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Abstract

:

This paper presents a model combining the LCA (Life Cycle Assessment) of fossil fuel extraction with its quality parameters and related CO2, SO2 and dust emissions at the stage of the combustion process. The model which was developed aims to identify the environmental impact of the processes of electricity production from selected energy carriers over their whole life cycle. The model takes into account the full LCA of fossil fuel extraction (of both hard and brown coal), its enrichment and fuel production as well as the environmental impact associated with emissions introduced into the air at the stage of electricity generation based on the fuels evaluated. Such an approach allows one to determine the fuel quality parameters that affect the environmental impact of energy production based on an LCA of mining and assigns the degree of environmental impact involved in particular production processes. Overall, the results obtained based on the proposed model permit the identification and prioritisation of the individual processes in the electricity generation life cycle which contribute the highest share in the general environmental impact indicator, having taken into account the modelling of the quality of the fuels used (calorific value, ash and sulphur content).
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1. Introduction


Decarbonisation of the global economy is now an important trend, underlined in many policies, especially in the European Union, which focus on achieving the Sustainable Development Goal, especially 13, which includes actions aimed at integrate climate change measures into national policies, strategies and planning. The European Commission introducing the European Green Deal sets ambitious objectives in various sectors clearly targeting climate policy and aim to make the EU climate neutral by 2050. In practice, this means no net emissions of greenhouse gases in 2050 as well as further efforts to improve energy efficiency, large-scale electrification and uptake of renewable energy sources. Sustainable production of electricity and heat will play a crucial part in this transition. However, the coal based energy generation, as a major energy carrier, is currently responsible for 25% of anthropogenic greenhouse gas (GHG) emissions, as well as other negative impacts on the environment and on human health [1]. Taking into account the high dependence of the global economy on fossil fuels including coal, solutions using these fuels, which at the same time reduce the associated environmental impact, are equally as desirable as the introduction of decarbonisation policies. For countries such as Poland, which is the largest producer of coal in the EU and also one of the EU’s coal consumers, the transition to a total abandonment of the use of coal may take many years. According to Polish strategic documents and forecasts, this is mainly related to energy security and other economic and social considerations. Therefore, there are many projects and analyses in Poland which focus on the reduction of the impact of coal-based electricity generation on the environment, including on the implementation of water–coal slurry [2], blue coal [3], coal gasification [4] or carbon capture and storage (CCS) technology [5] as well as reducing the emission of heavy metals like Hg [6].



Use of better-quality fossil fuels in the field of caloric value or sulphur and ash content is also one of the recommendations to avoid, minimise and offset emissions from coal-based electricity generation. Most fractions of bituminous coal have a carbon content (with respect to the original substance) of between 60% and 75%. The average content, which can vary from year to year, ranges between 65% and 66%. Bituminous coal lying within the lower range, up to a carbon content of about 56%, and a net calorific value of no more than 22 MJ/kg, is referred to as low-grade coal [6]. A wide range of physical and chemical properties of coal (including heat value, volatile matter, carbon content, sulphur content, moisture, ash, etc.) determine the price of coal, as well as the environmental aspects of their use There are a number of standards available to classify coal with different qualities and usages [7]. LCA (Life Cycle Assessment) results show that, in general, coal type is the dominant factor in determining the potential environmental impact. The Global Warming Potential (GWP) is mainly influenced by the heating value (e.g., lignite combustion has the highest value in GWP for the same unit of energy produced due to the low heating value and higher consumption compared to hard coal with a higher calorific value [8]. Therefore in the full life cycle, it is not only the phase of coal consumption that has to be considered in detail, but also the environmental impact associated with its extraction and processing. Depending on these processes, as well as the type of technology and equipment used, the associated environmental impact may vary greatly. However, it usually affects the terrain deformations, changes to water regime, pollution of water and soil as well as the generation of extraction waste. The technological processes involved in underground mining are much more complex than those involved in surface mining. The selection of suitable processing technologies is dependent on many factors, including biological factors related to the geological and mining conditions as well as economic factors (e.g., relating to the quality requirements of the fractions produced). The detailed analysis and assessment of the environmental impact, as well as efforts to minimise the impact throughout the entire life cycle, is of crucial importance for the development of the mining sector. It is also important to consider not only the volume of emissions and waste produced, but also the volume of resources and energy consumed, as well as the long-term plans regarding the methods of re-cultivation of post-mining areas. The environmental impact assessment related to these aspects can then be linked quantitatively and qualitatively to the different parameters of the fuels produced. In this way, information on fuel quality and the associated environmental impacts at the level of their production and use can provide a basis for action to reduce these impacts. However there is still a lack of studies concerning the identification and modelling of the impact on the environment of mining activities over the entire life cycle, including the quality of coal produced. The correlation of calorific value, amount of ash and sulphur content with emissions at the electricity generation stage is well known in the literature, but a combination of these correlations with the LCA mining process, including outputs such as the different quality fuel streams, was proposed for the first time. Therefore, the objective of this paper is to suggest a model approach to the impact of the quality of the fuel extracted on combustion-related emissions and their impact on the environment over the entire life cycle. Thanks to the use of the proposed model, it is possible to assess the influence of fuel produced and its varied quality on the main environmental impacts from its combustion (i.e., emissions of CO2, SOx and dust) as well as their influence on individual components of the environment.



As Poland has large resources of hard coal, replacing coal as a major source of thermal energy is a long process that will be spread over many years. Therefore, it is crucial to limit the current environmental impact by the implementation of innovative technologies and the modernisation of currently existing facilities. Nevertheless, such activities are based on appropriate tools to support decision-making processes, including environmental impact assessment as well as LCA. The model may also become the basis for modelling environmental fees resulting from the use of fuels of a particular quality, including CO2 emission fees. Coal comes with a substantially higher emission of CO2 than other fossil fuels. To address the challenge of decarbonising the energy sector, emission trading schemes have recently been introduced, mainly in the European Union. Prices of CO2 emission allowances already have an influence on coal markets, which will likely increase in the future. Coal prices vary according to qualities, quantities, transportation costs and other conditions [9]. The implementation of innovative and eco-friendly solutions permits a significant reduction in the negative impact of energy generation from coal combustion [10].




2. State-Of-the-Art


A review of the literature related to the use of LCA for the study of the energy sector, either in a holistic approach or as single technologies, indicates its widespread use. However, leading literature positions regarding LCA for fossil fuels focus mainly on assessments of electricity generation processes. The World Energy Council (WEC) report of 2004 may be an example. The report considers each kind of primary energy according to its place of origin and final use. It provides a comparison of different energies based on full life cycle assessments which have been performed in the last 10 to 15 years [11]. More recent work in this area includes the studies of Cui L. et al. [12] and Wang N. et al. [13], but here one can also note that the phase of extraction of fossil fuels is just one of many individual processes under consideration which contribute to a blurring of the results which are significant for the mining industry when compared to other environmental burdens of coal power generation. There are far fewer publications focusing solely on the mining phase and analysing the specific conditions of extraction and its related environmental impact.



One of the largest was carried out by the Environmental Institute (SYKE) Helsinki [14], in which the processes of coal-based electricity generation were assessed. The study covered the extraction and processing of bituminous coal, representing averaged data from mines in Poland and Estonia. On the basis of the results obtained, it was stated that the energy used at the stage of coal extraction and enrichment is responsible for high emissions of heavy metals and the extraction processes for high methane emissions (it was assumed that only about 20% of the methane released in Polish mines is recovered and used as a fuel). A similar LCA was also carried out in Poland by the Central Mining Institute based on inventory data from 38 hard coal mines [15], where their own calculation model for LCA assessment was used. This consists of an average profile of a model mine with an annual capacity of 2.5 million Mg of coal, which was subjected to an environmental impact assessment.



Other research on the environmental impact over the life cycle of bituminous coal is linked to surface mining (a cradle to gate analysis). Five opencast mines in the USA were analysed in the work of Ofentse Ditsele and Kwame Awuah-Offei [16]. The study mainly assessed the impact on water consumption, land use, energy use, abiotic resource depletion and climate change. The authors stressed that there is a lack of literature available on the LCA of mining and that the available literature highlights some methodological problems which may be the cause of the small number of LCA studies undertaken in this area. These include, among other issues, problems with the selection of an appropriate functional unit, the boundaries of the system being analysed or the determination of appropriate impact categories reflecting significant environmental problems in the mining industry. In the LCA research on the surface mining of lignite based on high-quality data from 12 mines in Turkey, including nine open-pit mines [17] as well as a study of four South African mines [18], the author underlined the issue that the standard LCA impact categories, such as global warming, ozone depletion, toxicity for humans, ecotoxicity of water, acidification and eutrophication, are insufficient to describe the environmental impact of mineral resource extraction. Such categories as land take, water consumption, energy use and depletion of resources were proposed as the most significant, and equivalent to the LCA analysis of the mining sector [19]. There is also a continuing debate among practitioners and scientists on the principles of various models and LCA indicators developed in the last 30 years referring to the depletion of resources category. A compromise on which model represents the best state-of-the-art model has not yet been reached [20]. The most popular model is the so-called abiotic depletion potential (ADP). It relies on the analysis of the current use of resources (extraction rate, present use) in relation to balanced resources. Many LCA methods currently in use are based on this model. It is not fully adequate; however, for example, for the assessment of the depletion of existing fossil fuel deposits as it provides little information related to the environmental consequences of the extraction processes used [21,22].



In terms of the models developed using LCA methodology (e.g., for the sustainable development of mines), attention should be paid to the study of Burchart-Korol D. et al. [23]. It used detailed models of environmental assessment that have been developed using LCA, while cost–benefit analysis (CBA) was proposed for the economic aspects. The algorithm thus developed allows the comparison of individual mining plants taking into account the main aspects of sustainable development, including the environmental, economic and social aspects. Another model of the eco-efficiency assessment of mining production processes was also shown by Czaplicka-Kolarz K. et al. [24]. The model-based result thus obtained was proposed as one of the key performance indicators (KPI) for bituminous coal mines, applicable to decision-making support processes (e.g., the investment decisions in mining enterprises). A combined methodology (i.e., a combination of LCA and TEC (Thermo-Ecological Cost) for the assessment of the fossil fuel extraction system in its energo-ecological aspects was also suggested in the study by Stanek W. et al. [25]. In this case, the boundaries of the system have been extended to also include the TEC ratings for coal use technologies. Three options were taken into account in this assessment: power plant, CHP plant and heat plant. This level of assessment showed that the type of energy conversion process can strongly influence the final TEC results for different coals.



It was noted that there is no work based on LCA methodology in the literature which models the impact of mining processes taking into account the quality of the fuel obtained. The only relevant results referring to the market value of high- and low-quality fuels are also shown in Mangena S.J. and Brent A.C’s study, where four South African mines were examinedThis undoubted gap is the subject of the model presented in this paper.




3. Model


As part of the model that was developed for assessing the impact of fossil fuels on emissions from electricity generation and their environmental impact, the technical aspects of the processes for extracting fossil fuel were integrated (bituminous coal and lignite) with the quality of the fuels obtained.



The limits of the model were defined as the process of electricity generation from the phase of extraction and production of fossil fuels (without preparation work and infrastructure) to the phase of energy generation in a power plant (without the phases of energy distribution and transport to the end user). As the main assumption of the model is the assessment of the fossil fuel extraction phase and the allocation of impacts to the type and quality of fuel produced, the model was divided into two separate modules (i.e., a mining module and an energy module). Its structure is presented in Figure 1. However, each of the modules is described separately below. The figure shows a model based on the separate analysis of two fossil fuels, hard coal and lignite.



In the case of the mining module, the environmental impact assessment takes into account the full LCA analysis, including all potential direct impacts in the life cycle of the mine and coal processing plants (i.e., emissions to air, water and soil), as well as waste generated and indirect impacts resulting from the supply chain of the materials consumed, water, energy and fuels. The results obtained from the mining module, in combination with the quality parameters of the fuel streams produced, are the basis for the evaluation and calculation of emissions at the level of power plants in accordance with the procedure described in point 3.2.



3.1. Mining Module


The mining module forms the basis underlying and the main component of the model that was developed. Its objective is to analyse the fossil fuel extraction phase as the first stage of the electricity generation life cycle. The mining module was created with the use of full LCA analysis considering all direct and indirect technological aspects resulting from the supply chain, with their possible impacts on the environment.



The model-based analysis; therefore, begins with the LCA of a selected mining enterprise. The model takes into account the processes of coal extraction and processing. Due to limited access to data on the opening up of the deposit, preparation works and infrastructure used, this data was not included in the model in accordance with #3.18 PN-EN ISO 14040:2009. The first phase (Figure 2) of the model describes the so-called portfolio of products representative of an individual enterprise. The scope of the portfolio includes the production of a specified (in quality and quantity) fuel within a specific year(s).



The next step is the quantification of products (i.e., breaking them down by parameters such as calorific value (Qi), ash content (A) and sulphur content (St). Further analysis of the energy modules using the model will be based on these parameters.



A set of individual processes with materials, energy and fuel flows as well as emissions and waste should represent a defined portfolio. Therefore, the next steps in modelling are in accordance with the stages of LCA analysis presented in the PN-EN ISO 14040:2009 standard (i.e., the analysis of the inventory (LCI) and the analysis of a potential environmental impact (LCIA). For this it is necessary to collect data from the mining enterprise being evaluated. The next step is including LCIA analysis with the assignment of data from the set of inputs and releases to the individual environmental impact categories and category indicators in order to identify these impacts. The LCIA phase also provides information for the life cycle interpretation phase.



For the so-called multi-product processes, it is necessary to use the allocation procedure for the results in accordance with the PN-EN ISO 14040: 2009 standard, which consists in breaking down the results for individual fuel streams in such a way as to reflect basic physical dependencies. Mass allocation was used in the model to provide for the comparison of the results obtained during the LCIA analysis stage with the products identified in the portfolio (fuel streams).



Based on the results thus obtained, in the next (energy module) stage the quantities of potential emissions into the atmosphere resulting from the energy-related combustion process will be calculated for each of the fuel streams identified.




3.2. Energy Module


The objective of this module is to combine the quality parameters of fuel streams and their potential environmental impact calculated in the mining module with the potential environmental impact of the CO2, SO2 and dust emissions generated at the electricity generation stage. For this purpose, the calorific value (Qi), ash (A) and sulphur content (St) of the individual fuel streams have been used. These dependencies require the assumption of adequate combustion technology as well as flue gas treatment technologies (Figure 3). These technologies will determine the quantities of emissions released from the combustion process into the environment. The energy module is; therefore, a simplified black box relating solely to the three types of emissions. It does not take into account the use of consumables (except of fuel streams), other emissions and waste and sewage management.



For the calculation of individual emissions, appropriate formulae have been adopted [26]. Mass balance assuming complete combustion was used in order to determine the carbon emission indicator and the potential CO2 emission indicator:


    WE  c  =   10  6  ×  c   W o    ;  



(1)






    WE     co  2  max   =   44   12   ×   WE  c  ,  



(2)




where:




	
WEc—carbon emission indicator [g/GJ],



	
WECO2max—maximum emission indicator CO2 [g/GJ],



	
c—carbon content in fuel [kgC/kg of fuel]



	
W0—fuel calorific value [MJ/kg]



	
44/12—molar ratio of CO2 and C.








Considering the strong relationship between the calorific value and carbon content in fuel, this can be calculated from the equation:


  c  [ % ]  = 0.1      W   o  ×  (  a −    b ∗ W   0   )  ,  



(3)




where:




	
c—pure carbon content in fuel,



	
W0—fuel calorific value [MJ/kg],



	
a,b—carbon emission factors as a function of fuel calorific value (W0)








In order to consider the proportion of unoxidised carbon, IPCC recommends correcting the indicators according to the formula:


    WE     co  2    =   WE     co  2  max   ×  (  1 −   r  [ % ]    100    )  ,  



(4)




where:




	
r—unoxidized carbon.








For example, for dust boilers fired by coal, the amount of unoxidised carbon is below 2% (approx. 1% on average). In the case of large combustion plant, the CO2 emissions should also be corrected by the amount of coal that stays in the waste after combustion (i.e., in fly ash and slag). However, in order to determine the amount of such coal, analyses of the chemical content of residues are necessary. Average values are available in the literature and can be used when substituted with the formula:


  r  [ % ]  =  (     c  pl     100  c  pl     ×  u p  +    c z    100  c z    ×  (  100  u p   )   )  ×  p c  ,  



(5)




where:




	
r—unoxidized carbon,



	
cpl—average content of combustible elements captured in fly ash [%],



	
cz—average content of combustible elements in slag [%],



	
up—indicator of dust dissipation,



	
p—average content of ash in coal [%],



	
c—pure carbon content in coal [%].








In order to estimate the quantities of dust emitted, the following dependency was used:


    WE    dust       [  g / Mg  ]  =  (  1 − α  )  × ρ ×  μ p  ×   100      η   0  ×  β 0    100  c p    ×   10  2  ,  



(6)




where:




	
WEdust—indicator of dust emissions,



	
α—coefficient of chemical contraction (0–0.1)—specifies the decrease in weight of mineral substance t in combustion due to its partial transformation to gas (0–10%). The theoretical contraction coefficient for the complete combustion of liquid fuel is expressed by an equation



	
ρ—ash content in fuel [%],



	
μp—dissipation of ash [%]—depends on the type of hearth, grain content, velocity of air flow to the hearth.



	
η0—effectiveness of dedusting equipment [%],



	
β0—availability of dedusting equipment (0–1),



	
cp—content of combustible parts in dust [%].








The volume of SOx emissions can be calculated using the mass balance:


    We    SO x     [   g  GJ    ]  = 2 ×  s   W 0    ×  (  1 − r  )  ×   10  6  ,  



(7)




where:




	
s—content of sulphur in fuel [kg/kg of fuel],



	
W0—fuel calorific value [MJ/kg],



	
r—contribution of sulphur residue to ash,



	
2—molar ratio of SO2 and S.








Another aspect to be considered in the case of the emission of sulphur oxides is the flue gas desulphurisation system together with its efficiency. The emission of sulphur oxides can be calculated from the formula:


    WE     SO  x     [   g  GJ    ]  = 2 ×  s   W 0    ×  (  1 − r  )  ×  (  1 − η × β  )  ×   10  6  ,  



(8)




where:




	
η—effectiveness of method of flue gas desulphurisation,



	
β—availability of desulphurisation plant.








Emissions calculated in this way at the level of the energy module are then subjected to LCIA assessment in order to determine their environmental impacts and their share in the indicators of individual impact categories. These results can then be linked to the LCA results for the fuel streams identified from the mining module. This way, the final results based on the entire model may be compared to a functional unit reflecting 1 MWh of electricity produced. This, in turn, enables analysis of the sensitivity of changes in environmental impact with regard to electricity generation processes depending on the quality of the fuels used.





4. Conclusions


With reference to the aforementioned aspects, a research problem was presented which is aimed at identifying the potential for modelling the quality of fuel used with its environmental burdens at the level of power plants. The model which was created will allow the identification of the environmentally weakest stages in the entire supply chain for fuel streams which vary in terms of quality. In the model, the fuel streams are selected based on the changeable parameters of the fuel (i.e., its calorific value as well as sulphur and ash content). It is possible, based on the proposed model, to compare the potential impacts of individual fuel streams taking into account CO2, SOx and dust created during the combustion stage. Such a comparative analysis may become a basis for the assessment of the sensitivity of a potential impact of electricity generation with reference to changes in the parameters of coal quality.



The results of the model provide a background for a deeper analysis of fuel streams, making it possible to identify the fuels with the lowest environmental impact in the stage of energy generation. These results may, therefore, become the foundation for environmental optimisation of fuel production at the level of mining enterprises, as well as modelling environmental fees related to the stage of coal consumption. This is particularly relevant from the point of view of a new industrial strategy for a green and digital Europe, which support change towards a competitive, green and digital industry [27]. Therefore, the presented model based on the LCA can be an appropriate tool to identify and make changes in order to pursue the strategy’s objective. The energy sector in future will need to be more flexible, with more diversified production mix. However, as more renewable energies are deployed, the issue of intermittency is becoming ever more critical for the stability of the energy system. Thus, stable energy sources, including coal, can still be an important part of this system. That is why it is so important to take action also in this sector to support change towards competitive, green and digital industry. The redesign of existing coal-based energy systems, including eco-design aspects, can contribute to change towards more sustainable energy production from coal. LCA, as one of the tools of eco-design, enables new idea generation and opportunity for innovation. Taking a life cycle approach, you can use multiple strategies in multiple life cycle phases to improve environmental performance of modernised technological systems. Thus, the data obtained using the proposed model may be the basis of recommendations or new technological solutions reducing the impact on the environment of electricity generation over its entire life cycle. The model developed suggests solutions that make it possible to compare and quantify the impact of the quality parameters of coal from selected mining enterprises (i.e., the impact of calorific value (Ar) and sulphur (Str) on the environment in electricity generation processes over their entire life cycle).



Overall, the results obtained based on the proposed model allow the identification and prioritisation of individual processes in the life cycle of electricity generation, with the highest share found in the general environmental impact indicator, having taken into account the modelling of the quality of fuels used. Prioritisation and analysis of these processes in terms of alternative technological solutions may be the basis for the implementation of organisational and technical changes aimed at the preservation of the optimal quality of these processes.
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Figure 1. The structure of the model of the environmental impact assessment of electricity generation processes from selected carriers in Polish conditions (Qi—calorific value, Wt—total water, A—ash content, St—total sulphur content, PC—pulverised coal). 
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Figure 2. Algorithm of the procedure for the mining module in the model (LCIA—Life Cycle Impact Assessment, Qi—calorific value, A—ash content, St—total sulphur content). 
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Figure 3. Algorithm of the procedure for the model’s energy module. 
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