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Abstract

:

In Mexico, as in the rest of the world, the industry sector is frequently highly dependent on fossil fuels; in addition, energy transformation processes are not very efficient and scarcely oriented towards climate change mitigation. Given these facts, solid biofuels (SBFs) from agricultural and forestry residues from rural areas may represent an alternative that contributes to the decarbonization of the industrial sector, especially in Small- and Medium-Sized Enterprises (SMEs). From an economic and climate change mitigation perspective, this study evaluates harnessing SBFs in SMEs related to lime, bricks, dairy products, craft beer, and artisanal mezcal (a well-known Mexican distilled alcoholic beverage), products mainly manufactured in rural areas of Mexico. For each of these SMEs, we constructed two energy consumption scenarios that span from 2018 to 2050. On the one hand, a baseline scenario (BS) that reflects the behaviour of historical energy consumption in Mexico and, on the other hand, an alternative scenario (AS) that proposes the use of SBFs with modern and efficient technologies and sustainable inputs of agricultural and forestry residues originated mainly from rural areas. According to our results, a comparison between the two scenarios reveals that two out of five SMEs industrial niches studied, appear with mitigation costs in the AS namely brick kilns, and limekilns SMEs that have mitigation costs of 9.99 and 19.74 USD/tCO2e, respectively, primarily due to the high investment cost of the new MK2 kilns and the relatively high cost of pellets, respectively. Since these niches have high mitigation potentials (7.77 MtCO2e for brick kilns and 2.83 MtCO2e for limekilns), their implementation requires adequate incentives and financing. On the contrary, the dairy, craft beer, and mezcal SMEs niches have negative mitigation costs (−14.30, −10.68, −0.98) USD/tCO2e, mainly due to the high savings in the cost of fossil fuels and their materialization, especially for the mezcal niche which has a mitigation potential of 2.97 MtCO2e, requires only an adequate regulatory and normative framework. We conclude that using commercial SBFs (pellets, briquettes, and traditional firewood) in SMEs niches contribute to generating formal markets with adequate distribution channels, both for SBFs and sustainable residual biomass inputs (residual firewood, agave bagasse, and spent barley grain). This alternative scenario also promotes the creation of green jobs in agricultural and forestry areas, adding an economic value to residual biomass inputs not previously considered and contributing to the social development of rural areas.
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1. Introduction


According to [1], in 2018, the global industrial sector consumed 252 EJ, representing 38.5% of the global energy consumption; by 2050, it is expected to increase to 334.1 EJ, 34.8% of global consumption. This industry contributed 21.7 GtCO2e, accounting for 15.06% of the global GHG emissions [2]. Besides, coal consumption accounted for 26.7%, liquid fuels and natural gas for 26.1%, electricity 15.4%, while renewables contributed only 8.7% of global industrial energy consumption. By 2050, liquid fuels may represent 25.9%, coal 24.4%, natural gas 23.7%, electricity 16.2% and renewable energies 9.8% of global industrial energy consumption [1]. Industrial heat requirements account for approximately 75% of its end-use energy demand worldwide, where 50% are low-temperature (<150 °C) and average temperature processes (150 °C at 400 °C) [3]. According to report [4], in 2018, the industrial sector consumed 8.9 EJ of SBFs, equivalent to 13.5% of world biomass consumption and 3.5% of global industrial energy consumption. Modern SBFs (pellets and woodchips) contributed with 99.5% [5]. In addition, there are countries and world regions that consume SBFs in significant percentages in the industrial sector, among them are the following:



(a) In the European Union (EU28), the use of solid biomass for combined heat and power (CHP) and heat generation accounted in the industry for 8.37% of renewable energy use in that region, making it the most significant renewable energy source [5]. Likewise, the industrial use of pellets grew by 14.5% in 2018 compared to 2017, driven by the United Kingdom and the Netherlands consumption [6].



(b) In the United States, the industry consumes most of its SBFs from wood and wood residues; its biggest consumers are manufacturers of wood and paper products and use their waste to generate heat and electricity. In 2019, wood and wood waste accounted for approximately 5.6% of end-use energy consumption in this country [7].



(c) In China, the SBF’s industrial sector had a 4.2% (4.11 EJ) share of final energy consumption in 2018 [8,9].



(d) In Finland, in 2018, SBFs in industry supplied 43% of the final energy consumption. Industries consuming solid biofuels include pulp and paper, wood and wood products, chemicals and petrochemicals, food and tobacco, non-ferrous minerals, machinery, iron, and steel [8,9].



In addition to the residues mentioned above for solid biofuels production, it is worth mentioning that citrus cultivation is one of the largest worldwide. Its annual production is 124.3 million tonnes, of which 40–60% are citrus wastes that can be processed to obtain recycled materials [10]. In Mexico, citrus peels have low potential but are an appealing option for regional agro-industries that currently use these residues to replace fuel oil [11].



Citrus peel residues have, however, high potential in terms of biorefining [12], and are a promising and sustainable option as their production does not compete with food or animal feed [13,14]. These residues can be used to generate bioelectricity and produce liquid biofuels [10], biogas production [14], heat and power generation—CHP—[15], and can be used for direct combustion [16] or in the form of pellets [11,15].



The above examples show how modern SBFs, through the adoption of cleaner and low-carbon technologies, can be used mainly for heat generation in the industrial sector. The forms of solid biofuels used in the industrial sector vary, including unprocessed firewood, wood chips, bagasse, and densified solid biofuels, including briquettes and pellets [17,18,19]. Studies such as the one from [20] argue that due to their essential environmental and social benefits, agricultural residues (AR), forest residues (FR), or agro-industrial residues (AIR) are biomass inputs, and the industrial sector should use them as solid biofuels. Likewise, Ref. [21] proposes that such residues can be converted into densified SBFs to broaden their potential applications and improve utilization efficiency.



However, several barriers hamper the utilization of SBFs in the industrial sector [22]; among them are: (a) infrastructure, which includes the need for adequate spaces for conservation and storage of these fuels [23]; (b) financial, such as the investment cost required to implement modern technologies, and projects’ profitability; (c) lack of established markets to mitigate risks associated with product quality, delivery and price, which can be solved by creating formal market centres for SBFs with established rules [18]; (d) SBFs distribution channels from [24] and; (e) lack of incentives to offset the higher cost of SBFs relative to that of fossil fuels. Together, these barriers have contributed to waste enormous amounts of residual biomass [18] annually. Finally, the SBFs require: the development of regulations and public policies for the sustainable management of biomass, the use of agricultural and forestry residues, the reduction of their environmental impact, and the development of value chains [25,26]. Despite these barriers, the United Nations Industrial Development Organization [27] carried out a long-term projection proposing it is possible to sustainably supply 50 EJ of biomass from plantations and residues for industrial applications, given that there are significant quantities of agricultural and wood processing residues of the order of 100 EJ/year.



At global and regional levels, prospective studies found in the world literature on SBFs harnessing the industrial sector usually do not specify the niches studied, the origin of the input biomass, or the shape of solid biofuels. One exemption constitutes a scenario published by [26] in which they propose that biomass injection in blast furnaces should replace pulverised coal and other fossil sources in the steel industry niche in Sweden from 2007 to 2030. In Mexico, there are several prospective studies of industrial use of SBFs; however, these studies focus only on one specific industrial niche: sawdust as solid fuel in sawmill incinerators [28], sugarcane bagasse as fuel for cogeneration in sugar mills in [29], charcoal as a partial substitute for coke in the steel industry in sintering and blast-baking processes [30,31,32]. In addition, various authors have proposed SBF’s substitution of fossil fuels in the industrial sector without specifying the application niche [11,31,33,34].



This article develops scenarios that consider technical, economic, and environmental implications for the sustainable use of SMEs in various niches of the industrial sector in Mexico. Moreover, in these scenarios, we emphasize the application to Small and Medium Enterprises (SMEs), modern SMEs harnessing technologies for both traditional (firewood) and modern (pellets and briquettes) SMEs. Additionally, we consider using existing and currently non-valorised residual biomass in rural areas for SMEs production. This apparent abandonment is due to the lack of prospective studies with this width; most are national-level studies that do not integrate these elements. On the other hand, our scenarios may be of great interest to other countries with similar biomass residues potentials who wish to incorporate the modern use of SMEs in the industrial sector and contribute to climate change mitigation and social development in the rural sector.



In this study, we consider the fact that most of the Mexican industrial establishments are SMEs, with 4.9 million representing 99.8% [35], which in general use fossil fuels with low-efficiency technologies for their thermal processes [36], negatively impacting the environment with their GHG emissions. The importance of this prospective study lies in the fact that we show that there are some niches in this universe of enterprises where sustainable use of SBFs with modern technologies could be proposed. We studied some niches that harness SBFs as an option to modernise, become more efficient and competitive, and thus reduce their GHG emissions and their environmental impact. The primary source can be residual biomass from which new value chains in the agricultural, forestry and agro-industrial sectors could also be detonated, leading to social development and jobs in rural Mexico, commonly characterised by the general poverty of its inhabitants.



The reference niches analysed in this article correspond to that of the SMEs dedicated to manufacturing bricks, dairy products, craft beer, and artisanal mezcal (a well-known distilled alcoholic beverage from Mexico, made from a variety of agave cacti). Next, we evaluate each niche’s specific end-use energy demand, corresponding to the processes, technologies, and energy used to evaluate later a traditional SBFs more efficient use or a partial or total replacement by modern SBFs. The above procedure allows us to explore the use of agro-industry residual biomass generated in the industrial niche itself in rural agricultural areas or pellets from forest residues in the rural sector. In addition, the implementation of efficient commercial technologies to use commercial SBFs as an energy source, besides carrying out an economic and emission reduction evaluation of greenhouse gases and compounds (CGHG), allow us to identify the viability or challenges posed by the modern use of SBFs in the studied SMEs niches.



After the above introduction, this paper is organized as follows: Section 2 describes the current situation of SBFs in the Mexican industrial sector and the need to use them in SMEs in industrial niches. Section 3 presents the general methodology to construct scenarios starting from a model that evaluates the future thermal energy demand in each industrial SME niche. Section 4 introduces the cost-benefit and mitigation models to estimate the economic viability and GHG emission reductions in the industrial SMEs sector due to SBFs. Section 5 presents the construction of base scenarios of the studied niches and their description in terms of technology, fuels, and costs. Section 6 explains the construction of alternative scenarios considering efficient and appropriate technologies and SBFs’ substitution of fossil fuels. Section 7 presents the energy, environmental and economic results. Finally, Section 8 presents the conclusions.




2. Current Situation of the Use of SBFs in the Mexican Industrial Sector


According to the National Energy Balance [37], in 2018, the participation of SBFs in Mexico in final energy consumption represented 5.8% of the total (5284 PJ), which makes SBFs the leading renewable energy for final consumption in Mexico. Sugarcane bagasse represented 1.1% and fuelwood 4.7% of total SBFs consumption. Most of the fuelwood is burned in traditional technologies for residential cooking, while sugarcane bagasse is burned in all country’s sugar mills since decades ago to supply most of the power and process heat this industry needs. Therefore, using bagasse, fueloil consumption has reduced in sugar mills but still represented 22% in 2018 [38]. Sugarcane bagasse is also currently used to improve energy efficiency in sugar manufacturing [39].



However, there is literature evidence that not all uses of SBFs in the Mexican industrial sector are reported in the National Energy Balance. This is difficult to quantify and document fully. For example, Refs. [40,41] mentions chips and/or bagasse in manufacturing industries such as cigarettes, tequila, soluble coffee, and cement. In addition, SBFs are used in distilleries, palm oil processors, and blacksmithing.



Specifically, Ref. [42] mentions that cellulosic pulp and paper industries burn their wood wastes to generate process heat and power. Furthermore, Ref. [43] reports that in a Tequila distillery, the use of agave bagasse mixed with other biofuels, such as wood chips, fulfils process heat requirements. The same author reports that coffee bagasse is used as SBF to generate 50% of the needed steam for soluble coffee manufacture. In addition, Godoy (2020) mentions wood waste burn for electricity generation in a sawmill. Considering these uses of SBFs, which in most cases employ agricultural and forestry waste biomass from rural areas, reported in the industrial niches just mentioned, it is evident that in Mexico and other countries with similar situations, there is a need to carry out prospective studies of SBFs from waste biomass from rural areas, for use in SMEs in industrial niches.




3. General Methodology


We applied the scenario building methodology to estimate the technical and economic feasibilities and GHG emission reductions in the industrial SMEs sector due to the use of SBFs fabricated from residual biomass of agricultural and forestry activities in rural areas. The addressed methodology consists in developing a general model that evaluates the future demand for thermal energy in each industrial SMEs niche with a long-term horizon of 32 years, taking 2018 as the base year and ending the study period in 2050.



This model systematically relates the demand for specific thermal energy to fabricate various products identified in the SMEs’ niches under study (activity level of the niche), considering technological, economic, and GHG emission factors. We apply the end-use approach to estimate each niche’s energy demand, quantifying the energy resources consumed to obtain a product. The equation applied to estimate the niche’s energy demand is:


  E = A L × I  



(1)




where E is the thermal energy demand of the industrial niche, AL is the average activity level of the niche, and I is the specific energy consumption relative to the process. This last parameter, defined as the thermal energy consumption per product generated, is an input parameter given in each scenario since it is a characteristic of each subsector and depending on the end-use technologies. Table 1 shows the specific activity levels, production in 2018, units, average annual growth rates (AAGR), and data sources of the industrial niches included in this study.



For long-term projections, up to the year 2050, the activity levels of each niche were established based on the analysis of historical trends. In specific cases, we calculate AL values through linear regression, explaining the relationship between the activity level of each SME niche with sectoral GDP. The energy sources participating in each niche were defined based on identified references, case studies, analysis of retrieved statistical information, and heat power values of the corresponding fuels. All data are referenced for each niche studied.




4. Cost-Benefit Model and Mitigation Model


We estimate the costs and economic benefits of the analysed options for each of the selected SMEs niches by comparing an alternative scenario (AS) that uses SBFs to the baseline scenario (BS) that applies current technologies and fuels; we use the following equation according to [47,48]:


  C  B  AS − BS   = C  I  AS − BS   + C O &  M  AS − BS   + C  E  AS − BS    



(2)




where:



	  C  B  AS − BS   =  
	Overall cost-benefit of implementing SBFs in a SME niche. All monetary values in this study are expressed in constant year 2017 US dollars (USD).



	  C  I  AS − BS   =  
	Algebraic difference between the present value investment costs of the mitigation option in the AS using SBF in the SME niche, and the present value investment cost spent in the BS in the same SME.



	  C O &  M  AS − BS   =  
	Algebraic difference between the present value Operation and Maintenance (O&M) costs of the mitigation option in the AS using SBFs in the SME niche, and the present value (O&M) costs spent in the BS.



	  C  E  AS − BS   =  
	The algebraic difference between the present value SBFs’ costs of the mitigation option in the AS using SBFs in the SME niche, and the present value energy costs spent in the BS. The costs of SBF and energy used in the BS can be found in Table S1 of the Supplementary Material.







  C  I  AS − BS   =   ∑   a = 1  p    C  I    AS − BS   a       ( 1 + d )  a     



(3)




where:



	  C  I    AS − BS   a   =  
	Algebraic difference of the investment costs occurring in year a due to SBF implementation in the SME niche in the AS and the investment costs in the BS during period p.



	a =
	Years = 1, 2, 3… p



	p =
	Analysis Period (32 years).



	d =
	Discount rate (10%), representing the current cost of financing according to [29].







  C O &  M  AS − BS     =   ∑   a = 1  p    C O &  M    AS − BS   a       ( 1 + d )  a     



(4)




where:



	  C O &  M    A S − B S   a   =  
	Algebraic difference of the cumulative annual O&M costs due to SBFs implementation in a SME niche in the AS, and the cumulative annual O&M costs in the BS, during the analysis period.







  C  E  AS − BS     =   ∑   a = 1  p    C  E    AS − BS   a       ( 1 + d )  a     



(5)




where:



	  C  E    A S − B S   a   =  
	Algebraic difference between the annual cumulated costs during the analysis period of using SBFs in a SME niche in the AS, and the annual cumulated energy costs in the BS.








Once the overall cost-benefit is calculated in the present value of using SBFs in a SME niche in the AS, then we can calculate its mitigation cost applying Equation (6), this is, with this equation we obtain the unit cost of mitigating one ton of CO2e in each studied niche throughout the analysis period.


  C  M    AS − BS     =   C  B    AS − BS       G E  I    AS − BS        



(6)




where:



	  C  B    AS − BS     =  
	Cost-benefit in present value of the SBFs implementation in the AS of the SMEs niche related to the BS, from Equation (2).



	  G E  I    AS − BS     =  
	Total avoided GHG emissions due to SBFs in the AS of the SMEs niche related to the BS. See the following equation:







  G E  I    AS − BS       =   ∑   f = 1  n   A    AS − BS   f     ∗  E  f      



(7)




where:



	   A    AS − BS   f     =  
	Total energy avoided by fuel f used in the BS during the analysis period, due to the implementation of SBFs in the AS of the studied SMEs niche.



	   E  f     =  
	GHG emission factor from the energy source f in terms of CO2e in the BS. Table S2 in the Supplementary Material shows the GHG emission factors for fuelwood and fossil fuels used in the BS. SBFs are carbon neutral in the AS because they are sustainably produced exclusively from agricultural and forestry residues.









5. Reference Year and Construction of the Baseline Scenario


Because our model requires input data for a base year for each niche and energy use, we selected 2018 as the reference year, considering that there is recent and reliable information for this year, derived from various official sources mentioned below; also, in this year, economic stability prevailed in Mexico, therefore, the economic data used is more reliable. We feed the model with diverse input data such as MSE niche production and its growth rates, SME niche-specific energy consumption, fuel consumption structure by SME niche, calorific value, emission factors, and currency exchange rate. The data on the fuel consumption structure per niche in the reference year are necessary to calculate the future baseline of the niche of the fuel used to produce the required thermal energy to establish a reference time horizon (period of analysis); this allows to evaluate an alternative scenario in the short, medium, and long term of SBFs use in the SME niches considered.



Based on current and historical information collected from public information sources, we determined the production levels in the reference year and the average annual growth rates (AAGR) (see Table 1). Considering the historical trends in the 2007–2018 period, we estimated the activity levels for the prospective period from 2019 to 2050 in the five analysed niches of SMEs of the Mexican Industrial sector: artisanal brick kilns, limekilns, dairy companies, craft breweries, and artisanal mezcal.



According to Equation (1), we estimated the baseline power requirements for each SME niche, by calculating the value of the specific energy consumption value in the prospective period. First, we assumed that the specific energy consumption of the technology used or, if applicable, of the different technologies used in the BS of the SMEs niche maintain the value; if more than one technology is used, we employ the current values found in the technical literature. To explain our approaches, the following description of each SME niche studied provides the data used to estimate the energy consumption in the BS according to the technology used or, where appropriate, to the different technologies used in each niche.



	
Brick kilns






These SMEs produce non-refractory bricks, tiles, and clay tiles [49]. Currently, bricks are cooked in ovens for two to three days at a temperature between 800 and 1300 °C [50]. There are about 17,000 artisanal brick kilns in Mexico, primarily located in the central and central-western regions of the country [51]. Current brick kilns are mostly traditional fixed and traditional campaign types, representing 89% and 10% of the national production (NP). There are few horizontal multi-chamber kilns (0.9% of NP) and only 0.1% of MK2 efficient type kilns [51]. The specific energy consumption of the mentioned kilns per unit mass of bricks is: for the campaign type 4.2 MJ/kg, for the fixed type 4 MJ/kg, for the horizontal multi-chamber type 2.37 MJ/kg, and for the MK2 type 2.7 MJ/kg [51,52]. Therefore, we consider an average weight of 3.4 kg per piece based on data published by [53]. Moreover, we consider an average production capacity of 12,500 bricks in the campaign kiln, 32,500 pieces in the fixed kiln, 10,000 pieces in the horizontal multi-chamber kiln, and 7500 pieces in the MK2 type kiln [51]. We also consider an average of 15 batch burnings per kiln per year, which comes from the average number of burnings per year in brick kilns in 17 of the 33 Mexican states [51]. During the brick burning, the following fuels are used: wood (79%), oils and waste (8% each), and plastics (5%) [54]. This same consumption structure is considered for all kiln types and in the GHGs estimation. The investment and O&M costs of the brick kilns can be found in Table 2.



Regarding the use of firewood, around a third of the producers affirm that the firewood suppliers have a licence to exploit the resource, but most brick producers do not know the origin of their firewood [32,56]. Moreover, according to [49], there is a high probability that the artisanal brick industry may be a cause of deforestation in the surroundings of the production sites. Consequently, to calculate greenhouse compounds and greenhouse gas (CGHG) emissions from firewood, we assumed a non-renewability factor of 34% in the corresponding BS [57]. Therefore, the firewood consumption in the BS has a GHG emission factor different from zero (see Table S2 in the Supplementary Material).



	
Limekilns






These SMEs generate several by-products of lime: quicklime, slaked lime, hydrated lime, lime for specific uses (agricultural, metallurgical, steel and chemical), and other products based on non-metallic minerals (dolomite and calcium carbonate) [46]. Lime is produced by calcination of limestone and/or ground dolomite, by direct exposure to fire in ovens for 18 h at a temperature between 1600 °C and 1700 °C; at this stage, rocks subjected to calcination emit CO2 and produce calcium oxide [58,59,60].



From the information processing of 27 limekilns that reported their process fuel consumption in their Annual Operation Cards of the Ministry of the Environment and Natural Resources, we obtained a specific consumption of 2.1 GJ per ton of lime in the calcination process.



We also obtained an average share of fuels in which dry gas represents 75%, fuel oil 6%, petroleum coke 9%, and diesel and LPG with less than 1% [46]. We use this share to estimate this niche’s energy demand and GHG emissions. Therefore, for our estimate of the baseline energy requirements of this industrial niche, both the specific consumption and the fuel consumption structure are considered to remain the same in the prospective period to estimate the baseline energy requirements of this industrial niche.



	
Artisanal Mezcal






These SMEs produce mezcal, artisanal mezcal well-known distilled alcoholic beverage made from a variety of agave cacti; it can be either, artisanal mezcal or ancestral mezcal, depending on the degree of modernization of the manufacturing process and the variety of agave used [61]. The agave hearts (obtained after cutting off the outer thorny leaves) are cooked in stone ovens for three days, in which they absorb earth, wood, and smoke flavours. The cooked agave hearts are then crushed, combined with water, and allowed to ferment; then, a distillation process is carried out by boiling the mixture allowing alcohols to vaporize and subsequently condensed. In this niche, we consider two distillations to obtain the final product [62]. To estimate the energy demand of this niche, we made the following assumptions: specific consumption of 10 kg of firewood to produce 1 litre of mezcal [63], calorific value of firewood of 14.49 GJ/t [64], and mezcal production quantified in litres according to [48]. The firewood used for the cooking and distillation processes is purchased or collected from forest land, which lacks a sustainability certificate for its use [65], therefore, we used a non-renewability factor of 34% in the BS to calculate GHG emissions from firewood [57].



	
Dairy products






Micro, small and medium-sized dairy companies process milk and produce artisanal cheeses [46]. In order to eliminate pathogens, pasteurisation is performed by heating milk up to 63 °C for 30 min (low pasteurization) or 72 °C for 15 s (average pasteurization) [66]. In addition, heat is needed in this niche for cheese manufacture by heating milk to a temperature higher than 70 °C for whey separation [67]. Both heating processes are generally performed with a burner fuelled by LPG [46]; therefore, we consider LPG for the BS’s energy and GHG emissions calculations. According to [68] are two types of dairy plants, simple and complex; depending on their modernization degree, they represent 94% and 6% of the total number of dairy plants, respectively. We are assuming the same structure during all the prospective periods. Table 3 shows the specific consumption values for this niche, which we assume are constant in the prospective period.



	
Craft breweries:






According to the Mexican Association of Craft Brewers, there are currently 939 craft breweries that produce a range of craft beer varieties. Inputs commonly used for the production of craft beer are water, malted grain (barley, rice, corn), hops, and yeast, which generate large amounts of spent grain as a by-product [69,70] with a moisture content that ranges between 50 and 80% [70]. Heat is needed to keep wort at a temperature between 65 and 68 °C for 45 to 60 min in the mashing process, and later, more heat is needed to keep wort at boiling point (100 °C) for 60 to 90 min in the brewing process [71]. We estimated the specific energy consumption of 170.56 MJ/hl of craft beer based on the energy consumption of the national beer industry [37].



To estimate the energy requirements of craft breweries and their corresponding GHG emissions in the BS, we chose as reference fuels those most frequently used in the large brewing industry, which have the following shares: LPG 62.16%, dry gas 28.07%, fuel oil 9.41% and diesel 0.36% [37]. Although the annual production of craft breweries is less than 2000 hl, we assumed that the fuel consumption of traditional breweries has the same shares.




6. Construction of the Alternative Scenario


We built an alternative scenario based on the assumption of sustainable production and use of SBFs, considering that the fabrication of SBFs is sustainable due to residual biomass reuse, and that this biomass originally comes from agricultural and forestry activities in rural areas. Furthermore, we assume the same production levels as the BS, evaluating fuel substitutions and adjustments of end-use technologies.



In the niche of brick kilns, we propose replacing campaign traditional type kilns and fixed kilns with MK2 type kilns, which have much lower specific energy consumption. We propose a complete substitution by the year 2036. Furthermore, we assume that all needed SBFs in this niche will be residual, so all CO2 emissions are considered neutral. Additionally, after the year 2036, we will stop burning plastics and other hydrocarbons in all brick kilns. Assuming an average annual MK2 kilns diffusion rate of 8.1% by 2036, there will be 36,611 new MK2 kilns.



In the limekilns niche, we propose replacing current fossil fuels with wood pellets fabricated with forestry residues and burned in existing boilers [72]. We consider a calorific value for wood pellets of 17 GJ/t [73], and an average annual pellet diffusion rate of 14.5% starting in 2020. Furthermore, we suppose that after 2030 no more fuel oil will be used, and after 2036 neither will petroleum. Therefore, we assume that after 2036, only dry gas and residual wood pellets are consumed along with the pellets up to 2050. We are planning to stop using fuel oil by 2030 and petroleum coke by 2036 so that only dry gas will be consumed together with wood pellets by 2050; however, after 2036, dry gas will continue to be replaced until its share decreases to 0.1% by the end of the period.



In artisanal mezcal factories, we propose to replace a proportional part of the firewood used in the agave heart cooking and the mezcal distillation processes with briquettes from agave bagasse using existing boilers. To produce a litre of mezcal would be needed 15 to 20 kg on a wet basis, considering that the briquettes are impregnated with alcohols that can increase its efficiency when used as fuel [74]. We suggest that all firewood used should come from forest residues, then we can consider its emissions to be carbon neutral. In addition, we are proposing a model where briquettes production involves a third party collecting, processing, making the briquettes, and selling them at a preferential price to the mezcal factory [75]. Moreover, we assume that 17 GJ/t is the calorific value of agave bagasse briquettes [76], and aim an annual fuelwood substitution rate of 17.8% from 2019 to 2050.



The use of pellets from forest residues to replace LPG in dairy companies is suggested, considering a calorific value of wood waste pellets of 17.5 GJ/t [64]. Our prospective scenario put forward the introduction of pellets in 2019 with a replacement AAGR of 18.2% up to 2050. His fuel substitution implies a technological replacement of LPG gas boilers to pellet-based boilers [68]. At the end of the period, we expect the installation of 1591 biomass-based boilers in this niche.



In the craft breweries niche, our scenario proposes to use its more voluminous by-product, the spent grain [77], as an alternative fuel to replace fossil fuels [77,78]. Following [79], we assume that for every 100 L of beer, we will have 20 kg of spent barley grain. Furthermore, to densify the spent grain, we consider its conversion into pellets [70]. According to [70], these pellets have a moisture content between 15% and 25% and a calorific value of 13.7 MJ/kg; we consider introducing. the spent grain pellets will in 2020 with a replacement AAGR of 15.5% up to 2050. As in the mezcal niche, we suggest a business model for producing pellets that involves a third party collecting, processing, making the spent grain pellets, and selling them at a preferential price to the craft brewery.



The scenario also takes into consideration the following assumptions. First, the installation of 179 SBF-based boilers in breweries that currently have similar devices or whose production capacities make their implementation possible. Second, the biomass-based boilers for the dairy and craft beer niches have an efficiency of 93%, a 30 years lifetime, a biomass consumption of 12 kg/h, a boiler investment cost of 2070 USD, and an O&M cost of 103.5 USD [80].



Table 4 presents the characteristics of the SBFs utilization options by niche in the industrial sector.




7. Results


7.1. Energy and Environmental Results of the Baseline Scenario (BS)


According to the results obtained, the energy demand in the BS of the studied niches of the industrial sector will grow at an AAGR of 2.9%, going from 6164 TJ in 2018 to 15,310 TJ in 2050 (See Figure 1). This result emphasizes that LPG energy demand increases an AAGR 5.7%, followed by diesel that grows 4.1%, fuel oil, petroleum coke, and dry gas will grow 4.0%. In contrast, firewood grows only 2.1%, while consumption of waste oils, plastics, and other energy will decrease at an annual rate of 1.4%.



In the energy consumption structure in 2050, firewood will contribute 40.1%, dry gas with 36.7%, LPG with 8.1%, fuel oil with 8.0%, petroleum coke 4.3%, oils and other energy sources 1.0%, plastics 0.6% and 0.1% diesel.



Based on the estimated trends in energy consumption, the total CGHG emissions in 2050 could be 1.9 times higher than those emitted in 2018, going from 0.49 MtCO2e to 0.93 MtCO2e; this increase is related to a significant rise in fossil fuels consumption and continuing firewood consumption levels with a non-renewability factor of 34% (Figure 2).




7.2. Energy and Environmental Results of the Alternative Scenario (AS)


Figure 3 shows the energy consumption in the AS, established at 14,666 TJ by the year 2050, which represents 4.2% less energy consumption compared to the BS for that same year. However, the energy consumption structure changes significantly in 2050: renewable wood 30.9%, pellets 21.4%, briquettes of agave 9.4%, and pellets of spent barley grain 0.3%. While in fossil fuels consumption, dry gas represents 32.7%, followed by LPG and diesel with 5.3% and 0.1%, respectively. As a result, the AS presents a cumulative consumption of 177,884 TJ of SBFs and 113,387 TJ of fossil fuels representing a 32% decrease in fossil fuel consumption compared to the BS.



It is worth mentioning that in brick kilns SMEs, there was a reduction in energy consumption of 18,330 TJ, especially firewood, throughout the period, due to replacing traditional kilns with more efficient technologies, which represents a decrease of 22% compared to BS. In contrast, in limekilns SMEs, the fossil energy consumption is reduced by 36,505 TJ, which means a 28% fossil fuels decrease related to the BS, while in the SMEs of artisanal mezcal, the avoided consumption of fossil fuels is 15,027 TJ, which means a reduction of 19% compared to the BS. Finally, in craft breweries SMEs, the avoided consumption of fossil fuels is 4481 TJ, representing a 26% reduction compared to the BS, and finally, dairy SMEs avoid fossil fuels consumption by 536 TJ, representing 15% compared to the BS of the niche.



Figure 4 shows the evolution of emissions CGHG in the AS in the period 2018–2050, where CGHG emissions from plastics, litter, diesel, fuel oil, petroleum coke, and waste oils cease around the year 2036; however, dry gas and natural gas emissions continue to grow to reach around 0.32 MtCO2e by 2050. Thus, the AS presents cumulative CGHG emissions of 6.78 MtCO2e, representing a reduction of 62.7% of the emissions of the BS.



As presented in Table 5, in global terms, the five mitigation options considered have a cumulative mitigation potential of 13.88 MtCO2e, representing a reduction of 62.7% compared to the total cumulative emissions in the base scenario during the analysis period. Our results show that heat production in brick kilns, limekilns, and mezcal factories contribute to this reduction with 37.6%, 13.7%, and 14.4%, respectively, and steam production in the dairy and craft beer industry 1.4% and 0.2%, respectively.




7.3. Economic Results by Industrial SME Niche


Table 6 shows the economic results of every studied SMEs niche. In three niches, there are economic benefits; these are dairy, beer, and artisanal mezcal. The cost-benefit of dairy is −4.05 million USD (MUSD from now on) as a consequence of the low investment cost of biomass boilers (0.21 MUSD) and the significant savings in fossil fuels (−4.25 MUSD), which means a negative mitigation cost (−14.30 USD/tCO2e). The cost-benefit of craft breweries is negative (−0.46 MUSD) due to the low investment cost of biomass boilers (0.06 MUSD) and the significant savings in fossil fuels (−0.46 MUSD), which represents a negative mitigation cost (−10.68 USD/tCO2e). Finally, the cost-benefit of artisanal mezcal is also negative (−2.89 million USD) and equal to fossil fuel savings, allowing a negative mitigation cost, i.e., a benefit (−0.98 USD/tCO2e).



In contrast, two niches show a positive cost-benefit and subsequently a mitigation cost; these are brick and limekilns. The cost-benefit of the brick industry niche is 77.59 MUSD due to the high investment cost of efficient kilns (83.25 MUSD) related to the savings in O&M and fuels, mainly firewood, equal to −5.66 MUSD, which results in a mitigation cost of 9.99 USD/tCO2e. Similarly, the cost-benefit of the limekilns niche is 55.90 MUSD, this time due to the high cost of biofuels in comparison to fossil fuels in the BS, which represents a mitigation cost of 19.74 USD/tCO2e.



In Figure 5, the X-axis represents the total emission mitigation potential. In the Y-axis, the mitigation cost, three niches show a negative mitigation cost, but with relatively low mitigation potentials and two niches present positive mitigation costs, although with high mitigation potentials. First, observe that the niche that mitigates the most emissions is the brick industry with 7.77 MtCO2e with a positive mitigation cost of 9.99 USD/tCO2e second is the artisanal mezcal niche that has a lower mitigation potential of 2.97 MtCO2e, but a favourable mitigation cost of −0.98 USD/tCO2e. Third, we find the limekilns niche mitigation potential is 2.83 MtCO2e, but with a positive mitigation cost of 19.74 USD/tCO2e; fourth the dairy niche with a potential of 0.28 MtCO2e and a negative mitigation cost of −14.30 USD/tCO2e and, fifth, the craft beer niche with a small mitigation potential of 0.04 MtCO2e and a convenient mitigation cost of −10.68 USD/tCO2e.



From the above, we infer that it would be reasonable to start mitigation actions by implementing quickly through adequate regulation and standards. First, using SBFs in niches that present negative mitigation costs (artisanal mezcal, dairy products, and craft breweries). In addition, establish in parallel and progressively, incentives and adequate financing policies to accelerate SBFs’ use in niches that have positive mitigation costs (lime and brick kilns) but that have significant mitigation potential.





8. Conclusions


We propose an alternative scenario considering SBFs utilization in SMEs in the Mexican industrial sector, which promotes the diversification of the Mexican energy matrix with existing biomass inputs not previously valorised. In this study, we present the analysis and results of the implementation of SBFs made from agricultural and forest biomass residues as inputs in SMEs. Thus, we provide an option to convert residues into green businesses to mitigate climate change and show the possibility of modernizing the SMEs with technology and sustainable energy inputs that allow them greater efficiency. In the case of the brick-making niche, for example, a decrease in energy consumption is generated due to the replacement of traditional kilns by modern and efficient MK2 kilns, allowing firewood to be used more efficiently in addition to harnessing renewable firewood that substitutes non-sustainable firewood, always associated with a non-renewability factor. SBFs also allow for an energy diversification that enables fossil fuel substitution and reduces price and supply risks in the energy portfolio of the studied niches. Thus, in the limekilns niche, we propose the total substitution of fuel oil and petroleum coke and partial substitution of diesel, LPG, and dry gas by wood pellets.



Furthermore, we consider installing SBF boilers (pellets) instead of LPG boilers in the dairy and craft beer niches. Specifically, in the dairy factories niche, we propose a partial LPG substitution by wood pellets, and in the craft breweries niche, we suggest a total substitution of diesel and fuel oil, and partial substitution of LPG, by spent barley grain pellets. Additionally, we suggest discontinuing fossil fuels in the brick kilns niche, eliminating waste oils, plastics, and solid waste for energy purposes. Finally, in the artisanal mezcal niche, we propose a partial substitution of traditional firewood consumption by agave bagasse briquettes, interchanging traditional firewood with a modern SBFs.



The niches that mitigate the most emissions are the brick kilns niche (7.77 MtCO2e) and the limekilns niche (2.83 MtCO2e). However, their costs are higher than their benefits due to the relatively high costs of MK2 technology, and pellets, respectively; therefore, we suggest that adequate ecological and financial incentives are required to implement them. In contrast, the niches with negative mitigation costs are the artisanal mezcal niche (with a high mitigation potential of 2.97 MtCO2e) and the dairy and craft beer niches (that mitigate less, 0.28 MtCO2e and 0.04 MtCO2e, respectively). Moreover, their negative mitigation costs (originated from fossil fuels avoided cost) make them easier to implement through regulatory measures and adequate standards established for sustainable production and uses.



Finally, the proposal to use commercial SBFs (pellets, briquettes, and sustainable firewood) contributes to generating formal markets with adequate distribution channels to supply the analysed industrial niches. This proposal also encourages the creation of green jobs in agricultural and forestry areas and give value to inputs that have not been valued until now, such as spent barley grain, agave bagasse, and residual firewood generated in situ in rural and forestry areas; their valorisation also contributes to social development.
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Figure 1. Energy consumption per fuel in the baseline scenario BS in Mexico’s studied industrial SBFs niches from 2018–2050. Source: Own elaboration. 
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Figure 2. CGHG Emissions fuel in the BS of the studied niches of SBFs in the Mexican industrial sector, 2018–2050. * Firewood with a non-renewability factor of 34% [57]. Source: Own elaboration. 






Figure 2. CGHG Emissions fuel in the BS of the studied niches of SBFs in the Mexican industrial sector, 2018–2050. * Firewood with a non-renewability factor of 34% [57]. Source: Own elaboration.



[image: Energies 14 06560 g002]







[image: Energies 14 06560 g003 550] 





Figure 3. Energy consumption per fuel in the alternative scenario AS in Mexico’s studied industrial SBFs niches from 2018–2050. ** Renewable residual firewood. Source: Own elaboration. 
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Figure 4. CGHG emissions fuel in the Stage Alternative niches of SBFs studied in the Mexican industrial sector, 201 in August -2050. Source: Own elaboration. 
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Figure 5. Mitigation costs and avoided emissions by each industrial SMEs niche during the 2018–2050 period. Source: Own elaboration. 
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Table 1. Activity levels, production, units, AAGR, and information sources in the prospective period 2019–2050. Data needed for BSs construction of studied niches.
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Niche

	
Activity Level

	
Production (2018)

	
Units

	
AAGR

(2018–2050)

	
Information Source for 2018 Data and Historical Trends from AAGR






	
Brick kilns

	
Bricks production and others

	
225,923

	
Thousand pieces

	
−1.3%

	
[44]




	
Limekilns

	
Lime production

	
970,515

	
tons

	
2.1%

	
[44]




	
Dairy companies

	
Industrialized milk production

	
30,193

	
thousand litres

	
−2.9%

	
[44]




	
Dairy products (cheeses) production

	
55,519

	
tons

	
6.0%

	
[44]




	
Craft breweries

	
Craft beer production

	
189,250

	
hectolitres

	
2.9%

	
[45]




	
Artisanal Mezcal

	
Mezcal production

	
5089

	
thousand litres

	
5.9%

	
[46]








Source: Own elaboration.
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Table 2. Economic assumptions of brick kilns.
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Kiln

	
Concept

	
Year

	
Cost

	
Units

	
Reference






	
MK2

	
Investment

	
2012

	
10,700.00

	
USD

	
[55]




	
Operation

	
2018

	
5.04

	
USD/Thousand

	
[49]




	
Maintenance

	
2018

	
0.06

	
USD/Thousand

	
[49]




	
Traditional

	
Investment

	
2018

	
72,067.90

	
USD

	
[49]




	
Operation

	
2018

	
5.04

	
USD/Thousand

	
[49]




	
Maintenance

	
2018

	
0.30

	
USD/Thousand

	
[49]




	
Horizontal multi-chamber

	
Investment

	
2018

	
120,113.16

	
USD

	
[49]




	
Operation

	
2018

	
52.83

	
USD/Thousand

	
[49]




	
Maintenance

	
2018

	
0.50

	
USD/Thousand

	
[49]








Source: Own elaboration from references data.
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Table 3. Specific consumption for two types of plants in the SMEs niche of the dairy industry.
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Guy

	
Process

	
Indicator

	
Reference






	
Simple plants

	
Pasteurization

	
180 MJ/t of processed milk

	
[68]




	
Cheese and yogurt production

	
180 MJ/t of processed cheese

	
[68]




	
Complex plants

	
Pasteurization

	
250 MJ/t of processed milk

	
[68]




	
Cheese and yogurt production

	
450 MJ/t of processed cheese

	
[68]








Source: Own elaboration.
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Table 4. Characteristics of SBFs end-use options by niche.
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Niche

	
End-Use

	
Process

	
Biomass Inputs

	
SBFs Shape

	
Technology






	
Brick kilns

	
Heat

generation

	
Brick firing

	
Forest residues

	
Firewood

	
MK2 oven




	
Limekilns

	
Calcination

	
Forest residues

	
Pellets

	
Conventional boilers




	
Artisanal mezcal

	
Pineapple cooking

Distillation

	
Agave bagasse

	
Briquettes

	
Conventional oven




	
Dairy products

	
Steam

generation

	
Pasteurization

Process heat

	
Forest residues

	
Pellets

	
Biomass boiler




	
Craft beer

	
Maceration

Wort boiling

Sterilization and cleaning

	
Spent barley grain

	
Pellets

	
Biomass boiler








Source: Own elaboration.
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Table 5. Energy and environmental results of the studied niches of the Mexican industrial sector.
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Niche

	
Fossil Energy Avoided

	
Accumulated Avoided Fossil Energy

	
CGHG Avoided Emissions in

	
Cumulative Avoided CGHG Emissions

	
Emissions Avoided Compared to BS




	
2050

	
2018–2050

	
2050

	
2018–2050

	
2018–2050




	
(TJ)

	
(TJ)

	
(MtCO2e)

	
(MtCO2e)

	
%






	
Brick kilns

	
644.7

	
18,330.6

	
0.10

	
7.77

	
37.6%




	
Limekilns

	
2694.7

	
36,505.1

	
0.20

	
2.83

	
13.7%




	
Artisanal Mezcal *

	
1373.0

	
15,027.4

	
0.17

	
2.97

	
14.4%




	
Dairy products

	
442.5

	
535.8

	
0.03

	
0.28

	
1.4%




	
Craft breweries

	
49.8

	
4481.4

	
0.003

	
0.04

	
0.2%




	
Total

	
5204.7

	
74,880.3

	
0.51

	
13.88

	
67.2%








* Considering firewood with a 100% renewability factor. Source: Own elaboration.
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Table 6. Cost-Benefit and Mitigation Cost at studied SMEs niches of the Mexican industrial sector.
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Niche

	
Investment

	
O&M

	
Fuel

	
Cost-Benefit

	
Mitigation Cost




	
Million USD (MUSD)

	
USD/tCO2e






	
Brick kilns

	
83.25

	
−0.21

	
−5.46

	
77.59

	
9.99




	
Limekilns

	
-

	
-

	
55.90

	
55.90

	
19.74




	
Dairy products

	
0.21

	
-

	
−4.25

	
−4.05

	
−14.30




	
Craft breweries

	
0.06

	
-

	
−0.46

	
−0.40

	
−10.68




	
Artisanal mezcal

	
-

	
-

	
−2.89

	
−2.89

	
−0.98








Source: Own elaboration.
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