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Abstract
This vision article accompanies a Special Issue of Applied Thermal Engineering dedicated to the 14th International Conference on Boiler Technology (ICBT 2022) on ‘Transition technologies towards carbon neutrality and reduced environmental impacts’. The aim of the conference was to discuss recent progress, achievements and new solutions in the field of thermal power production, covering scientific research from a wide range of universities and research centres on topics relating to the design and operation of boilers and auxiliary devices for thermal power generation. This article discusses a selection of papers presented at this conference and selected for publication in Applied Thermal Engineering.
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Introduction
In view of the rapid transformation of power generation systems around the world towards an increased share of renewable energy sources (RES), existing traditional, thermal boiler-based technologies are facing substantial operational challenges. A primary challenge is that of accommodating fast load changes so that the stochastic load generated by photovoltaic (PV) installations or wind farms is balanced according to the actual grid demand. This incorporates unusual low load operation to which the existing fleet of boilers was never exposed and designed, while new units must be designed for increased flexibility.
Another critical challenge is observed in the pool of fuels being used in thermal boilers. It is no longer solely fossil fuels which are taken into consideration when designing new thermal plants but rather a mix of various fuels, locally available as well as (to the maximum extent) renewable fuels such as biomass or derivatives, including wastes. In the case of existing boilers, we are also observing a switch from fossil to renewable alternative fuels.
Lowering the carbon footprint of thermal power generation plants may also require the deployment of carbon capture and storage (CCS) technologies. While CCS technology is paving its way towards full scale application, its inherent internal load demand requires high efficiencies from the power generation systems it is coupled to. Hence, the quest for highest performance in terms of heat transfer, corresponding materials and overall process optimisation. This includes coupling of conventional boilers with other generation technologies, i.e. nuclear or waste fuel thermal treatment plants.
Apart from CO2, the control of other flue gas species emissions is a critical factor of modern thermal plants utilising power boilers. The emission limits regulations are becoming gradually stricter, and the technology of emission control follows the trend as the new NOx, SOx and trace flue gas compounds abatement techniques are developed and implemented.
Overall, despite rapid technology advancement in non-thermal power generation, power boilers are still vital elements securing power generation for the economies and improving the reliability and availability of power supply systems.
The above-mentioned are at the forefront of those addressed by the scientific and professional communities at conferences such as the International Conference on Boiler Technology (ICBT) or Conference on Industrial Furnaces and Boilers (INFUB), among others. This vision article accompanies a Special Issue of Applied Thermal Engineering dedicated to the 14th International Conference on Boiler Technology (ICBT 2022). The ICBT conference series has been organized every 4 years in Poland since 1964, and is considered to be one of the oldest and largest scientific conferences on boiler related technologies worldwide. The ICBT 2022 event focussed specifically on ‘Transition technologies towards carbon neutrality and reduced environmental impacts’.

State of the art, technology gaps and environmental constraints
[bookmark: _Ref182221267]As of today, conventional power generation technologies based on fossil fuels still prevail over renewable sources in terms of installed capacity and generation share, however fast increase in renewable generation is noticed. It is forecasted that already in 2025, renewables surpass coal in electricity generation [[endnoteRef:2]]. In majority of cases various generation technologies operate independently and the only linking domain remains the power grid with its limited storage capacity. Therefore, there is a need of rapid development of technologies allowing for more flexible operation of existing or prospect installations and for storage of energy generated in stochastic manner [[endnoteRef:3]]. [2: []	IEA (2024), Renewables 2023. https://www.iea.org/reports/renewables-2023, Licence: CC BY 4.0.]  [3: []	Armstrong, R., Chiang, Y.-M., The Future of Energy Storage: An Interdisciplinary MIT Study, 2022.] 

With respect to power boilers the development of modified sliding curves for supercritical units cooperating with RES (wind and photovoltaic farms) is needed and requires complex simulation calculations [[endnoteRef:4]]. Similarly, the redefinition of combined cycle gas turbines (CCGT) from load suppliers to flexible suppliers requests for advanced modelling reflecting the dynamic characteristics of pressure and flow in the cycle due to the changes in operating mode [[endnoteRef:5]]. The wide range of available energy storage technology options [2] include thermal energy storage (TES), which are suitable for thermal storage alone without any conversion steps, as well as thermomechanical energy storage (TMES) technology, which are based on converting electricity into heat (and/or, in some cases, cold) and storing the latter during charge (and vice versa during discharge, as part of a power generation cycle) [[endnoteRef:6], [endnoteRef:7]]. [4: []	Zima, W., Grądziel, S., Cebula, A., Rerak, M., Kozak-Jagieła E., Simulation of the supercritical boiler evaporator operation under conditions of a rapid power increase. Applied Thermal Engineering 243, 2024, 122592, https://doi.org/10.1016/j.applthermaleng.2024.122592.]  [5: []	Lu, N., Pan, L., Pedersen, S., Zhang, D., Arabkoohsar, A., A complete dynamic modeling of two-by-one gas-steam combined cycle unit for coordinated control design. Applied Thermal Engineering 253, 2024, 123766, https://doi.org/10.1016/j.applthermaleng.2024.123766.]  [6: []	Asegun, H., Ravi, P., Arun, M., Five thermal energy grand challenges for decarbonization. Nature Energy 5, 2020, 635–637. https://doi.org/10.1038/s41560-020-0675-9.]  [7: []	Olympios, A.V., et al., Progress and prospects of thermo-mechanical energy storage—a critical review. Progress in Energy 3, 2021, 022001. https://doi.org/10.1088/2516-1083/abdbba. ] 

Since storage technologies are not widely available yet, the short-term solution to stabilize power grids is to couple renewable sources with stable conventional thermal or nuclear power plants [[endnoteRef:8]]. The European Union emissions trading system (EU ETS), due to high prices of CO2 emission allowances, stimulates the market towards low-carbon technologies. In practical terms, to exclude coal from the market, the generation using natural gas is considered to be a short-term solution, however not with constraints. It is not widely discussed, however carbon footprint connected with using natural gas can be as high as that of using solid fuels since there is a side effect of methane leakages ranging from 2% to almost 8% as reported in Ref. [[endnoteRef:9]] and Ref. [[endnoteRef:10]]. Thus, the role of biomass and emerging fuels (ammonia, H2) in decarbonizing the power generation sector is becoming even more obvious.  [8: []	Haneklaus N., Qvist S., Gładysz P., Bartela Ł., Why coal-fired power plants should get nuclear-ready. Energy 280, 2023, 128169. https://doi.org/10.1016/j.energy.2023.128169]  [9: []	Alvarez R.A., et al., Assessment of methane emissions from the US oil and gas supply chain. Science 361, 2018, 186–188.]  [10: []	Lin J.C., Bares R., Fasoli B., Garcia M., Crosman E., Lyman S., Declining methane emissions and steady, high leakage rates observed over multiple years in a western US oil/gas production basin. www.nature.com/scientificreports.] 

Biomass usage is already practiced with good results as long as the quality of such fuel is stable and predictable. The emerging fuels (NH3, H2) application is less practiced, with many gaps to be investigated, such as transportation, storage, safety and material issues.

Fuels
It is forecasted that profitability of fossil fuel firing will diminish in coming years and various kinds and forms of biomass will take over the shrinking share of fuel-based generation. There are some solid arguments towards using biomass – it is not only widely spread territorially, but also quite energy dense and, if properly handled and used, allows for power generation with the same availability as coal-fired power plants. Biomass stocks may also be treated as an energy storage facility.
The two major kinds of biomass, i.e. forestry and agriculture biomass should be treated in different way. Following the EU RED II directive [[endnoteRef:11]], the use of agricultural (agro) biomass over forest biomass should be promoted in order not to compete with other vital economy branches and to avoid deforestation so as the regulations of the land use, land-use change and forestry (LULUCF) act [[endnoteRef:12]] are observed. [11: []	DIRECTIVE (EU) 2018/2001 of 11 December 2018 on the promotion of the use of energy from renewable sources.]  [12: []	https://ec.europa.eu/clima/eu-action/forests-and-agriculture/land-use-and-forestry-regulation-2021-2030_pl.] 

Emerging fuels such as NH3 and H2 offer an opportunity but also pose a challenge for power generation. Both commodities are widely used in chemical industry, however, this is not the case in power generation sector, thus further research on these fuels is needed.

Biomass fuel
Biomass is a renewable energy resource deriving from short-term natural biological cycles, on the order of decades, available on the earth's surface or in aquatic environments and usable as such or through simple mechanical treatment steps.
Biomass for energy use can have different origins:
· spontaneous origin (e.g. wood from forests and woodlands)
· dedicated cultivation (e.g. common reed, robinia, bamboo)
· aquaculture (e.g. algae)
· residual (e.g. hazelnut shells)
· zootechnical origin (e.g. animal meal, wastewater, manure)
· fats/oils of agricultural, livestock and food-industry origin
· municipal sludge
· biogenic fraction of civil wastes
· algae and other organic matter from aquaculture
Biomass has been a common and widespread energy resource from prehistoric times. In Europe, the total biomass production markedly increased in the last decade, reaching a total of 4,450 PJ in 2021, in different typologies, with the prevalent one being forestry woody biomass [[endnoteRef:13]]. By comparison, the primary energy production accounted for 23,570 PJ in 2022 [[endnoteRef:14]], indicating that biomass can significantly contribute to a future energy portfolio. [13: []	European Commission: Directorate-General for Energy, Union bioenergy sustainability report – Study to support reporting under Article 35 of Regulation (EU) 2018/1999 – Final report, Publications Office of the European Union, 2024, https://data.europa.eu/doi/10.2833/527508.]  [14: []	Eurostat Energy Statistics - An Overview 2024, ISSN 2443-8219.] 

Biomass is the raw material for both energy generation and for the production of chemical compounds of interest to industry and society. The main components of a biomass are extractive, cellulose, hemicellulose, lignin and ashes [[endnoteRef:15]]. Since the share among these components affects the performance, the utilization process must be appropriately chosen and customized according to the biomass nature. These processes include thermochemical processes, such as combustion, pyrolysis and gasification, or biochemical processes, such as fermentation and anaerobic digestion, as well as their combination. The extraction and distillation are further methods for obtaining biofuels and high-value compounds directly present in the organic matrices of biomass [[endnoteRef:16]].  [15: []	Rowell, R.M., Handbook of Wood Chemistry and Wood Composites (first ed), Taylor and Francis Group, CRC Press, FL, USA (2005).]  [16: []	Poornima S., et al., Biofuel and biochemical production through biomass transformation using advanced thermochemical and biochemical processes – A review. Fuel 372, 132204 2024. https://doi.org/10.1016/j.fuel.2024.132204.] 


Ammonia and hydrogen fuels
[bookmark: _Ref182231872]The two aforementioned emerging fuels (i.e. NH3 and H2) have similar origins. In the context of decarbonization, ammonia is now being recognized for its promising role in the energy transition as a hydrogen carrier [[endnoteRef:17]]. Their production is interlinked, and the main step is obtaining hydrogen. Depending on the hydrogen source and processing technology used, one can distinguish among: [17: []	Zhu, Q., Prospects for reduced emissions using clean ammonia, Report No. ICSC/333, International Centre for Sustainable Carbon, ISBN 978–92–9029–656-0, 5 August 2024.] 

· grey ammonia (hydrogen) – produced through processing of fossil fuels; steam reforming of natural gas is followed by a Haber-Bosch process of ammonia synthesis,
· blue ammonia (hydrogen) – CCS is used to remove carbon dioxide emissions associated with grey ammonia production,
· green ammonia (hydrogen) – produced with the use of hydrogen obtained from water electrolysis process powered by renewables.
Despite different physical and chemical properties of both chemicals, in the context of decarbonization, they both demonstrate a positive, carbon-free fuelling opportunity. 

Technologies
Biomass fuel technologies
Biomass normally requires pretreatment before utilization for power generation or in other processes. This is needed in order to: i) remove excess moisture; ii) transform the material to a suitable size for storage, shipping and feeding; iii) improve the energy density; and iv) reduce the intrinsic fermentability during storage. The most common technologies for this processing include fixed and fluidized beds desiccators, rotating drums, mills, pelletizers and torrefaction equipment. In particular, drying is effective for improving the physical properties of the fuel, making it suitable for processing, and avoiding biological degradation.
Biomass drying can occur naturally by exposure to sun and wind, although this depends on meteorologic conditions and location of the production site. Drying can be effectively carried out in agitated systems, e.g. rotating drums and fluidized beds, by supplying dry and/or hot gas stream. The use of waste heat from downstream stages to drying can be advantageous for the economics of the whole process. Knife and hammer mills are the most common equipment used for size reduction because of the fibrous and elastic nature of most biomass materials [[endnoteRef:18], [endnoteRef:19]]. Pelletization is specifically used for the densification of biomass, allowing to obtain particle densities higher than 1000 kg/m3, [[endnoteRef:20]] with benefit for logistics, e.g. shipping, storage and flowability [[endnoteRef:21]]. Anyway, both milling and pelletization require mechanical energy, affecting the profitability of biomass utilization, around 360 and 180 MJ/t for grinding and pelletization, respectively [[endnoteRef:22]]. The main advantages of torrefaction, that is a mild pyrolysis of dry or wet biomass conducted up to 300 °C, are the decrease in biological degradation and hydrophilicity, the increase in the heating value and grindability and the production of a non-fossil solid fuels having properties similar to those of coals [[endnoteRef:23]]. For example, the torrefaction has been successfully performed on tomato peels, producing a torrefied by-product having properties similar to those of a lignite [[endnoteRef:24]]. [18: []	Priyanto, D.E., Ueno, S., Hashida, K., Kasai, H., Energy-efficient milling method for woody biomass. Advanced Powder Technology 28 (7), 2017, 1660-1667. https://doi.org/10.1016/j.apt.2017.04.005.]  [19: []	Tymoszuk, M., Mroczek, K., Kalisz, S., Kubiczek, H., An investigation of biomass grindability. Energy 183, 2019, 116-126, https://doi.org/10.1016/j.energy.2019.05.167.]  [20: []	Siyal, A.A., Liu, Y., Mao, X., et al., Characterization and quality analysis of wood pellets: effect of pelletization and torrefaction process variables on quality of pellets. Biomass Conversion and Biorefinery 11, 2021, 2201–2217. https://doi.org/10.1007/s13399-020-01235-6.]  [21: []	Miccio, F., Silvestri, N., Barletta, D., Poletto, M., Characterization of woody biomass flowability. Chemical Engineering Transactions 24, 2011, 643–648.]  [22: []	Tumuluru, J.S., Specific energy consumption and quality of wood pellets produced using high-moisture lodgepole pine grind in a flat die pellet mill, Chemical Engineering Research and Design, Volume 110, 2016, 82–97. https://doi.org/10.1016/j.cherd.2016.04.007.]  [23: []	van der Stelt, M.J.C., Gerhauser, H., Kiel, J.H.A., Ptasinski, K.J., Biomass upgrading by torrefaction for the production of biofuels: A review. Biomass and Bioenergy 35 (9), 2011, 3748–3762. https://doi.org/10.1016/j.biombioe.2011.06.023.]  [24: []	Brachi, P., Miccio, F., Miccio, M., Ruoppolo, G., Torrefaction of tomato peel residues in a fluidized bed of inert particles and a fixed-bed reactor. Energy and Fuels 30, (6), 2016, 4858–4868. https://doi.org/10.1021/acs.energyfuels.6b00328.] 

Due to the energetic penalties of the mentioned biomass pre-treatments, in a perspective of widespread implementation of PV on farms (agrovoltaic concept), excess electricity during peak hours could constitute an additional source of energy to perform these unit operations.
The use of biomass feedstocks in existing or new thermal plants may be performed either as 100% fuel conversion (100% biomass firing) or co-firing.
There are examples of a successful fuel switch from fossil to biomass in various combustion technologies. The most challenging, however, is application of biomass fuel in pulverized fuel-fired boilers [[endnoteRef:25]] while fluidized bed and grate firing technologies are usually more resistant to drawbacks connected with biomass (waste and agro in particular) usage, such as corrosion, fouling and slagging [[endnoteRef:26], [endnoteRef:27]].  [25: []	Pronobis, M, Wejkowski, R, Kalisz, S, Ciukaj, S., Conversion of a pulverized coal boiler into a torrefied biomass boiler. Energy 262, 2023, 125442. https://doi.org/10.1016/j.energy.2022.125442.]  [26: []	Maj, I., Kalisz, S., Wejkowski, R., Pronobis, M., Gołombek, K., High-temperature corrosion in a multifuel circulating fluidized bed (CFB) boiler co-firing refuse derived fuel (RDF) and hard coal. Fuel 324, Part C, 2022, 124749. https://doi.org/10.1016/j.fuel.2022.124749.]  [27: []	Maj, I., Kalisz, S., Szymajda, A., Łaska, G., Gołombek, K., The influence of cow dung and mixed straw ashes on steel corrosion. Renewable Energy 177, 2021, 1198–1211, https://doi.org/10.1016/j.renene.2021.06.019.] 

The co-firing technologies may be performed, even in a large-scale power generation, in a direct or indirect manner [[endnoteRef:28], [endnoteRef:29]]. While direct biomass co-firing plants has been widely in operation, the indirect co-firing plants are still relatively uncommon. This is the case even though the indirect co-firing demonstrates great fuel flexibility since it is based on upfront fuel treatment, i.e. fuel gasification or pyrolysis. [28: []	Pronobis, M., Environmentally-oriented modernization of power boilers. Elsevier 2020. ISBN 9780128199213. https://modernpowerboilers.org.]  [29: []	Kalisz, S., Pronobis, M., Baxter, D., Co-firing of biomass waste derived syngas in coal power boiler. Energy 33, 2008, 1770–1778. https://doi.org/10.1016/j.energy.2008.08.001.] 

On the other hand, small-scale electricity and heat production from biomass has several advantages over large scale power generation – with generation flexibility being a primary advantages in view of extremely dynamically developing RES based on wind and solar farms. A number of technologies are capable of using biomass as a fuel for the cogeneration of electricity and heat. In Ref. [[endnoteRef:30]] a Brayton cycle (air as the working fluid) is employed for this purpose. The source of thermal energy for the cycle is a red-hot air furnace, hence this set-up is referred to as the air furnace Brayton cycle (AFBC). [30: []	Kardaś, D., et al., The red-hot air furnace for an externally fired gas turbine power unit – Designing aspects and performance testing. Applied Thermal Engineering 236, Part B, 2024, 121552. https://doi.org/10.1016/j.applthermaleng.2023.121552.] 


Ammonia and hydrogen fuel technologies
Ammonia and hydrogen are well-known chemicals used in many industry branches as feedstock for production of other chemicals, primarily fertilizers. However, they are less utilised in power generation industry, ammonia (or its derivative - urea) being used mainly for denitrification of flue gases and hydrogen as a cooling agent in turbomachinery, for instance.
When used as fuels, ammonia benefits from well-established production and transportation infrastructures thanks to its extensive industrial usage, hydrogen handling and transportation safety being probably the most important factor [[endnoteRef:31], [endnoteRef:32]]. [31: []	Mirza, N.R., Degenkolbe, S., Witt, W., Analysis of hydrogen incidents to support risk assessment. International Journal of Hydrogen Energy 36, (18), 2011, 12068–12077. https://doi.org/10.1016/j.ijhydene.2011.06.080.]  [32: []	Rusin, A., Stolecka-Antczak, K., Kosman, W., Rusin, K., Influence of driver error on the level of hydrogen refuelling station risk. International Journal of Hydrogen Energy 73, 2024, 73–85. https://doi.org/10.1016/j.ijhydene.2024.05.436.] 

The two fuels behave differently when fired in terms of burning velocity. Ammonia has low burning velocities and therefore combustion stability is threatened if not supported by faster fuels such as methane or hydrogen. Thus, extensive research is concerned with the co-firing of ammonia with other fuels [[endnoteRef:33], [endnoteRef:34]], including ammonia-hydrogen flames [[endnoteRef:35]]. [33: []	Jin, W., et al., Numerical research on ammonia-coal co-firing in a 1050 MW coal-fired utility boiler under ultra-low load: Effects of ammonia ratio and air staging condition. Applied Thermal Engineering 233, 2023, 121100. https://doi.org/10.1016/j.applthermaleng.2023.121100.]  [34: []	Kim, S-J., et al., Combustion characteristics on ammonia injection velocity and positions for ammonia co-firing with coal in a pilot-scale circulating fluidized bed combustor. Applied Thermal Engineering 257, Part B, 2024, 124338. https://doi.org/10.1016/j.applthermaleng.2024.124338.]  [35: []	Lu, L., et al., Effects of secondary air on the emission characteristics of ammonia–hydrogen co-firing flames with LES-FGM method. International Journal of Hydrogen Energy 73, 2024, 524-535. https://doi.org/10.1016/j.ijhydene.2024.06.009.] 

The other area of interest for both fuels is NOx emissions [[endnoteRef:36]], and also unburnt NH3 emissions for the case of ammonia [[endnoteRef:37]]. In addition, ammonia-coal co-firing tests are performed with success mainly in Japan, China and South Korea and it is reported that 20% co-firing rate on a heat input basis pose no particular change in NOx, NH3 and other emissions and no major system modifications are required. It is even reported that 100% ammonia combustion is obtained without significant emission penalties [15].  [36: []	Bălănescu, D.T., Homutescu, V.M., Effects of hydrogen-enriched methane combustion on latent heat recovery potential and environmental impact of condensing boilers. Applied Thermal Engineering 197, 2021, 117411. https://doi.org/10.1016/j.applthermaleng.2021.117411.]  [37: []	Kobayashi, H., et al., Science and technology of ammonia combustion, Proceedings of the Combustion Institute 37, (1), 2019, 109–133. https://doi.org/10.1016/j.proci.2018.09.029.] 


Emission control and circular economy
Another area of concern with respect to traditional thermal power generation lays in keeping low emissions of trace elements and flue gas compounds. This aspect has traditionally been and remains the driving force for extensive R&D related with flue gas cleaning/purification.
Primary and secondary NOx control techniques have proven to be effective in large scale utility generation, but this it is not the case for medium and low-capacity power generation, such as in district heating boilers. Compact, low volume furnaces are not easily operated in air staged or fuel staged modes which is the principle of primary NOx abatement methods, nor it is trivial to apply selective non-catalytic reduction (SNCR) methods with good performance [[endnoteRef:38]]. For this reason, hybrid non-catalytic and catalytic techniques are sometimes employed in parallel. In this approach, ammonia slip (unreacted ammonia) from the SNCR step of the hybrid technique is a working agent for the selective catalytic reduction (SCN) step [[endnoteRef:39]]. [38: []	Krawczyk, P., et al., A method of designing an SNCR installation for small pulverized coal-fired boilers on the example of OP-50 boiler. Applied Thermal Engineering 235, 2023, 121321. https://doi.org/10.1016/j.applthermaleng.2023.121321.]  [39: []	Wejkowski, R., Kalisz, S., Garbacz, P., Maj, I., Combined NOx and NH3 slip reduction in a stoker boiler equipped with the hybrid SNCR+SCR system FJBS+. Energies 14, 2021, 8599. https://doi.org/10.3390/en14248599.] 

[bookmark: _Ref182253889]In medium and small capacity boilers, due to economic reasons, often emission control is realized through dry sorbent injection (DSI) techniques. A variety of sorbents have been investigated for various flue gas compounds to be controlled in a novel way, i.e. powdery urea for NOx abatement [[endnoteRef:40]], aluminosilicates for Hg control [36, [endnoteRef:41]] and sodium bicarbonate for SOx control [[endnoteRef:42]]. [40: []	Wejkowski, R., Kalisz, S., Tymoszuk, M., Ciukaj, Sz., Maj, I., Full-scale Investigation of dry sorbent injection for NOx emission control and mercury retention. Energies 14, (22), 2021, 7787. https://doi.org/10.3390/en14227787.]  [41: []	Hrdlička, J., et al., Alternative sorbents for mercury capture in flue gas from lignite combustion. Applied Thermal Engineering 236, Part D, 2024, 121875. https://doi.org/10.1016/j.applthermaleng.2023.121875.]  [42: []	Kalisz, S., Wejkowski, R., Maj, I., Garbacz, P., A novel approach to the dry desulfurization process by means of sodium bicarbonate: A full-scale study on SO2 emission and geochemistry of fly ash. Energy 279, 2023, 128046. https://doi.org/10.1016/j.energy.2023.128046.] 

Solid fuel firing inevitably leads to generation of vast amounts of residues, such as fly ash and slags. These residues may become a valuable material, fulfilling the circular economy (CE) principle, once they are properly valorised. Combustion residues of good grade fossil fuels are already used in many industries, such as construction sector. Nevertheless, among others, new applications enhancing decarbonisation are investigated with the use of modified fly ash [[endnoteRef:43]]. Fulfilling CE principles for residues out of alternative fuels combustion, such as biomass or wastes, is a particular challenge requesting for additional modelling [[endnoteRef:44]] and laboratory investigations, for example with respect to immobilisation of heavy metal elements [[endnoteRef:45]]. [43: []	Peng, J., Xia, B., Multi-field and multi-scale dynamic numerical modeling of supercritical CO2 and fly ash mineralization. Applied Thermal Engineering 257, Part A, 2024, 124195. https://doi.org/10.1016/j.applthermaleng.2024.124195.]  [44: []	Sakiewicz, P., Piotrowski, K., Kalisz, S., Neural network prediction of parameters of biomass ashes, reused within the circular economy frame. Renewable Energy 162, 2020, 743–753. https://doi.org/10.1016/j.renene.2020.08.088.]  [45: []	Jagodzińska, K., et al., The impact of additives on the retention of heavy metals in the bottom ash during RDF incineration. Energy 183, 2019, 854-868. https://doi.org/10.1016/j.energy.2019.06.162.] 


Concluding remarks
In view of the efforts being made toward the rapid decarbonization of thermal power plants equipped with boilers, these crucial components are being subjected to a set of challenges that are being reflected in significant R&D. Thermal power plants, and thus power boilers, are expected in the short term to be a grid stabilizing measures with high flexibility that can counterbalance the stochastic energy generation from renewable sources.
Another expectation is that fossil fuels will be excluded from use in the longer term, and therefore alternative fuels are being explored as replacement options. Amongst these are biomass (of various origins), ammonia, hydrogen and organic wastes which are either already used or being at various testing stages at large scales of application. The use of all of these fuels must be accompanied with high efficiency and low emissions, while the combustion residues are expected to be valorised and reused.
Biomass can contribute to the energy mix even more than it does at present, reaching a share of up to about 10% of the total primary energy consumption, although this is somewhat regional depending on available resources. It is necessary to remove the legislative and cultural barriers limiting the full exploitation of agro-forestry residues that are otherwise left to degradation with the release of CO2, CH4 and organics into the atmosphere. Much more interesting is the use of biomass as a raw material for producing chemicals because within its molecular structure, biomass already contains fragments of organized molecules, without the need to recreate them through synthesis starting from elements or basic compounds. Further alternatives include the use of ammonia or hydrogen whose successful application must be associated with appropriate safety measures in place.
The above circumstances pose a huge driving force of current R&D activities within the fields of thermal power generation and specifically power boilers. In this context, the 14th International Conference on Boiler Technology (ICBT 2022) on ‘Transition technologies towards carbon neutrality and reduced environmental impacts’ was organised with the aim of presenting recent progress, achievements and new solutions in the field. This vision article accompanies a Special Issue of Applied Thermal Engineering dedicated to ICBT 2022.
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