, and in some contexts exceed, 

those from large urban centers, highlighting the necessity of 

coordinated air‐quality monitoring and public health response 

strategies. Given that forest ecosystems themselves act as both 

sources and sinks of airborne pollutants, understanding the 

complex feedbacks between ecosystem health, atmospheric 

chemistry, and human well‐being is essential for crafting 

effective mitigation and adaptation policies.  

This paper presents a systematic literature review of peer-

reviewed studies published between 2015 and 2025 in 

international journals (Scopus), focusing on the environmental 

and health consequences of wildfires. This literature review 

aims to examine emission components that affect human 

health and the environment. The ultimate goal is to inform fire 

Management policies and public health strategies through a 

better understanding of the complex interactions between 

wildfire, atmospheric pollution, and human well-being. 

Despite the growing number of studies, few reviews have 

integrated both environmental and health dimensions of 

wildfire impacts across diverse geographical settings in the 

last decade. 

 

2. Methodology 

A systematic literature review was conducted using the 

Scopus database to retrieve peer-reviewed articles. The search 

strategy employed the Boolean string: “forest AND fire AND 

air AND pollution AND human AND health”, targeting 

original studies that examined the direct environmental and/or 

health impacts of forest fires. Articles were included if they: 

(1) were written in English; (2) presented original quantitative 

findings; and (3) explicitly addressed pollutant emissions, 

human health outcomes, or both. Exclusion criteria 

encompassed: (1) reviews or meta-analyses; (2) studies 

unrelated to wildfire emissions; and (3) non-peer-reviewed 

publications. The initial search yielded 315 articles from the 

Scopus database. These articles were then screened based on 

title and abstract relevance. Eligible studies were those that 

explicitly examined either health outcomes (e.g., respiratory 

illnesses, mortality) or environmental impacts (e.g., air 

pollutant emissions), with a direct causal linkage to forest fire 

events. Articles were excluded if they focused on occupational 

exposure, indirect effects, or other non-fire-related pollution 

sources. Full-text screening led to the final selection of 14 

eligible articles for in-depth analysis. 

 

3. Results and discussion 

3.1. Overview of selected studies 

 This review synthesizes empirical evidence on the impacts 

of forest fires on human health and environmental quality. 

These studies represent a diverse geographic scope, 

methodological approaches (modeling, epidemiological 

studies, field observations), and pollutant indicators (PM2.5, 

CO, VOCs, etc.). 

 

3.2. Impact on the environment 

Wildfires and vegetation fires contribute significantly to 

atmospheric pollution, releasing a broad spectrum of 
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pollutants that vary by fuel type, fire intensity, and region. 

Table 1 summarizes findings from studies analyzing the 

environmental consequences of forest fire emissions. 

  

Table 1. Summary of environmental impacts from wildfire-

related emissions (2015–2025) 

Reference Location Results 

Zhang et al. 

[10] 

Guangdong, 

China 

OBB contributed 14% of total 

HCHO emissions; cropland 
fires emitted 26% more 

HCHO than forest fires. 

Kaskaoutis 
et al.,  [11] 

Athens, 
Greece 

PM₂.₅ ranged 8.9–78.7 µg/m³; 
35.4 µg/m³ on active burning 

days. 

Song et al.   

[12] 

South China  2020 emissions: CO2 = 30,568 

Gg; PM2.5 = 208 Gg. 

Byrne et al. 

[13] 

Canada  Total forest fire emissions 

reached 647 TgC, influenced 

by extreme heat conditions. 

Zhang et al.  

[14] 

Inner 

Mongolia, 

China 

Highest PM₂.₅ emissions 

linked to Quercus mongolica. 

Wu et 

al.,[15]   

Heilongjiang, 

China 

Betula platyphylla bark 

yielded Emission Factor = 

3.06 µg/m³. 

Sutton et 
al.[16]   

Yellowknife, 
Canada 

Wildfires released 15–59% of 
global arsenic emissions. 

 

Recent studies reveal that wildfire emissions not only rival but 

may even surpass anthropogenic sources such as 

transportation and industrial activities. For instance, Song et 

al. [12] and Byrne et al. [13] documented large-scale carbon-

based emissions, highlighting the substantial role of fire-

induced carbon fluxes in national greenhouse gas inventories. 

Forest fires significantly elevate ambient concentrations of fine 

particulate matter (PM2.5); for instance, Kaskaoutis et al. [11] 

reported that PM2.5 levels rose to 35.4 µg/m³ during active 

burning periods. This underscores the importance of 

understanding the specific drivers behind such emissions, 

including the type of fuel involved. 

Fuel composition, in particular, plays a critical role in shaping 

emission profiles. Species such as Quercus mongolica and 

Betula platyphylla have been shown to emit 

disproportionately high levels of fine particulate matter during 

combustion [14, 15]. Adding another layer of concern, Sutton 

et al. [16] introduced a toxicological perspective by reporting 

significant arsenic emissions from wildfires in mining-

impacted regions, thus linking biomass burning not only to air 

pollution but also to heavy metal contamination of 

surrounding ecosystems. Among various fire types, peatland 

fires represent an especially pressing concern in Southeast 

Asia due to their high organic content and smoke-producing 

potential. Fisher et al.  [17] estimated that during extreme 

haze events, peatland fires contributed approximately 10% of 

global particulate matter emissions. These emissions are not 

only persistent but also hazardous, posing long-term threats to 

regional air quality and public health. 

In general, these findings highlight the urgent need for region-

specific fire monitoring systems, detailed fuel-type 

characterization, and the integration of wildfire dynamics into 

both national air quality management and international 

climate mitigation policies. A comprehensive understanding 

of the ecological and chemical complexity of wildfire 

emissions, particularly from peatlands and species with high 

particulate yields, is essential for developing effective 

strategies to mitigate their environmental and health impacts. 

 

3.3. Impact on human health 

The health consequences of wildfire smoke are increasingly 

documented, with exposure linked to respiratory infections, 

cardiovascular complications, and premature mortality. Table 

2 presents evidence from selected studies that quantified 

health outcomes associated with forest fire exposure.  

Studies in developed countries such as the United States and 

Australia show consistent associations between wildfire 

exposure and adverse health outcomes. Pye et al. [18] reported 

that the oxidative potential of wildfire-derived PM, 

particularly from Reactive Organic Compounds (ROCs), 

constitutes the main driver of toxicity. Wen et al. [19] further 

emphasized that health impacts are disproportionately 

distributed, with low-income populations experiencing 

heightened vulnerability due to limited adaptive capacity and 

poor healthcare access.  

In contrast, studies in Thailand, such as Pongpiachan et al. 

[20], found relatively lower associations between biomass 

burning and PAH-related health burdens. This variability may 

be due to differences in combustion efficiency, local biomass 

composition, and existing background air pollution. However, 

in Indonesia, an estimated 648 premature deaths occur each 

year, equivalent to 26 deaths per 100,000 population, mainly 

driven by elevated concentrations of PM2.5, which are linked 

to chronic respiratory disorders, cardiovascular diseases, and 

lung cancer [21, 22]. 

Evidence from Brazil [23] and Portugal [24] suggests that 

repeated exposure during peak fire years is linked not only to 

mortality but also to long-term health system strain and 

economic losses. These findings reinforce the need to 

incorporate wildfire smoke as a formal determinant of public 

health within national disease surveillance systems. Overall, 

forest fires represent a significant public health concern, as 

they can contribute to human mortality both directly and 
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indirectly. This is primarily due to the inhalation of toxic gases 

and fine particulate matter released during combustion 

processes. Such exposures are often unrecognized in real time 

but may lead to severe respiratory and cardiovascular 

outcomes. Consequently, effective fire prevention strategies 

are essential to minimize the release of hazardous emissions 

and protect human health. 

 

Table 2. Summary of human health effects associated with forest 

fire emissions 

Reference Location Results 

Tarín-

Carrasco et 
al.[25]  

Portugal 35% increase in respiratory 

mortality during fire years. 

Pye et al. [18] Western 

USA 

Emissions: 1250 g ROC/kg 

CO; particulate phase drives 
health burden. 

Wen et al. 

[19] 

New South 

Wales, 

Australia 

Higher health risk in 

low socioeconomic status 

and high fire-density areas. 

Pongpiachan 

et al.[20]  

Northern 

Thailand 

Minor role of PAHs from 

biomass burning in local 

health effects 

Maji et 

al.[21] 

Southeastern 

USA (10 

states) 

PM₂.₅ increased by 10% 

(prescribed) and 22% 

(extensive burns); mortality 
linked. 

Schroeder et 

al. [23] 

Brazil Strong Spearman correlation 

(rs = 0.66) between fire 

events and respiratory death. 

Barbosa et 

al.[24] 

Portugal High wildfire emissions in 

2017 coincided with 

increased mortality and 
economic loss. 

 

3.4 Policy implications and cross-regional comparisons 

The reviewed evidence underscores a critical policy gap in 

integrated fire management, especially across low- and 

middle-income countries. While countries such as the U.S. 

and Australia have advanced early warning and air monitoring 

systems, many regions in Southeast Asia and South America 

lack robust infrastructure to track, mitigate, and respond to 

fire-related health threats [26]. 

Moreover, wildfire emissions, though largely treated as 

episodic events, are now chronic contributors to poor air 

quality in many regions. The transboundary nature of wildfire 

impacts further exacerbates the problem, affecting 

neighboring areas and even distant countries. This necessitates 

a shift in environmental governance, wherein wildfires are 

treated as both a climate resilience and public health issue. 

We recommend: 

1. Prioritizing community-level early warning systems and 

temporary shelters with clean air access in fire-prone 

zones; 

2. Enhancing health surveillance systems to detect spikes in 

respiratory/cardiovascular cases following large fire 

events.  

3. Integrating fire management policies across sectors and 

regions, including through regional agreements to address 

transboundary impacts. 

4. Promoting long-term investment in emission and air 

quality monitoring infrastructure to support evidence-

based mitigation. 

 

4. Conclusions 

Forest fires are a growing environmental health concern, 

with wide-ranging impacts on air quality, ecosystem integrity, 

and public health. The reviewed literature highlights 

consistent associations between wildfire emissions and 

adverse health outcomes, particularly respiratory and 

cardiovascular morbidity and mortality.  

Given the projected rise in wildfire frequency and 

severity under climate change, urgent action is required. 

Policies must integrate fire prevention, real-time pollution 

monitoring, and targeted health interventions for at-risk 

populations. A multidisciplinary approach—combining 

environmental science, public health, and disaster 

preparedness is essential to address the escalating risks posed 

by forest fires globally. 
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Impact of the heat transfer mechanism of personal comfort systems on thermal comfort and energy 

performance 

 

Student Member      †Arachchi A.P.D.T. (Tokyo City University) 

Member             Rijal H.B. (Tokyo City University) 

 

Personal comfort systems (PCS), which provide targeted heating or cooling to specific body parts, have emerged as a promising 

solution to enhance occupant comfort while reducing energy use in buildings. This study investigates the impact of heat transfer 

mechanisms (HTM) such as conduction, convection, and radiation of the PCS on thermal comfort improvement and energy 

performance in both heating and cooling modes. It addresses a critical gap in understanding optimal HTMs of PCS to achieve 

thermal comfort and energy efficiency. A meta-analysis was conducted, extracting data from 64 previous studies to evaluate the 

effects of HTMs of PCS on thermal sensation votes (TSV), overall comfort (OC) and corrective energy power (CEP, W/°C). 

Results indicate that simultaneously use of several HTMs improve thermal perception higher compared to one HTM alone for 

both heating and cooling modes. Convection was found to be the most efficient HTM for cooling while conduction is the most 

efficient for heating mode. Oppositely, Radiation for cooling and convection for heating were found to be the least efficient 

HTMs. Most of the HTMs consume less than 100 W per 1 °C improvement in perception. These findings underscore the potential 

of carefully selecting HTMs in PCS for achieving maximum thermal comfort with significant energy savings. 

 

1. Introduction  

High energy consumption in buildings remains a critical 

global challenge and it is approximately about 30% of global 

energy consumption [1]. Heating, ventilation and air 

conditioning (HVAC) systems are consuming about half of 

total building energy usage [2]. HVAC systems typically 

achieve thermal comfort satisfaction for approximately 80% 

of occupants [3]. Integration of Personal comfort systems 

(PCS) has shown significant improvements in occupant 

satisfaction and energy savings [4,5].  

Heat transfer mechanism (HTM) plays a critical role in 

shaping the effectiveness of PCS by influencing thermal 

perception and energy efficiency [5]. There was a critical gap 

found in literature in understanding the HTMs impact on 

comfort performance of PCS [6]. Therefore, this study aims to 

explore the impact of HTM on thermal comfort and energy 

performance of PCS in both heating and cooling modes by 

conducting a meta-analysis across previous studies. 

 

2. Methodology 

Data were collected from original PCS studies following 

meta-analysis methodologies [7]. Through a Scopus database 

search, 64 research articles were selected for this study [20]. 

Heating and cooling devices classified according to Song et al 

[8], whole body thermal sensation vote (TSV) and overall 

comfort (OC) values in same indoor air temperature were 

extracted for conditions with PCS and without PCS. At the 

same time, power (W) values of the PCS at the relevant indoor 

was collected  In cases where exact TSV and OC values were 

not provided in text, TSV and OC graphs were utilized for data 

extraction and LabPlot software [9] was employed to record 

data points. Measured TSV and OC values were following 

ASHRAE 7-point scale. Some data points were not included, 

as it was hard to identify whether the heating or cooling mode 

of PCS was activated during the survey. 

2.1. Classification of HTM 

Devices that come into direct contact with the subject's skin 

for heating or cooling purposes were classified as conductive 

(Cd) devices, those that stimulate the surrounding air to 

provide thermal comfort are categorized as convective (Cv) 

devices and devices that do not make direct contact with the 

body, do not influence the surrounding air, and provide heating 

solely through radiation are considered radiative (Rd) devices 

for this study following Song et al. [8]. When the PCS studies 

employed several HTMs simultaneously it was categorized 

separately considering as a distinct HTM such as Cd & Cv, Cd 

& Rd, Cd & Rd and Cd, Cv & Rd.    

2.2. Thermal comfort performance 

To measure thermal comfort performance, this study used the 

difference of TSV (ΔTSV) and OC (ΔOC) made by PCS at 

same indoor air temperature. This indicates how much change 

in thermal perceptual responses is made by PCS in particular 

thermal environment. ΔTSV and ΔOC were calculated using 

following equations. 

ΔTSV = TSVWith PCS – TSVWithout PCS   (1) 

ΔOC = OCWith PCS – OCWithout PCS   (2) 

2.3. Energy performance 

To measure energy efficiency of PCS in achieving thermal 

comfort for occupants, corrective energy power (CEP, W/°C) 

is the widely used parameter in PCS studies. CEP is defined 

as the quantification of power needed for adjusting an 

individual's thermal perception towards comfortable 

perception by particular heating or cooling PCS [10,11]. To 
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eliminate abnormal results, absolute CEP was used for 

analysis, and it was calculated using following equation. 

Absolute CEP= P/ (Absolute ΔTSV/G)   (3) 

Where P is Power value of the PCS device and G is Griffiths’ 

constant. G is assumed to be 0.33. 

 

3. Results and discussion 

3.1. Data availability 

Among the data collected from 64 PCS studies, the HTMs 

were not equally distributed, and for some HTMs there was no 

data available in literature as shown in Table 1 Cd and Cv 

HTMs have the highest number of data while Rd has a lower 

amount of data. All other combined HTMs have a very few 

data. Previous studies have not studied employing several 

HTMs simultaneously in PCS broadly and many studies have 

not provided the power values of the studied PCS. These 

results indicate the importance of focusing studies into 

combined HTMs in PCS. 

3.2. Impact of PCS on perceptual responses 

Perceptual responses are important for measuring human 

thermal comfort. TSV provides a measurement on how people 

feel at certain environment [12] while OC offering a more 

accurate measure of comfort accumulating with the combined 

effects of other environmental factors [13,14]. 

The TSV and OC have positive and negative values. While 

obtaining the differences of those values (ΔTSV and ΔOC) for 

analyzing the impact done by PCS precisely, negative values 

might be abnormal. Therefore, only absolute differences of 

TSV and OC values of those variables were considered for this 

study. 

 Table 2 shows the mean values of TSV and OC for with and 

without PCS conditions with absolute ΔTSV and ΔOC done by 

the PCS. For both modes there are significant changes in mean 

TSV and OC found when using PCS and the improvement is 

about 1-point for both TSV and OC for both heating and 

cooling modes. 

Fig.1 shows the distribution of absolute ΔTSV in cooling and 

heating modes. For both graphs, the general trend shows that 

most of the absolute ΔTSV are clustered around 0.7 relatively 

close to zero. However, the standard deviation indicated that 

there is still some variability in absolute ΔTSV made by 

different PCS in different environments. 

Fig. 2 shows the distributions of absolute ΔOC in heating and 

cooling modes. In both cases, the highest frequencies were 

observed for lower absolute ΔOC values, indicating a general 

tendency for people to have similar overall comfort 

assessments when use PCS similar to TSV. However, the 

heating condition displays a slightly higher mean, and a larger 

standard deviation compared to cooling, suggesting greater 

variability in comfort perceptions under heating. 

3.3. HTM’s impact on thermal comfort 

3.3.1. Impact on TSV 

Thermal comfort performance of PCS depends on various 

factors and HTM is one of them [5]. Choosing an optimum 

HTM in PCS  is crucial because it maximizes localized 

thermal comfort [6]. For this study ΔTSV and ΔOC done by 

the PCS were considered as thermal comfort performance of 

certain HTM of PCS.  

Fig.3 shows the mean absolute ΔTSV for various heat transfer 

mechanisms under both cooling and heating conditions. For 

Figure 2 Distribution of absolute ΔOC 

Table 1 Number of data included for this study for each heat 

transfer mechanism 
Heat 

Transfer 

Mechanism 

Number of data 

for TSV  

Number of data 

for OC 

Number of data 

for CEP 

 Heating Cooling Heating Cooling Heating Cooling 

Cd 156 40 149 39 27 144 

Cv 16 192 13 151 73 2 

Rd 22 8 15 8 2 19 

Cd & Cv 4 9 4 9 6  

Cd & Rd 10 - 10 - - 10 

CV & Rd 8 6 8 6 -  

Cd, Cv & 

Rd 

4 - 4 - - 4 

Total 220 255 203 213 108 179 

 

Table 2 Mean for with PCS, without PCS and absolute 
differences of TSV and OC. 

Mode TSV OC 

Without 

PCS 

With 

PCS 

Absolute 

Difference 

Without 

PCS 

With 

PCS 

Absolute 

Difference 

Heating -0.84 -0.12 0.74 -0.42 0.52 0.96 

Cooling 0.95 0.20 0.77 -0.05 0.72 0.72 

 

Figure 1 Distribution of absolute ΔTSV 
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most of the single HTMs (Cd, Cv, Rd), the mean absolute 

ΔTSV are generally around 0.75 and approximately similar, for 

both modes but Rd for cooling shows a significant lower value 

compared to other single HTMs. In combinations of HTMs, 

Cd & Cv and Cv & Rd show higher values compared to other 

HTMs for cooling mode. Cd & Cv and Cd, Cv & Rd and Cd, 

Cv & Rd show higher absolute ΔTSV, but Cd & Rd and Cv & 

Rd show lower values compared to other HTMs for heating 

mode. For example, the "Cd, Cv, & Rd" mechanism under 

heating has a very wide confidence interval. This may be due 

to the lack of data for those HTMs. 

Even though some data shows higher uncertainties and 

variabilities, the results suggest that when PCS employ single 

HTMs, people tend to have more similar TSV improvements 

for all of the cases except Rd for cooling mode. Employing 

multiple HTMs simultaneously in PCS can improve 

constructively but for some mechanisms it works destructively. 

Rd for cooling and using Rd with Cv and Cd for cooling are 

less effective while Cd for heating and Cv & Rd for cooling 

are the best effective HTMs according to TSV data. 

3.3.2. Impact on OC 

Fig.4. illustrates the mean absolute ΔOC for various HTMs 

under heating and cooling modes. Similar to the TSV, the 

overall absolute ΔOC tend to be larger when multiple HTMs 

are involved for most of the cases for both heating and cooling. 

For single HTMs, the mean absolute ΔOC are generally 

smaller except Cv and Cd for heating. Combined HTMs show 

slightly higher absolute ΔOC improvements rather than most 

of single HTMs. Cd, Cv & Rd is the best effective HTM for 

heating mode while Cd & Cv is the best for cooling mode. Rd 

is the least effective for both heating and cooling modes 

according to OC data. The results suggests that combined 

HTMs can improve absolute ΔOC higher than single HTMs 

but when multiple HTMs are employed, absolute ΔOC likely 

lead to more diverse. Cv based HTMs are better for improving 

OC in heating mode while Cd based HTMs are better for 

cooling mode. 

To determine the most effective heat transfer methodology 

comprehensively, the mean absolute changes in TSV and OC 

done by PCS in both heating and cooling modes were analyzed 

in this section. Comparing both TSV and OC data, The highest 

impactful HTMs for heating mode were Cd, Cv & Rd and Cv 

while Cv based combined HTMs were highest impactful for 

cooling modes. The least effective HTM was Rd for both 

heating and cooling mode. As single HTMs Cd in heating and 

Cv in cooling can improve thermal perception according to 

ΔTSV while Cv in heating and Cd in cooling can improve 

overall comfort perception according to ΔOC. 

3.3.1. Overall discussion 

For the heating mode, Tang et al. [15] identified Cd as the most 

effective HTM for OC improvement, followed by Cv and Rd. 

For TSV, Cv was found to be the most effective, followed by 

Cd and Rd. However, Yang et al. [16] indicated that Rd was 

more effective for OC improvement, whereas Cv was more 

effective for TSV enhancement. Some other study suggested 

that Rd was the most effective HTM, followed by Cv and Cd 

[17]. Additionally, studies demonstrated that high power Rd 

could exceed Cd’s performance, while Cd was found to be 

more effective than Cv in heating PCS [6].  

For cooling mode, other studies have identified Cv as highly 

effective HTM, particularly when fan-assisted airflow was 

employed. Cv significantly enhanced heat dissipation to the 

surrounding air. Rd was found to be effective in facilitating 

heat exchange when body temperature exceeded the ambient 

temperature. In contrast, Cd heat transfer was observed to be 

the least effective when applied alone, as it relied on direct 

contact with surfaces and influenced only limited areas of the 

body. However, its effectiveness was significantly enhanced 

when combined with other HTMs [18]. 

3.4. HTM’s impact on energy performance  

The energy use of PCS is important because it can 

significantly reduce the energy consumption of conventional 

HVAC systems by conditioning only occupied zones, leading 

to substantial energy savings while maintaining or improving 

occupant comfort [8]. The HTM  used in PCS is crucial to 

energy consumption because employing more efficient modes 

can deliver targeted thermal comfort with significantly lower 

power use compared to conventional systems [6,19]. To 

Figure 3 Mean absolute ΔTSV and 95% confidence interval 

(mean ± S.E.) for different HTMs 

Figure 4 Mean absolute ΔOC and 95% confidence interval 

(mean ± S.E.) for different HTMs 
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measure the energy consumption of the PCS by each HTM, 

this study analyzed the absolute CEP of PCS. This metric 

simply indicates the power (W) needed to improve the 1°C in 

thermal perception for a certain PCS. 

Fig.5.shows the distribution of absolute CEP for both heating 

and cooling modes. It has skewed to the right, with most 

values concentrated between 0 and 100 W/°C for both modes. 

The absolute CEP values of heating mode are generally higher 

and more spread out than in the cooling mode and number of 

available data is higher in heating mode. This signifies that 

correcting thermal perception during heating typically 

requires more energy and is more variable compared to 

cooling mode but in most cases, only a small amount (<100 

W/°C) of energy can improve thermal perception for both 

heating and colling modes. 

Fig. 6 displays the mean absolute CEP for various HTMs 

under both cooling and heating modes. The confidence 

intervals vary across HTMs and modes. This may be due to 

the lower number of available data for those HTMs (Table 1).  

In general, the absolute CEP tends to be higher for most of the 

HTMs of heating compared to cooling. Cv stands out with a 

substantially higher mean absolute CEP compared to other 

HTMs for heating mode while Rd is for cooling mode. Cd 

shows the lowest absolute CEP for heating mode and Cv 

shows the lowest for heating.  

Findings suggest that generally many HTMs of PCS consume 

more energy to modify thermal perception in heating mode 

than cooling mode. A large amount of energy is needed to 

improve comfort in Cv for heating mode and Rd for cooling 

mode. The most energy efficient HTM for cooling mode is Cv 

and Cd is for heating mode. Considering both comfort and 

energy performance Cv based HTMs for cooling mode and Cd 

based HTMs can be recommended to PCS for achieving 

maximum comfort and energy savings according to this meta- 

analysis results. Further studies and validation are needed 

using combined HTMs in PCS in different contexts.  

 

4. Conclusions 

Following results were found from this meta-analysis. 

1. The uneven distribution of data across different heat 

transfer mechanisms, particularly for combined HTMs, 

underscoring the need for more studies on multiple HTMs 

to better understand their impact on PCS performance. 

2. PCS significantly improves thermal sensation and overall 

comfort by approximately 1 scale unit in both heating and 

cooling modes. 

3. Cd alone, Cd, Cv & Rd and Cv for heating mode while Cv 

based combined HTMs for cooling mode were highest 

effective HTMs while Rd was the least effective HTM for 

both heating and cooling modes.  

4. Most of the PCS consume less energy (100 W/°C) to 

improve thermal perception in both modes while most of 

the HTMs in heating mode slightly higher values 

compared to cooling mode. Cd for heating and Cv for 

cooling are recommended as the most comfort improving 

and energy-efficient HTMs. 
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This study developed numerical airway models of Japanese macaques (Macaca fuscata) using CT data to assess inhalation 

exposure and compared their particle transport characteristics with those of humans. Simulations revealed that macaques 

maintained high aspiration efficiency for particles up to 10ௗμm, with deposition patterns similar to those of humans. Age and 

body weight influenced individual differences in particle deposition, particularly for larger particles. These findings highlight 

the utility of macaque models for evaluating airborne infection risks and provide insights into interspecies differences that 

are essential for improving extrapolation from animal studies to human health assessments. 

 

1. Introduction 

Recent viral infections have had a profound global impact, 

primarily by spreading through airborne micro-particles. 

Understanding airflow and particle transport dynamics within 

the airway, particularly through the nasal passage, is a critical 

challenge in biofluid engineering. Owing to ethical constraints 

on human studies, inhalation exposure assessments 

predominantly rely on data from experimental animals. However, 

accurate extrapolation to humans necessitates a precise 

understanding of the interspecies physiological differences that 

remain insufficiently explored. Among non-human primates 

(NHPs), the Japanese macaque (Macaca fuscata) serves as a 

valuable human analog; however, its airway particle transport 

characteristics require further investigation. 

In this study, we constructed numerical airway models for 

multiple Japanese macaques (Macaca fuscata) by reconstructing 

the detailed geometry of the upper airway, from the nasal cavity 

to the trachea, based on computed tomography (CT) data. We 

performed computational fluid particle dynamics (CFPD) 

simulations to analyze inhaled particle transport and deposition 

during steady breathing across individuals and humans. Using 

this approach, we demonstrated the utility of primate-based 

particle transport and deposition analysis as a methodology for 

assessing aerosol infection risks. 

 

2. Methods 

2.1. CFD monkey models and numerical solutions 

Geometric monkey models were constructed based on CT data. 

In this study, the numerical monkey model included not only the 

upper airway from the nostrils to the trachea but also the facial 

morphology and an external breathing zone (Fig. 1). The 

geometry was segmented using the ANSYS Space Claim 

Figure-1 Computational monkey airway model (PRI-Mff765). 

 

software to enable interindividual comparisons. ANSYS Fluent 

(2023R2, ANSYS Inc.) was employed for the fluid and particle 

simulations. The Reynolds-averaged Navier-Stokes equations 

were solved to predict the steady-state airflow, using the shear 

stress transport (SST) k-ω turbulence model. This analysis 

imposed a velocity boundary condition at the tracheal outlet to 

simulate the pulling airflow motion, following Karel et al. [1]. 

The minute volume (MV) was calculated using the following 

equation: 

𝑀𝑉 = 𝑇𝑉 × 𝐵𝑊 × 𝑅𝑅 (1) 

where TV is the tidal volume (10.1 mL/kg), BW is body weight, 

and RR is the respiratory rate (37 breaths/min). The detailed 

parameters for each individual are listed in Table 1. 
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2.2. Methodology for particle transport and tracking 

In the modeling of microparticle transport, the particle volume 

fraction relative to the fluid phase was significantly less than 1%, 

allowing the influence of particles on the fluid to be neglected. 

Therefore, a one–way coupled Lagrangian discrete-phase model 

was adopted. In this approach, the airflow field is first simulated 

at each time step, followed by integrations of the equations of 

motion for the particles, considering drag and gravitational 

settling, to track the trajectories of individual particles. The 

equations representing these models are as follows. 

𝑑𝑢ሬ⃗ ௣

𝑑𝑡
= 𝐹⃗஽ + 𝐹ீ⃗ + 𝐹⃗ௌ (2) 

where 𝑝 denotes the particle phase, and 𝐹⃗஽ represents the drag 

force per unit particle mass, derived from Stokes’ drag law, as 

expressed in Eq. (3): 

𝐹⃗஽ =
൫𝑢ሬ⃗ ௚ − 𝑢ሬ⃗ ௣൯

𝜏
=

18𝜇

𝜌௣𝑑௣
ଶ
∙
𝐶஽𝑅𝑒௣

24
൫𝑢ሬ⃗ ௚ − 𝑢ሬ⃗ ௣൯ (3) 

where 𝜇 is the air viscosity, 𝑢ሬ⃗ ௚ is the fluid flow velocity, 𝑢ሬ⃗ ௣ 

is the particle velocity, 𝑑௣ is the aerodynamic particle diameter, 

𝜌௣  is the particle density, 𝐶஽  is the drag coefficient, 𝑅𝑒௣  is 

the particle Reynolds number. 

The second term 𝐹ீ⃗   represents the gravitational term. The 

third term, 𝐹⃗ௌ, denotes the Saffman lift force, which accounts for 

the lift owing to shear on a unit mass basis, as expressed in Eq. 

(4): 

𝐹⃗ௌ =
2𝐾𝑣

ଵ
ଶ𝜌𝑑௜௝

𝜌௣𝑑௣(𝑑௟௞𝑑௞௟)
ଵ
ସ

൫𝑢௚ሬሬሬሬ⃗ − 𝑢௣ሬሬሬሬ⃗ ൯ (4) 

where the value of K = 2.594 is a constant, 𝜈  is the kinetic 

viscosity, and 𝑑௜௝ , 𝑑௟௞ , and 𝑑௞௟  are deformation rate tensors. 

The turbulent components acting on the particles were modeled 

using a Discrete Random Walk model, which represents 

stochastic fluctuations. An idealized wall-trapping condition was 

applied as the boundary wall, assuming that the particles did not 

rebound into the flow after colliding with the airway walls. 

Eleven representative particle sizes were selected to ensure a 

wide-ranging prediction of particle deposition across microscale 

sizes, ranging from 1 to 80 m, and particle density was set to 

1,000 kg/m³. 

 

Table-1 Subject scan data of macaques. 

Subjects 
Body weight 

(kg) 
Age 

(years) 
Gender 

Mff765 10.2 28 Female 
Mff963 6.6 26 Female 
Mff2099 7.0 13 Female 
Mff2115 7.9 5 Female 
Mff2249 8.0 8 Female 

3. Results 

3.1. Airflow in the monkey airway models 

Fig. 2 shows the steady-state airflow distribution within the 

airway. Overall, airflow accelerated near the nostrils, decelerated 

around the central nasal cavity, and rapidly accelerated near the 

larynx. When comparing individual cases, Mff765, the heaviest 

of the five subjects, exhibited the highest airflow velocity within 

the airway. 

 

Figure-2 Velocity streamlines distribution in the monkey's upper 

airways during steady inhalation flow. 

 

3.2. Aspiration efficiency (AE) 

 Fig. 3 shows various aspiration efficiency (AE) datasets plotted 

against different particle sizes. AE is defined as the ratio of the 

concentration of inhaled particles to that of particles in the 

environment, as shown in Eq. (5): 

𝐴𝐸 =
𝐶௡௢௦௧௥௜௟

𝐶௘௡௩௜௥௢௡௠௘௡௧

=
𝑁௡

𝐶௘௡௩௜௥௢௡௠௘௡௧ ∙ 𝑇𝑉
 (5) 

where 𝐶௘௡௩௜௥௢௡௠௘௡௧   is the particle density in the particle 

injection box, which corresponds to the particle aspiration zone 

obtained using the reverse analysis method; TV is the tidal 

volume; and 𝑁௡ is the particle inhaled through the nostrils. 

Simulation results indicated that Japanese macaques 

maintained high AE (>0.9) up to 10ௗμm, with a marked decline 

from 40ௗμm owing to gravitational sedimentation. The inter-

individual variation was minimal for smaller particles. Among 

the individuals, Mff963 exhibited the highest efficiency up to 

30ௗμm, whereas Mff765 showed the highest efficiency for larger 

particles. Across most particle sizes, macaques showed an 

approximately 0.04 higher efficiency than humans. Nevertheless, 

the overall trend remained similar, suggesting comparable 

inhalation behaviors between macaques and humans. 

 

3.3. Particle deposition patterns 

Fig. 4 shows particle deposition within the airways of the three 

representative monkey models with different body weights used 

in this study. Particle sizes are visualized in different colors: 1, 5, 

10, and 30ௗμm. The 1ௗμm particles exhibited minimal deposition 
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across all individuals. In contrast, 5 and 10ௗμm particles showed 

significant deposition, predominantly along the floor of the 

airway, with a particularly pronounced trend in the tracheal 

region. The nasal cavity had the highest overall particle 

deposition rate. Additionally, for the 30ௗμm particles, all were 

deposited within the nasal vestibule region.  

 

3.4. Particle deposition efficiency (DE) 

 Fig. 5 presents the five monkeys’ deposition efficiency (DE) as 

a function of the Stokes number. Here, DE (𝜂௔) is defined, as 

shown in Eq. (6), as the ratio of the number of particles deposited 

within the airway to the number of particles inhaled through the 

nostrils.  

𝜂௔ =
𝑁ௗ௘௣௢௦௜௧௘ௗି௔௜௥௪௔௬

𝑁௜௡௛௔௟௘ௗି௩௜௔ି௡௢௦௧௥௜௟௦

× 100 (6) 

where 𝑁ௗ௘௣௢௦௜௧௘ௗି௔௜௥௪  is the number of particles deposited 

in the airway, and 𝑁௜௡௛௔௟௘ௗି௩௜௔ି௡௢௦௧௥௜௟   is the number of 

particles inhaled through the nostrils. The characteristic aspects 

of the heterogeneous geometrical features of the respiratory tract 

can be minimized using the Stokes number (Stk), which enables 

the comparison of various scaling models. The Stokes number 

was expressed as a function of the aerodynamic diameter 𝑑௣, 

characteristic airflow 𝑈 , and minimum cross-sectional area 

𝐴௠௜௡ (Stk = 𝜌𝑑௣𝑈/18𝜇𝐴௠௜௡
଴.ହ).  

To validate the results of this analysis, experimental data 

obtained from a study by Kelly et al. [3] are included in the figure. 

 

Figure-3 Comparison of aspiration efficiency (AE) as a function of 

particle size. 

 

The simulation results showed good agreement with the 

experimental data. The DE in monkeys increased sharply around 

a Stokes number of approximately 0.01 and reached a peak near 

0.1. In terms of inter-individual comparisons, the youngest 

individual, Mff-2115, exhibited a relatively lower DE up to 

approximately Stk = 0.1, whereas the oldest individual, Mff-765, 

showed a notably higher DE around Stk = 0.02 0.05. The DE of 

macaques was generally slightly higher than that of humans. 

Overall, particle deposition trends were similar. 

 

 

Figure-4 Visualization of micro-particle deposition in the monkey upper airway during steady inhalation (side view). 
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4. Discussions 

In this study, CFPD simulations were conducted using the 

numerical models of five Japanese macaques with varying 

individual characteristics. The comparison of AE (Fig. 3) 

revealed that differences due to body weight were minimal for 

smaller particle sizes, suggesting that variations in the inhalation 

velocity had little impact on the aspiration of fine particles. In 

contrast, substantial differences in the AE were observed for 

larger particles, where gravitational settling was dominant. 

Considering the limited number of experimental studies on AE 

in monkeys, these findings provide valuable insights. 

Furthermore, a comparison of DE (Fig. 5) indicated a 

correlation between age and DE, suggesting that age is a 

significant factor influencing particle deposition. The Stokes 

number in this study proved to be a useful tool for comparing 

particle deposition while accounting for anatomical differences 

in the airway. The Stokes number is a function that is primarily 

determined by the characteristic length, characteristic velocity, 

and particle diameter. The characteristic length and velocity can 

be approximated as functions of body weight from the 

perspective of allometric scaling. This indicates the potential of 

predicting airway deposition based on body weight and particle 

diameter. 

 

5. Conclusions 

In this study, numerical airway models of Japanese macaques 

(Macaca fuscata) were constructed, and CFD simulations were 

conducted to analyze particle transport and deposition. 

Comparative analysis with human models was also performed. 

The key findings are summarized as follows. 

I. The airflow within the nasal cavity of Japanese macaques 

decelerated near the center of the nostrils and subsequently 

reached a peak velocity in the nasopharyngeal and 

laryngeal regions. 

II. The AE of Japanese macaques remained high (above 0.9) 

for particle diameters up to approximately 10ௗμm but 

decreased sharply for particles around 40ௗμm, indicating 

that particles predominantly influenced by gravitational 

settling are scarcely inhaled.  

III. The AE in macaques was slightly higher than that in 

humans; however, the overall trend in particle aspiration 

was highly similar between the two species.  

IV. Regarding intratracheal particle deposition patterns, 1ௗμm 

particles rarely deposited in the airways, whereas 5–10ௗμm 

particles deposited throughout the upper airway. Larger 

particles tend to be deposited entirely in the anterior region 

of the nasal cavity. 

V. The DE in macaques showed a stepwise pattern, increasing 

around a Stokes number of 0.02 and peaking near 0.1. 

Differences among individuals were strongly influenced 

by age-related variations. 

 

Figure-5 Deposition efficiency in the monkeys compared to 

experimental results as a function of Stokes number. 
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The transportation sector is one of a major contributor to global carbon dioxide (CO₂) emissions, due to the widespread use of 

fossil fuel-powered vehicles. This paper presents a comprehensive literature review examining the relation between vehicle 

energy consumption and CO₂ emissions across various vehicle types and fuel sources. Data were synthesized from 16 case 

studies, focusing on car, bus, truck, and motorcycle as vehicle type, and gasoline, diesel, electric, and hybrid as fuel type. The 

analysis reveals that motorcycles exhibit the lowest energy consumption and CO₂ emissions, while buses demonstrate the highest 

values and greatest variability. Cars and trucks fall within a moderate range for both types of vehicles. Furthermore, the study 

highlights that electric and hybrid vehicles significantly reduce direct CO₂ emissions compared to conventional gasoline and 

diesel vehicles. Several factors influencing energy consumption and emissions are discussed, including vehicle condition, driving 

behavior, road and traffic conditions, and fuel type. The findings underscore the importance of transitioning to cleaner vehicle 

technologies and improving operational efficiency and productivity to mitigate the environmental impact of transportation. 

 

1. Introduction 

Transportation plays a vital role in supporting people’s mobility 

for activities such as studying, working, and daily errands. 

Common types of transportation include two-wheeled vehicles 

like bicycles, scooters, and motorcycles, as well as four-

wheeled and larger vehicles like cars, buses, and trucks. These 

vehicles use various energy sources, such as gasoline and diesel 

(fossil fuels), and increasingly, electricity (batteries). However, 

the use of gasoline and diesel-powered vehicles has significant 

negative impacts on the environment [1]. One major issue is air 

pollution, caused by emissions released from engines and 

exhaust systems, and these emissions often contain harmful 

substances like Carbon Monoxide (CO), Carbon Dioxide 

(CO2), Nitrogen Oxides (NOx), Hydrocarbons (HC), and Sulfur 

Dioxide (SO₂), which can be dangerous to human respiratory 

health and the environment [2]. The one which affects the 

environment because its effect relates to Green House Gas is 

Carbon Dioxide (CO2). In 2022, global CO2 emissions from 

energy combustion and industrial processes grew by 0.9% and 

reached a record high of emissions 36.8 billion metric tons [3]. 

To avoid the global CO2, controlling vehicle dependence on 

fossil fuels is the most appropriate alternative to significantly 

reduce CO2 emissions from the transportation sector [4]. This 

is because electric vehicles when operated do not produce direct 

exhaust emissions such as CO2, NOx, and other particles that 

contribute to air pollution [5]. This is because electric vehicles 

use electric motors powered by lithium-ion batteries, without 

the combustion process of fossil fuels so that the results of CO2 

emissions are generated from power generation sources such as 

Steam Power Plant which is used as a source of energy to 

charge batteries in electric vehicles [6].  

The reported CO2 emissions and Energy consumption values 

for vehicles vary across different studies in different contexts, 

found as a critical gap in understanding the overall impact of 

vehicle type and fuel type on energy consumption and CO2 

emissions. By conducting meta-analysis this study will 

examine the average values of CO2 emissions and energy 

consumption based on vehicle type and fuel type, as well as the 

largest contributor to CO2 emissions in whole world scenario. 

 

2. Methodology 

2.1. Data collection 

In this research, a literature review method was used relating to 

the correlation between the level of energy consumption used 

and the total amount of emissions released by both motorized 

and electric vehicles. The literature review used the keywords 

“energy consumption” and “emissions of gasoline/diesel and 

electric vehicles” referring to 490 journals found on Scopus and 

Google Scholar, and obtained 16 relevant journals [7-22]. The 

literatures included must have these requirements: data on the 

type of vehicle, the type of propulsion energy (whether gasoline 

/ diesel or electricity), the number of vehicles, the fuel or 

electric consumption, the vehicle mileage, the emission factor, 

the amount of CO2 emissions, and the amount of energy 

consumption. 

2.2. Calculations 

The value of energy consumption and CO2 emissions 

following equations were used. 

𝐸 =
𝐹𝑐

𝐷
           (1) 
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 𝑄 =
𝑊

𝐷
                 (2) 

 

Where: 

E : Energy consumption (liter/km)  W: Weight of CO2 (g) 

D : Vehicle mileage (km)  Q: CO2 emissions (g/km) 

Fc : Fuel consumption (liter) 

3. Results and discussion 

3.1. Energy consumption 

Energy consumption in a gasoline or diesel vehicle refers to the 

amount of fuel (gasoline or diesel) used to travel a specific 

distance, commonly expressed as liters per 100 kilometers 

(liter/100km) or per kilometers (liter/km) [23]. While energy 

consumption in an electric vehicle (EV) is defined as the 

amount of electrical energy used to travel a specific distance, 

typically measured in kilowatt-hours per 100 kilometers 

(kWh/100 km) or per km (kWh/km) [24]. 

In Figure 1 the distribution of energy consumption is explained 

that the higher energy consumption amount, the lower the 

number of samples. This means that most vehicles sampled in 

previous studies have small energy consumption values and 

certainly will reduce the use of excess fuel.  

Furthermore, Figure 2 explains of different type energy 

consumption whereby buses the energy consumption range of 

buses is between 0.1 to almost 1 liter/km, which is quite large 

and high, and motorcycles have the energy consumption range 

of between 0.02 to 0.1 liter/km reflecting a vehicle that has the 

lowest energy consumption and is more energy efficient.  

Several factors are analysed that cause high energy 

consumption including vehicle and condition, driving method, 

road condition, and vehicle load. For example, if the vehicle 

conditions are not in good condition such as when the vehicle 

is used when the tires are flat, improper driving methods such 

as using the acceleration often than usual, road conditions such 

as uphill or downhill prompting drivers to do more braking and 

acceleration repetitively, and excessive vehicle loads such as 

carrying a lot of cargo will force the vehicle to use energy from 

fuel or electricity to keep moving [25]. 

3.2 CO2 emission 

The main source of CO2 from gasoline and diesel vehicles is 

the fuel in the engine. CO2 emission of vehicles is measured in 

grams of CO2 emitted per individual per kilometer, or we can 

mention as g/km [26]. Meanwhile, CO2 emissions in electric 

vehicles are defined as the result of the use of electrical energy 

divided by mileage [13]. 

Figure 3 explains the distribution of vehicle that higher the CO2 

amount, the lower number of samples. This means that most 

vehicles sampled in previous studies have small to medium CO2 

emissions values. 

Figure 4 shows the amount of CO2 emissions by vehicle type. 

Buses produce exceptionally large amount of CO2 emissions, 

which is around 350 to 400 g/km, and motorcycles produces the 

smallest amount of CO2 emissions, which is around 100 g/km. 

Several factors are analysed that cause high CO2 emissions 

including vehicle type, fuel, and its age. Variations in small and 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Distribution of CO2 emission 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of energy consumption 

 

 

 

 

 

 

 

 

Figure 2. Energy consumption per vehicle type 
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large vehicle types both from the vehicle body and engine 

capacity, the type of fuel and its octane number whether it is in 

accordance with the type of vehicle, and how old the vehicle 

and its maintenance will affect CO2 gas levels in the exhaust gas 

[27]. 

3.3 Relation between CO2 emission and energy 

consumption 

Current energy consumption trends which are increasing much 

faster indicate that the environmental and social costs caused 

by CO2 in 2025 follow an upward trend and will contribute to 

CO2 emissions. [28]. 

Figure 5 shows the relationship between the amount of CO2 

emissions and energy consumption produced by each type of 

vehicle. Motorcycles have the smallest energy consumption 

with an energy consumption of 0.1 liter/km, and buses (electric) 

have the highest energy consumption compared to all other 

vehicles, with energy consumption of almost 1 liter/km. In 

other side, cars (gasoline) have the smallest CO2 emissions of 

50 g/km and highest CO2 emissions compared to all other 

vehicles, with CO2 emissions of 900 g/km. 

Based on the results above, the type of vehicle also affects the 

amount of energy consumption and CO2 emissions it emits. 

Motorcycles have a small chassis body size and engine capacity 

and can only be occupied by a maximum of 2 people so that 

they do not require large fuel consumption to operate and it can 

reduce the CO2 emission on their tailpipes. In contrast, buses 

(electric) have a large chassis body and engine capacity and are 

used to transport many people so that operating at larger loads 

requires large energy consumption and the CO2 production will 

increase. 

 

3.4. Contribution to global CO2 emissions 

To identify the major contributors to global CO2 emissions, we 

estimated the number of vehicles currently in use in the world 

using different sources.  

Table 1. Estimated annual contribution of CO2 for each 

vehicle type globally: 2025 

Vehicle Type 

Estimated 

global 

number 

(millions) 

Average 

annual 

distance 

(km) 

Mean 

CO2 

(g/km) 

Total CO2 

emissions 

(g/km) 

millions 

Motorcycle: 

gasoline 
662 [29] 

10,058 
[37] 

108.20 
720,438,447.2

0 

Car: 

diesel 
591.9 [30] 

21,726 

[38] 
266.86 

3,431,718,033

.08 

Car 

gasoline 
900 [31] 

21,726 

[38] 
231.60 4,528,567,44 

Car: 

hybrid 
60 [32] 

21,093 

[39] 
75.00 94,918,500 

Car: 

electric 
50 [33] 

16,334 

[39] 
107.49 87,787,083 

Truck: 

diesel 
200 [34] 

22,128 

[38] 
335.00 1,482,576,000 

Bus: 

diesel 
16 [35] 

56,327 

[38] 
303.85 

273,839,343.2

0 

Bus: 

electric 
0.7 [36] 

56,327 
[38] 

292.10 11,517,181.69 

  

Table 1 shows the estimated CO2 emissions for each vehicle 

type using the estimated number of vehicles and distance per 

year. From these results we can conclude that the largest CO2 

contributor is cars (gasoline) with a total of 4,5285,567.44 

million g/km per year and the smallest is electric buses with a 

total of 11,517,181.69 million g/year, respectively. This 

indicates even considerable number of electric and hybrid 

vehicles in the use, still large portion of transportation sector 

depend on fossil fuels. Oluwole et al. [40] said that the 

overpopulation of passenger vehicles (cars) has a negative 

impact on the environment, therefore, to reduce the impact of 

fossil fuel-based vehicles, it is necessary to promote switching 

to other environmentally friendly public vehicles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. CO2 emission per vehicle type 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Relation between energy consumption and CO2 

emission for each vehicle 

 

空気調和・衛生工学会大会学術講演論文集｛2025.9.3 〜 5（高松）｝ -11-



 

 

 

4. Conclusions 

1. Based on the extensive literature reviews, motorcycles and 

electric bus are found to have low energy consumption and 

low CO2 emission as compared to other vehicles. 

2. The condition of vehicles with top engine performance, 

adopt driving methods that are in accordance with 

operating procedures, good road and contour conditions, 

and a small vehicle load may reduce the high energy 

consumption of the vehicle. 

3. By using vehicles that are sized according to needs, fuel 

that is suitable for the vehicle engine designation, and 

vehicle maintenance methods that are on time and in a way 

that will support the reduction of CO2 emissions in vehicles. 

4. The largest CO2 contributor is cars (gasoline) and the 

smallest is electric buses. 
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This study proposes a data-driven, model-based control strategy for optimal air balancing in multizone ventilation systems. 

An artificial neural network (ANN) surrogate is trained on simulation data to model duct airflow, and a hybrid IPSO–Adam 

optimizer is used to compute energy-efficient control inputs under operational constraints. Compared with traditional trim-

and-respond control and other benchmark strategies, the proposed method achieves faster setpoint recovery, higher airflow 

accuracy, and lower fan energy use. It also requires only airflow measurements, reducing sensor and tuning requirements. 

The approach is well-suited for future transfer learning and real-world application. 

 
Introduction 
Demand-controlled ventilation (DCV) dynamically modulates 

airflow based on real-time indoor conditions to maintain indoor 
air quality (IAQ) and energy efficiency. In systems equipped 
with CO₂ sensors, the control strategy maintains indoor 
concentrations below a prescribed threshold. In contrast, systems 
without gas sensors typically rely on measured or forecasted 
occupancy patterns to schedule airflow [1]. This latter 
approach—commonly referred to as air balancing—aims to 
align the delivered outdoor airflow with a zone’s instantaneous 
demand, minimizing control error [1]. Achieving precise air 
balancing in multi-zone buildings remains challenging due to 
complex duct interactions, which often cause substantial 
discrepancies between the intended and actual airflow rates at 
terminal units [1]. These discrepancies can lead to 
underventilation, compromising IAQ, or overventilation, 
resulting in unnecessary fan energy consumption. Therefore, the 
development of air-balancing control strategies that are both 
energy-efficient and accurate is of practical importance. 
Data-driven approaches, which learn system dynamics directly 

from operational data, have demonstrated superior performance 
over conventional rule-based and physics-based methods. As a 
state-of-the-art example, Cheng et al. [2] proposed an end-to-end 
neural network that embeds energy-saving constraints, while Li 
et al. [3] extended this work by incorporating multiple constraints 
into an improved perceptron formulation. However, these 
methods rely heavily on kernel-based models, which may have 
limited capacity in representing complex, high-dimensional, or 
highly nonlinear duct systems. Furthermore, their penalty-based 
constraint implementation enlarges the optimization landscape 
and increases sensitivity to hyperparameters, leading to higher 
computational costs.  
To overcome these challenges, this study proposes a data-

driven, model-based optimal air-balancing control strategy that 
ensures accurate airflow distribution and energy-efficient 
operation in complex duct networks. Data-driven models often 
require large volumes of high-quality operational data, which can 
be costly and time-intensive to collect. A practical solution is to 
adopt a sim-to-real training scheme, in which data generated 
from a physical system model is used for initial training, 
followed by fine-tuning with a small amount of real-world data. 
While the present study uses only simulation data, it establishes 
the foundation for future transfer learning. Therefore, a key 
objective is to develop a data-driven model that captures the 
essential dynamics of the ventilation system and exhibits 
generalization capability for real-world adaptation and 
deployment. 
 

1. Proposed data-driven model-based optimal air-
balancing control strategy 
 1.1 Modelica-based system model 
As shown in Fig. 1, the target system is a hypothetical setup 

based on the experimental configuration described in [4]. A 
detailed physics-based model (Fig. 2) of the system was 
developed using the Modelica Buildings Library [5] and 
simulated on the OpenModelica platform. The model was then 
exported as a Functional Mock-up Unit (FMU) and co-simulated 
from Python using the FMPy package. 
1.2 ANN surrogate model 
An artificial neural network (ANN) model was trained to learn 

the nonlinear mapping between actuator inputs and the resulting 
airflow distribution across the duct network. A five-layer 
multilayer perceptron (MLP) with three hidden layers was 
adopted, as shown in Fig. 3. Using the FMU, a total of 47 = 16384 
input-output samples were generated through random sampling. 
The ANN was trained following the procedures described in [6]. 

空気調和・衛生工学会大会学術講演論文集｛2025.9.3 〜 5（高松）｝ -1-

第9巻

IS-6



1.3 Optimal air-balancing control formulation 
Once the surrogate model is trained, the optimal control 

problem at each time step is formulated as: 
min � = ∑ (�� − ��

���)��
��� + � + � ∗ �����         (1) 

The first term penalizes deviations between the predicted 
airflow ��  and the setpoint ��

���, which is derived from real-
time occupancy. The second term �  is a constraint penalty 
ensuring that at least one damper remains nearly fully open (i.e., 
>0.85) to minimize system resistance. The third term penalizes 
fan power usage, scaled by the weighting factor �. 
Given the non-convex and highly nonlinear nature of the 

problem, a hybrid IPSO-Adam algorithm is used to solve it. An 
improved particle swarm optimization (IPSO) method with a 
double linearly decreasing inertia weight [7] performs a global 
search to find a feasible initial solution. This is followed by local 
refinement using the Adam optimizer [8], which exploits the 
analytical gradients of the surrogate model for efficient 
convergence. Since the damper constraint term �  in Eq. 1 is 
non-differentiable, it poses challenges for gradient-based solvers. 
While IPSO handles this without issue, the Adam stage may 
become trapped in non-smooth regions. To address this, the 
constraint is relaxed using a ReLU-based penalty function: 

� = ��ReLU(0.85 − max ��)                     (2) 
Here, ��  is a penalty coefficient enforcing the constraint. 

Furthermore, early stopping is applied during Adam 
optimization to terminate the process when the objective fails to 
improve by a predefined threshold over a set number of iterations. 
The whole optimization framework is shown in Fig. 4. This 
hybrid approach combines the global search capability of PSO 
with the fast, gradient-based refinement of Adam, achieving 
accurate and energy-efficient air balancing with runtimes 
compatible with real-time implementation. 
2. Validation test arrangement 
 2.1 Test conditions 
Simulation experiments were conducted to evaluate the 

proposed optimal air-balancing strategy. The only external input 
was the six-zone occupancy schedule (Fig. 5). Based on the 
instantaneous number of occupants ��   in each zone, the 
outdoor-air ventilation setpoint ��

���  is computed using the 
ASHRAE Standard 62.1 method [9]: ��

��� = ���� + ���� , 
where �� = 76.8m� is the zone floor area, �� = 0.30L/(s ∙
m�)  is the area-based ventilation rate, and �� = 2.5L/(s ∙
person) is the per-person ventilation rate. 
2.2 Control strategies for comparison 
Strategy 1: Trim-and-Respond (TR). Based on ASHRAE 

Guideline 36 [10], each zone damper is regulated by a PI loop to 
track ��

���  Fan static pressure is adjusted via Trim (decrease 
when all dampers are lower than 85%) and Respond (increase 

 
Figure-1: Schematic of the six-room ventilation system. 

Figure-2: Modelica model of the ventilation system. 

 
Figure-3: Structure of the developed ANN surrogate model. 

 
Figure-4: Framework of the proposed strategy. 

 
Figure-5: Occupancy schedule used in the test case. 
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when any damper exceeds 95%). Controllers were manually 
tuned and implemented in Python with the same FMU. Strategy 
2: Sole IPSO. Uses only the IPSO algorithm for optimization. 
The number of particles and iterations were increased for 
performance. Other parameters matched the proposed method. 
Strategy 3: Sole Adam. Uses only the Adam optimizer. To 
mitigate sensitivity to initialization, optimization was repeated 10 
times per step, selecting the best result. Each step used the 
previous step’s output as initialization. Strategy 4: 
Unconstrainted IPSO-Adam. This strategy is identical to the 
proposed hybrid approach but omits the damper and fan 
frequency constraints. All optimization parameters and settings 
remained the same as in the proposed method. Strategy 5: 
Proposed IPSO-Adam. This is the full hybrid strategy 
combining IPSO with Adam, as described in Section 1.3. All 
hyperparameters were tuned through a trial-and-error process to 
balance convergence speed and control accuracy. 
3. Test results and performance comparison  
3.1 Fan frequency and damper behavior 
As shown in Fig. 6, Strategy 1 adjusts the fan pressure setpoint 

through trim-and-respond logic to keep the most open damper 
within recommended range. However, prolonged periods with 
all dampers below 85% lead to higher system pressure losses and 
increased fan energy consumption. Strategy 2, given sufficient 
particles and iterations, successfully maintains at least one 
damper fully open. Strategy 3 is highly sensitive to initial values-
-effective when initialized well, but prone to failure otherwise. 
Strategy 4 often meets the damper constraint indirectly, as IPSO 
occasionally identifies feasible positions that Adam then refines. 
However, without explicit constraints, performance is not 
guaranteed. In contrast, Strategy 5 explicitly enforces constraints 
and consistently maintains optimal damper openings, resulting in 
more robust control. Furthermore, the reactive nature of TR leads 
to noticeable damper hunting even when zone setpoints are 
stable, and it is exacerbated by actuator lag between control 
signals and realized damper positions. Model-based strategies 
(Strategies 2-5) offer smoother operation and faster response. 
3.2 Zone airflow control accuracy 
Figure 7 presents the absolute percentage error (APE) between 

achieved and target airflow rates for each zone. Strategy 1 
generally keeps APE under 10% but exhibits slow stabilization 
after occupancy changes. Strategy 2 may converge to local 
minima, yielding suboptimal results. Strategy 3 performs well 
with multiple restarts and warm starts but degrades under largely 
changing conditions. Strategies 4 and 5 consistently deliver the 
most accurate balancing, demonstrating the benefit of combining 
global and local optimization with constraint handling. 
3.3 Summary of performance 

 
(a) Strategy 1: TR. 

 
(b) Strategy 2: Sole IPSO. 

 
(c) Strategy 3: Sole Adam. 

 
(d) Strategy 4: Unconstrainted IPSO-Adam. 

 
(e) Strategy 5: Proposed IPSO-Adam. 

Figure-6: Operational behavior of damper openings and fan 
frequencies using different control strategies.  

(Top: zoomed-in view.) 
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Table 1 summarizes overall performance. Control accuracy is 
measured by the mean absolute percentage error (MAPE) across 
all zones. Additional metrics include total supply air (SA) 
deviation from the 8104 m3 reference, fan energy consumption, 
and average computation time per control step. Strategy 1 
showed the highest MAPE, while Strategies 2 and 3 improved 
accuracy but exhibited occasional under- or over-ventilation. 
Strategy 5 consistently outperformed all others, achieving the 
best control accuracy, energy efficiency, and runtime feasibility. 
4. Conclusion 
This study presented a data-driven, model-based air-balancing 

control strategy that combines an ANN surrogate model with a 
hybrid IPSO-Adam optimizer incorporating energy-saving 
constraints. Simulation results demonstrate three key 
advantages: (1) The strategy recovers to new setpoints within 
two minutes and maintains high airflow balancing precision. (2) 
By keeping at least one damper fully open and reducing fan 
frequency, it minimizes pressure losses and fan energy use. (3) 
Unlike TR control, it requires only airflow measurements, 
avoiding pressure sensors and PI tuning. The proposed approach 
offers an efficient solution for real-time air balancing, with 
potential for real-world deployment through transfer learning. 
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Table 1: Summary of control performance for each strategy. 
Strategy  MAPE 

[%] 
Total SA 
Deviation 
[%] 

Energy 
[kWh] 

Running 
Time [s] 

TR 2.48 -0.71 0.976 Real-time 

Sole IPSO 2.13 -1.98 0.907 4.16 

Sole Adam 1.91 0.24 0.980 0.29 

Unconstrained 
IPSO-Adam 

1.09 -0.02 0.993 0.65 

Proposed  
IPSO-Adam 

1.00 -0.02 0.988 0.76 

 

 
(a) Strategy 1: TR. 

 
(b) Strategy 2: Sole IPSO. 

 
(c) Strategy 3: Sole Adam. 

 
(d) Strategy 4: Unconstrainted IPSO-Adam. 

 
(e) Strategy 5: Proposed IPSO-Adam. 

Figure-7: Absolute percentage error (APE) of zone airflows. 
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