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Abstract

Current research shows the importance of applying fire science to explore how urban and forest big fires can be controlled as well as the reduction of the environmental impact due to smoke. This includes a better understanding of the fire phenomena and development of firefighting methods. Although there are great differences in the firefighting tactics for extinguishing different types of large fires, these big fires are usually similar in their large impact on the surrounding environment and the people due to the emitted smoke. It is possible that the pollutant in a fire might contain carcinogenic dioxins. In the present study, several case studies of big fires are examined with the conclusion that the scientific aspects of fire safety management and firefighting operation have to be further explored. This includes innovative and extraordinary firefighting tactics of forest firefighting using counter-fire as well as understanding the smoke hazards in closed-space fire. Exploring new relevant upstream fire scientific phenomena is important. Fire safety management is highlighted.

1. Introduction

It is always a difficult task for the firefighters and management staff to deal with big fires of any kind. There are great differences in the firefighting tactics for extinguishing different types of large fires, for example in big forest fires [1-3], ship firefighting [4], warehouse fires, or big fires in urban environments with flashover [5, 6] or backdraft [7] risks. However, all of these fires are usually similar in their large impact on the surrounding environment and the population of the emitted smoke.
The term “smoke” is defined in ISO 13943 [8] as a visible suspension of solid and/or liquid particles in gases resulting from incomplete combustion. It is one of the first response characteristics to be manifested and should almost always be taken into account in any assessment of fire hazard as it represents one of the greatest threats to occupants of a building or other enclosure, such as a ship or train, on fire.

It is important to apply fire science to explore how such big fires can be controlled [9-12]. This includes not just a better understanding of fire phenomena and prediction of fire occurrence, but scientific aspects of fire safety management and firefighting operations have to be explored.

The pollutant in a fire might contain carcinogenic dioxins [13, 14]. There are updated reports on dioxins and particulate matters [15-17]. Children and the elderly have a higher risk of breathing difficulty when exposed to dioxins. People with asthma may feel irritating and asthma might be triggered. Dioxins would be formed during combustion as long as the material has a small amount of chlorides such as Polyvinyl Chloride (PVC) or salt. Since Hong Kong is an offshore city, sea salt can be found extensively in the local environment.

Burning waste in the open air can indeed produce a small amount of dioxins, but this is within acceptable limits, which will not do harm to humans. As an example, the statistics about dioxins in the air reported by Tsuen Wan monitoring stations in Hong Kong from 2016 to 2021 show that in the first five months of 2021 it decreases from about 0.9 ppm to 0.08 ppm [18], which is below the standard norms in Canada (0.1 ppm) or Japan (0.6 ppm), for example. However, the data for the concentration of dioxins during the incident are unavailable.

Particles with diameters less than 10 m are known as respirable suspended particulates or PM10. PM10 can get deep into the lungs and have impacts on health, in particular, including irritation of the airways, coughing, or difficulty in breathing, decreasing lung function, worsening asthma, chronic bronchitis, and adverse effects on the cardiovascular system.

It has also been shown that the health risks would be higher for those particles with particle sizes of 2.5 microns or less, which are commonly referred to as fine suspended particles or PM2.5 [19].

Burning plastics could release dangerous chemicals such as hydrochloric acid, sulphur dioxide, dioxins, and heavy metals, as well as particulates into the atmosphere. Worst still, burning PVC could liberate hazardous halogens and cause air pollution. One of the impacts is climate change. Alabi et al. [20] stated that PVC could cause chronic bronchitis, birth defects, genetic changes, cancer, skin diseases, deafness, vision failure, ulcers, liver dysfunction, and indigestion. Polystyrene (PS) could do harm to the central nervous system. The hazardous brominated compounds would act as carcinogens and mutagens. Dioxins settled on the crops and in our waterways where they eventually entered the food chain through crops and livestock. These dioxins are the lethal persistent organic pollutants (POPs), which have high toxicity. These could induce cancer and neurological damage, and cause disruption to the reproductive thyroid and respiratory systems. In summary, burning plastic wastes would increase the risk of heart disease, aggravate respiratory ailments such as asthma and emphysema and caused rashes, nausea or headaches, and damages to the nervous system as reported by Verma et al. [21].

2. Big Fires in Urban Environment

The dangerous factors for human health in case of big fires in an urban environment can be divided into three categories. The first one contains flames, sparks, and radiant heat, and direct contact with them inevitably results in burns. The human body can get burns even away from the flames themselves, due to the radiant heat. The second one is the high air temperature, which causes damage to both unprotected human skin and the inner surface of the respiratory organs. The third one as a key topic of the current research is the smoke and its toxic ingredients. Smoke is the main and most considerable danger to human health and life in case of fire. In addition to soot, smoke also contains a variety of chemicals, most of which are toxic and cause severe damage or death to organisms. The most common gases emitted during combustion are carbon monoxide (CO) and carbon dioxide (CO2). While carbon monoxide is a toxic gas that binds to hemoglobin in the blood 200-300 times faster than oxygen and causes oxygen starvation in the body, carbon dioxide is not toxic, but it is a suffocating gas that causes respiration to accelerate, so larger amounts of other toxic gases are inhaled. The smoke emitted also has an elevated temperature and can cause burns. It reduces visibility and can easily lead to disorientation and difficult evacuation of people in case of fire. Smoke zone is that part of the space that belongs to the combustion zone and is filled with flue gases, where the concentration of these gases endangers human health and complicates the firefighting operations. The smoke impact in urban environment can be clearly seen in Figure 1.


Figure 1: Smoke impact in big fires in urban environment
a) Residential flat fire; b) Clothes warehouse fire; c) Paper warehouse fire
 (Origin of images: ©Martin Ivanov)
A big challenge is the smoke in closed spaces fire. It is so dangerous and explosions can occur in the presence of critical backdraft conditions. It is necessary to know and understand the backdraft signs. They are the smoke colour (dark black or greenish), smoke coming out through tiny gaps and under the doors and windows, the high temperature on the outside of windows, no visible flames, and soot-blackened windows. These signs clearly show that all the elements necessary for combustion are present except for the oxidizer, the air. A single airflow is sufficient for the combustible mixture to enter its ignition zone. This flow of air may be induced by window breakage due to the high temperature, or wrong firefighter’s action on breaking a window or opening a door. In case of opening the room, a quantity of air is sucked in and the mixture might falls within the limits of ignition and an explosion would occur. 

3. Big Forest Fires

The main characteristic of forest fires is that the burning process is not limited by constructions. Heat exchange takes place directly with the environment. The temperature of open-space fires is higher than that of internal fires as the gas exchange is more intense. This is determined by gas flows, wind speed, and direction. The nature of the smoke zone changes. The fire propagation direction and speed mainly depend on wind speed and direction, and may develop over large areas, depending on the type of forest, season, and tree moisture. The smoke impact in case of forest fires can be clearly seen in Figure 2.


Figure 2: Smoke impact in big forest fires 
 (Origin of images: ©Martin Ivanov)
Forest fires are very hazardous for the people and the environment [22-26]. As reported by Ceccherini et al.  [22] using fine-scale satellite data, the average patch size of the harvested area increased rapidly across Europe due to expansion of wood markets. EU vision of forest-based climate mitigation may be hampered. Carbon losses from forests would require extra emission reductions in other sectors in order to reach climate neutrality by 2050. This argument was not agreed [23] and criticized. There is an urgent need [24] to re-examine available forest information that can accurately and reliably inform the policy discussions in the framework of the European Green Deal, particularly the EU forest strategy for 2030.

The spatiotemporal predictability of overwintering fires could be used by fire authorities to facilitate early detection as raised by Scholten et al. [26]. This might reduce carbon emissions and firefighting costs.

The emission of carbon dioxide into the atmosphere was estimated by van der Velde et al. [27] using satellite observations of carbon monoxide, an analytical Bayesian inversion, and observed ratios between emitted carbon dioxide and carbon monoxide. Forest fires release substantial amounts of carbon dioxide into the atmosphere [28]. Emission estimates based on fire inventories are uncertain [29] and vary by up to a factor of four for this event as reported by van der Velde et al. [27]. 

Innovative and extraordinary firefighting tactics in case of big forest fires can be used, showing the management staff skills and experience in reducing the negative impact on the people and the environment. For example, one of the most effective ways to fight small to medium forest fires is to use counter-fire, which means artificially induced controlled fire aimed at the main fire. The purpose of the counter-fire is to remove the combustible load in front of the main direction of the main fire. When choosing the right place for counter-fire ignition, it is necessary to consider at what distance from the main fire have to be created. Natural (rivers, lakes, etc.) or artificial (roads, clearings, mineralized strips, etc.) barriers can be used for the counter-fire restrictions. It is advised that for small forest fires, the counter-fire shall pass a distance of at least 20 meters from the support strip in front of the fire front, and to locate medium or high crown forest fires at least 100-200 meters. Also, it is advisable to ignite the counter-fire either late in the evening or early in the morning to use the calm of the wind.

4. Case Studies

Even with adequate resources for big fires in urban areas of developed cities or big forest fires, there are too many unexpected challenges. It might take a long time to suppress the fire with high environmental impact on citizens due to smoke [30]. Three big fires occurred in Hong Kong in two weeks in 2021 [31], the one at London Underground [32], and the big forest fire in Sichuan, China in 2019 [33] clearly demonstrates that smoke is a big problem. Viable fire safety management schemes and firefighting are needed.

The first big fire F1 in Hong Kong was that a 100 m long vessel in the harbour was burning in the evening on 2 June 2021, and was extinguished the next morning. Two barges of 45 m length were found on each side of the vessel handling metal scrap. The vast amount of smoke was emitted from the burning vessel when the ship kept on burning. The environment was polluted for such a long time of 15 hours, affecting citizens around the harbour area [34,35]. The fire incident was suspected to be caused by an explosion of the computer’s lithium-ion batteries. Strong wind from southwest drove the thick smoke emitted towards half of the districts in Hong Kong. Residents in these areas felt panic and inhaled toxic smoke for a few hours. Air quality monitoring stations of the Hong Kong government recorded poor air quality, 10 times above acceptable levels on suspended PM10 and PM2.5 for several hours. Four fireboats arrived on the scene quickly to apply water cannons on the ship’s fire. As there were winds and strong sea waves at the burning site, firemen were difficult to board the cargo ship to take appropriate action. In addition, the ship piled up 3000 tonnes of metal scrap blocking water and bubble fluid ejected to reach the fire source. The ship became tilted to give a more violent fire. It took over 15 hours to control, even when using 32 fire trucks and ambulances, 9 firefighting vessels, 183 firemen and ambulance staff, four fire extinguishing water cannons, two bubble guns, and a smoker [31].

The second fire F2 was in a typhoon shelter. The fire incident happened at 2:34 a.m. on 27 June 2021 [36]. Two yachts at a typhoon shelter caught fire initially and affected the yachts and boats nearby. The narrow water channel, strong wind, and the burnt rope after the yachts caught fire, made the yacht drift away by the action of water. These accelerated the spread of blazes and increased difficulty in firefighting. Again, thick smoke spread to different parts of the city by the wind. Residents in these areas were advised by the fire authorities to shut the windows if affected by the smoke or peculiar smell. Firemen used water cannons for firefighting operations. The fire was extremely violent and the flame billowed skyward, upgraded to a level-3 fire alarm two hours later. Fuel tanks exploded. The blaze was under control after 6 hours. The fire services deployed 7 fire boats, 43 fire and ambulances and, 215 firemen and ambulance staff in this fire. 

The third fire F3 was in a waste management area. A waste collection station caught fire [37] at 5:38 a.m. on 29 June 2021. Smoke originated from burning plastics spread to residential districts by the action of wind, affecting many residents. As the fire source was located inside the “iron scrap mountain”, it took 5 hours to extinguish. In the blaze, no injuries were recorded. However, smoke spread to many areas around. Residents complained that the smell spread to the building even though the windows were closed [37].

A severe blaze F4 broke out at an underground railway station in London on 28 June 2021 at 13:43. About 100 firefighters battled the blaze at some railway arches near the Elephant and Castle station. The cause of the blaze was not expected to be a terrorist attack [32]. The fire then spread to the adjoining arches and there was acrid smoke going up. Fifteen fire engines were called to the fire scene, with the fire thought to have started in garages close to the underground station, where five people had escaped before the firefighters arrived. The blaze was under control two hours later with firefighters at the scene for a few hours to dampen down the scene.

[bookmark: _Hlk99618883][bookmark: _Hlk99618957]The big forest fire F5 occurred at Liangshan Yi, Sichuan, China on 30 March 2019 with a high number of casualties [33]. The cause of the disaster remains unclear, likely to have eruption [38]. As explosion noise was heard [33], burning combustible from wood chips, dry leaves, and others available in the forest might become deflagration, on top of tree exploded. Scientific investigation to explore possible scenarios [39] is required at least by a physical scale model. However, it takes years to work out effective firefighting systems and equipment from new fire science. More importantly, water is not available for suppressing such big forest fires.




5. Fire Safety Management

Different fire safety management codes and guidelines are available worldwide [40-45] following the local challenges in the different countries. 

Concerning the smoke management issues in case of building fires in urban environment implementation and controlling the requirements for HVAC control systems is a priority of the whole fire protection process [46]. However there are different hazards in case of a building fire, the smoke and hot gases in the escape routes are considered as the main risks to life safety from inhalation of toxic gases and burning as reported by Kodur et al. [47]. In this respect, portable anonymous fans for firefighting in front of the main entrance of the buildings are so useful for increasing the overpressure in the escape routes for better evacuation. New technologies in fire safety and artificial intelligence in fire safety are being increasingly used [48].

Concerning the smoke management in forest fires, a good example is ASHRAE Guideline 44P, Protecting Building Occupants from Smoke During Wildfire and Prescribed Burn Events [49], which provides adequate proposals for heating, ventilation, and air conditioning (HVAC) and building measures to minimize occupant exposures and health impacts from smoke during forest fires and prescribed burn smoke events. Here the process for making a building smoke ready is divided into two main phases: before the forest fire season and during the forest fire season. Before the forest fire season it is recommended to develop a Smoke Readiness Plan, including: performing maintenance on HVAC, upgrading system filters and testing HVAC, optimizing system airflows, adding supplemental filtration, checking filter conditions, limiting smoke intrusion, enhancing capabilities to monitor indoor PM2.5, etc. Just before the forest fire season it, is so essential to test the HVAC system in the smoke-ready mode. Finally when a big forest fire occurs, implement the Smoke Readiness Plan, monitor the effectiveness of the plan, and adjust the operate intensity in the smoke-ready mode until the smoke subsides.

Another example is California as a place with severe forest fires damages on an annual basis. California Air Resources Board has its own “Smoke Ready California” initiative including six activities to protect the people from smoke in case of forest fires: 1. Check air quality; 2. Close windows and doors; 3. Run air-conditioner on recirculating mode with a new filter; 4. Use a CARB-certified air cleaner; 5. Avoid vacuuming, frying food or using gas-powered appliances; 6. Wear an N95 mask [50]. This scheme can be successfully followed not only in forest fires but also in case of big fires with lots of smoke in urban environments.

6. Conclusion

Exploring relevant upstream fire scientific phenomena is important. However, it must be noted that time is required to accept the science, taking a long time to implement the concept, and to transfer to downstream applications. Even with adequate resources and training, there are still unknown challenges in firefighting as in the above fire examples. This would lead to a longer fire duration and severer environmental impact. 

Fire safety management is essential. Urgent action is to identify the possible water sources available in those forest areas, and the distribution water circuit to build or be allocated temporarily or for firefighting. Even with a nearby river, water distribution should be worked out to pump water available for fighting against forest fires. 

It must be pointed out that big fires can happen very near urban areas. Good fire safety management must be implemented to avoid having a long-duration fire. The environmental impact of such big fires can bring disaster as raised before.
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