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Abstract

:

Hydrothermal carbonization makes it possible to transform lignocellulosic biomass into hydrochar, a carbon-rich material that can be used as fuel. Hydrochar has less calorific value than standard coal but generates less ashes during combustion. This study is a pre-feasibility analysis carried out to evaluate technically-economically and environmentally the use of hydrochar as fuel or co-fuel in thermal power plants in Chile. Until now there are no reports about it. The proposal of this work was to study the replacement of coal with a fuel that uses the same equipment and processes in power generation but with less air emission and with an economically profitable change. The results suggest that a plant with a supply of 104 t/h of bituminous coal could be replaced between 18 and 37 t/h of hydrochar, with a reduction of 8 and 27% in NOx and SO2 emissions, a reduction in 7 to 24% in ashes and a marginal increase in CO2 emission. The proposed use of hydrochar was economically profitable, with internal rates of return of up to 40% and with cash flows that reached USD 22 million.
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1. Introduction


The search for less polluting energy is a goal that everyone pursues. Chile’s environmental authorities aim to decarbonize the energy matrix by closing all thermal power plants in the country by 2040. For 2016, the energy matrix uses different technologies and fuels to produce electricity. In particular, the use of coal represents 22%, the second-largest, behind natural gas. In turn, the use of coal in thermal power plants is responsible for 44% of the raw electricity generation in the country [1]. However, the medium to short-term closure compromises 13,900 jobs [2]. One way to mitigate the polluting effect of thermal power plants and, at the same time, have a reduced impact on the transition to a less-polluting source than coal would be the use of hydrochar, either as fuel or co-fuel.



Hydrochar is produced through hydrothermal carbonization (HTC), a thermochemical treatment that transforms lignocellulosic biomass into carbon-rich products with multiple applications [3,4,5]. The process is carried out by immersing the biomass in water inside a closed reactor; the biomass-to-water ratio can range from 1:6 to 1:12 since water serves as the reaction medium. In addition, it is necessary to purge any oxygen that could be left inside the reactor; this is typically achieved by circulating nitrogen inside the reactor; the absence of oxygen is crucial so that the reaction intermediates are not oxidized and can follow the pathways leading to the formation of the final products. As for the operating parameters, this process occurs at relatively low temperatures, in the range of 180–350 °C, and under self-generated pressure conditions for times ranging from a few minutes to several hours [6,7,8], at these conditions, the water is in subcritical conditions and its properties as a solvent are improved and acts as a catalyst [9].



The subcritical conditions of the aqueous medium are essential. It allows the water to remain in a liquid state above 100 °C, increasing the viscosity coefficient as the viscosity of water decreases. In addition, the solubility of specific compounds increases, such as cellulose, alcohols and aldehydes, when they would not be under standard conditions. These conditions favor the reactions involved in the hydrothermal carbonization process [9,10].



The reaction mechanisms of the hydrothermal carbonization process are complex and involve many reactions. However, it is possible to establish a simplified reaction route, which is, namely [11,12]:




	
Hydrolysis. The cellulose is broken down into monosaccharides such as glucose or pentoses, while hemicellulose is dissociated into hexoses and other polysaccharides. Lignin is converted into different phenols.



	
Dehydration. Pentoses and hexoses form furfurals. In addition, hexose reacts to form organic acids. Moreover, just as the name implies, water molecules are also produced.



	
Aromatization. The furfurals converted into benzenes, mixing part of the organic acids and other furfurals, thus producing bio-crude.



	
Decarboxylation. In this reaction, organic acids are converted to carbon dioxide.



	
Polymerization. In this last reaction, the bio-crude condenses into a solid called hydrochar, releasing water molecules.








As mentioned, lignocellulosic biomass is used, which is composed of cellulose, hemicellulose, and lignin. The latter is essential because the higher the lignin composition, the more hydrophobic the biomass will be, and the hydrochar generated from it will have a higher calorific value. An hydrochar with high lignin content implies a high decomposition degree of the other constituents, which means a higher operating temperature of the process. Regarding temperature, hemicellulose decomposes from 180 °C, while cellulose does so at around 200 °C. For lignin, degradation occurs around 260 °C due to aromatic rings in its structure. Otherwise, temperatures close to 600 °C would be required if the biomass to be treated contains a large amount of lignin, as is usual with wood and its different derivatives [9,13,14]. Biomass can be obtained from agricultural, food, and wood wastes. Through the HTC process, it is possible to recirculate the carbon contained in these low-value wastes by potentially converting them into hydrochar, which can be used as fuel, among other applications (such as low-cost capacitors, heavy metal adsorbents, among others) [15].



This study aims to evaluate the technical-economic and environmental pre-feasibility of implementing hydrochar as a substitute fuel, or at least as co-fuel, in thermal power plants in Chile. Until this study, there are no reports about the implementation of HTC in this country for this purpose.




2. Materials and Methods


This study applied the following stages sequentially to carry out the technical-economic and environmental pre-feasibility assessment.



2.1. Thermal Power Plant Selection


The selection of the power plant was based on the following criteria.



	
Gaseous emissions. Mainly CO2. The higher the emissions, the more significant contribution to environmental pollution, especially to global warming.



	
Size of the plants. A larger capacity plant implies a larger investment capacity in a project.



	
Deadline. All thermal power plants will close by 2040 [2], but some will close earlier; therefore, a later closing date would be a greater incentive to solve the problems they cause to the environment without having to close their facilities.







2.2. Biomass Selection


The biomass selection was based, first, on the types of biomasses available close to the power plant location. Then, analogously to the previous stage, a series of criteria were used.



	
Annual production. The higher the production, the higher the availability of raw material, and the higher the hydrochar production capacity.



	
Calorific value. The properties of hydrochar will depend on the biomass used, so not all hydrochar will have the same properties [7,8].



	
Residence time. Since HTC uses batch-type reactors, it is a discontinuous process, so reactor systems that work in parallel will be required to give continuity to it; thus, at shorter residence time, less quantity of necessary equipment, in consequence, lower associated costs.



	
Water requirement. In the HTC process, an aqueous medium is required, whose amount of water varies in literature [16,17], which depends on the biomass used. The lower the water requirements, the more convenient it is to select one raw material, considering its importance and value.



	
Operating temperature. The lower the operation temperature, the lower the operating costs associated with the HTC process.



	
Mass yield. This variable depends on the type of hydrochar obtained from one biomass or other [16,17].







2.3. Study Cases Construction


After selecting the thermal power plant and the biomass as input, five hypothetical cases were built where hydrochar could totally or partially replace the coal feed of the previously chosen thermal power plant.




2.4. Plant and Equipment Design


Subsequently, the unit operations to be carried out in a hydrochar production plant attached to the thermal power plant were defined. The stages considered were the pretreatment of the biomass passing through a grinder to homogenize its particle size, to a mixer to mix it with the process water; the batch reactor system to produce the hydrochar, and even to go through cooling, washing, filtration, drying and pelletizing as posttreatment, as illustrated in the block diagram of Figure 1.



Then, the equipment that will carry out such unit operations were chosen, creating the flowsheet in the next step. Finally, having a flowsheet of the plant, the material and energy balances were carried out both for the plant and for each equipment, to design each of them and define the requirements of raw material, process water, cooling water, and electricity, among others.




2.5. Economic Analysis


At this stage, quotations were made to determine the prices of each equipment and thus obtain the total equipment cost. Subsequently, the total investment cost was estimated by the Lang-Chilton method [18], which considers the following items shown in Table A1. Then, the total cost of production was obtained from estimating the costs [18] of the items shown in Table A2.



Then, the total operating cost (COperation cost), which depends on electricity consumption in the HTC plant (CElectricity), was estimated with the Equation (1) [19]:


   C  Operation   cost   = 65.88   ·    C Electricity   



(1)







The electricity consumption in an HTC plant (CElectricity) in function to coal feed (FProduct), was calculated according to Equation (2) [20]:


   C Electricity  = 1.85   ·    F Product   



(2)







All the above is necessary to build the cash flow for each case, projecting a valuable lifetime of 20 years. The following profitability indexes were used to determine the profitability by case:




	
Net Present Value (NPV).



	
The Internal Rate of Return (IRR) is fixed at 20%.








Thus, with an NPV greater than zero and with an IRR equal to or greater than the Minimum Attractive Rate of Return (MARR), it was considered whether a case is profitable or not.



At the end of the economic analysis, a sensitivity analysis was conducted. It was obtained by performing different cash flows in which energy sale price varies percentagewise between −3.2% and 10%.




2.6. Emission Analysis


The following procedure was carried out to determine the emission factors of both coal and hydrochar and in this way, obtain the emissions generated in each proposed case.



2.6.1. Power Plant Emission Factors


First, the emission factors (E/FC) of CO2, SO2, NOx, the ash production (A/FC) were determined. Next, the raw energy produced by the use of bituminous coal in the power plant (E/F) was estimated using the hourly data declared for the year 2019 on the page of the “National Environmental Enforcement Information System” (Snifa, in Spanish) [21], after having discarded the atypical data in these, the Equations (3) and (4) were used and subsequently an average value of these values was obtained.


   E / F =     Raw   Energy   Produced     Flow   of   Coal     



(3)






  E /   FC  i   =     Emission   of   compound   i     Flow   of   Coal     



(4)







Subsequently, the energy efficiency of the power plant (EET) was determined by the higher heating value of coal and the energy generated per flow of coal previously mentioned using Equation (5).


   EET   ( % ) =     E / F     HHV   Coal     · 100   



(5)








2.6.2. Hydrochar Emission Factors


The hydrochar emission factors were estimated by using the atomic composition percentages on a dry weight basis of the hydrochar from waste eucalyptus bark (PH i) [16], the atomic weights of C (PM C), N (PM N) y S (PM S), the molecular weights of CO2 (PM CO2), NO2 (PM NO2), SO2 (PM SO2) and the percentage of ash in the hydrochar. Then, Equations (6)–(9) were applied to determine the emission factors per flow of hydrochar supplied of CO2 (E/FH CO2), NO2 (E/FH NO2), SO2 (E/FH SO2), and the ash production (A/FH). These equations assume that all the C, N, and S contained in the hydrochar will be converted to CO2, NO2, and SO2, respectively, during combustion.


   A / FH =       Weight   percentage   in   dry   basis   of   ash   in   the   hydrochar    100    



(6)






      E / FH   CO   2   = ( 1    −    A / FH ) ·     PH   C    100   ·      PM   CO   2     PM   C       



(7)






      E / FH   NO   2   = ( 1    −    A / FH ) ·     PH   N    100   ·      PM   NO   2     PM   N       



(8)






      E / FH   SO   2   = ( 1    −    A   / FH ) ·     PH   S    100   ·      PM   SO   2     PM   S       



(9)








2.6.3. Flow of Coal and Hydrochar for Each Case


In each of the study cases, the amount of energy produced by the power plant must be the same. Therefore, the carbon flow for each case (FCj) should be calculated based on the amount of hydrochar replaced (FHj). The amount of energy the hydrochar (EPHj) provides is calculated based on its HHV and the energy efficiency reported by the power plant (EET). Then, the average amount of energy generated by the coal (    EC  ¯   ) was calculated based on the average flow of this (    FC  ¯   ) and the average of the raw amount of energy produced per unit mass of coal (    E / F  ¯   ), based on the information reported in the regular operation of the power plant. Finally, the coal flow in each case will be given by the fraction of energy that the coal must deliver. These calculations were made using Equations (10)–(12).


    EPH  j   =      FH  j  ·    HHV    3600   · EET  



(10)






    EC  ¯   =    FC  ¯    ·   E / F  ¯   



(11)






    FC  j   =      EC  ¯  −      EPH   j      EC  ¯      ·   FC  ¯   



(12)








2.6.4. Emissions Produced in Each Case


Having determined the emission factors and the carbon flow in each stage, it proceeded with the calculation of the total emissions in each stage (TEi,j) using the Equation (13):


    TE   i , j    = E  /   FH  i  ·      FH   j       + FC   j  ·    E  /   FC  i   



(13)








2.6.5. Emissions Reduction Percentage for Each Case


Using the total emissions of each stage (TEi,j), the percentage reduction of emissions in each stage (RPEi,j) was calculated concerning the average emissions generated by the coal used initially in the thermal power plant, this being calculated using the Equation (14):


    RPE   i , j    =   (   1    −     TE   i , j       FC  j    ·    E  /   FC  i       )  · 100  



(14)










3. Results


The results of the technical-economic and environmental evaluation of hydrochar as a potential substitute for coal in thermal power plants are presented below.



3.1. Thermal Power Plant Selection


The database between 2019 and 2020 of The Environment Superintendency of Chile [21] was analyzed to compare the gaseous emissions, plant size and deadline of the 28 thermal power plants. Table 1 summarizes the average raw electricity production (MW), the CO2, SO2, and NOx emissions (t/h), in which the average and maximum values are indicated for each.



As can be seen in Figure 2, the Santa María de Colbún thermal power plant is in Coronel, Bío-Bío Region, in the south of Chile. It is the largest in the country and the one with the highest emissions of polluting gases. In addition, it does not have an upcoming closing date, so it is chosen as the object of this study.




3.2. Biomass


The biomasses available were agricultural and forest residues since these by-products are two of the most critical industries in the study area.



The potential of biomass from forest residues was reviewed based on a 2018 study on the potential of forest biomass carried out by the Ministry of Energy of Chile, while that of agricultural residues, based on a regional report by VIII region of 2018 by the Ministry of Agriculture of Chile.



The parameters mentioned in the literature were considered regarding the characteristics of hydrochar produced from forest and agricultural residues [10,16,22,23].



Table 2 compares both biomasses and the criteria described in Section 2.2.



In principle, both biomasses have their pros and cons; however, taking into consideration how valuable the water resource is and the need to convert a discontinuous process into a continuous one with a batch reactor system working in parallel, it was decided to use forest residues as the biomass for the HTC process.




3.3. Case Construction


As mentioned in the previous section, the amount of forest residues estimated in 2019 was 5,242,169 m3 at the national level. Only in the Bío-Bío region, 1,959,646 m3 of these residues were produced, equivalent to 37.4% of the total at the national level [22].



Assuming that the average density of the wood is 400 kg/m3, it implies that approximately 2,096,867 and 783,858.4 t were produced yearly at the national level and in the Bío-Bío region, respectively. For this region, it is equivalent to a mass flow rate of 89,482 kg/h. In addition, considering a yield of 41.2% of hydrochar and that the bituminous carbon feed-in Santa María de Colbún was an average of 102 t/h for 2020, the following cases (see Table 3) are reached based on the partial replacement of the fuel supplied in the selected thermal power plant. As a consideration, for each case, the total energy produced by the plant must be equal to what it currently produces.




3.4. Flowsheet of the Plant, Equipment Design and Plant Requirements


The batch reactors were proposed to obtain the hydrochar from forest residues. This equipment is usually used to control the temperature and pressure of the process. Furthermore, to give it continuity, a system made up of units that work in parallel was used. A flashing tower was considered since hydrothermal carbonization reaches pressures well above atmospheric, in addition to the fact that a part of the water will evaporate and be recirculated after condensation and cooling. Next, a tank gives continuity to the posttreatment part of the process. Meanwhile, given the transfer area requirements, tube and shell heat exchangers were used for all cases, and the water used for cooling was reused thanks to the cooling towers. Finally, the filter and dryer were considered a rotary type because they allow continuity of the process with little equipment.



Based on the block diagram in Section 2.4, the flowsheet (Figure 3) was designed in which the different one or multiple units will be found working in parallel; such is the reactor case.



The equipment chosen for each operation is summarized in Table 4.



The pretreatment equipment corresponds to a system of shredders that will make it possible to homogenize the particle size of the incoming biomass (F1). At the same time, the mixers will do their job by mixing what comes out of the shredders (F2), a stream of fresh water (F3) and a water recirculation stream from a recovery zone made up of condensers, which will make it possible to recover a flow of liquid water from the flash tower from F14, by two systems of heat exchangers that will reduce its temperature from 124.7 to 80 °C and 80 °C to 30 °C. In contrast, the three cooling towers will decrease the temperature of the cooling water currents of the exchangers and condensers through the use of dry air.



The stream F4 will carry a mixture of biomass and water in the ratio of 1:10 that will feed the reactor system. Then HTC reaction occurs at 240 °C for 0.5 h. The gaseous product phase (which contains mainly CO2 and traces of methane) goes through F13 and the other products (hydrochar, water and water-soluble compounds) goes through F5. The flash tower allows the mixture to pass from 4.4 MPa to atmospheric pressure, which, as previously said, a stream of water vapor will pass through F14, which recovered as liquid water due to the decrease in pressure, and which is intended to be recirculated.



Then, F6, composed of hydrochar, water and soluble substances, passes through a tank and a heat exchanger to reduce the mixture temperature from 124.7 to 80 °C so that it can operate in the following stages without problems. In this posttreatment stage, there will also be a cooling tower that will reduce the temperature of the process water used by the heat exchangers.



Subsequently, from F8, the cooled hydrochar, water, and soluble mixture will come out, which will reach the rotary filter system to be able to separate the product of interest from the rest of the components of the mixture and reach the drying system, made up of rotary dryers that will eliminate most of the moisture contained in the hydrochar, from 10% to 1%, to enter the pelletizers from F10 and the refined product to exit from F11. The water with the soluble compounds and moisture contained by the hydrochar come out through F19 and F18, respectively.



Finally, the plant requirements for each case, obtained in the mass and energy balances, are summarized in Table 5.




3.5. Equipment Cost, Total Investment Cost, Total Product Cost and Profitability


Table 6 shows the total equipment cost and the total investment cost by the Lang-Chilton method for each case.,



As expected, as the percentage of fuel replacement by hydrochar increases, the total investment also increases.



In Table 7, the total cost of the product is shown for each case. It should be noted that, in the energy requirements, it was assumed that the same thermal power plant would supply energy to its attached hydrochar plant.



It should be noted that as the plant that produces the hydrochar grows in capacity, the costs per kg of product decrease considerably.



Finally, Table 8 summarizes the cash flows for each case, considering a lifespan of 20 years, a tax rate of 27%, financing of 50% and a MARR of 20%.




3.6. Sensitivity Analysis of the Electricity’s Sale Price at the Local Level


The selling price used for previous estimates was 0.217 USD/kWh. Thus, for the sensitivity analysis, variations were made based on said value with percentage increases and decreases until the case with the highest profitability ceased to be profitable and until the worst possible case became profitable.



Table 9 shows the variation of the NPV for each case based on the variations in the sale price of electricity.



Table 10 shows how the IRR varies depending on the variations in the electricity sale price for each case.



To become profitable, a variation greater than +4% is required for case 5, whose capacity is 11 t/h of hydrochar. On the other hand, a variation of −3.1% in the sale price of electricity causes that case 1, which has a capacity of 37 t/h of hydrochar, to become unprofitable.




3.7. Data of Thermal Power Plant and Emission Factors


The emission factors of coal, its ash production, its energy per mass of coal supplied and its energy efficiency were obtained considering the data available from the thermal plant. It is presented in Table 11.



Assuming the coal emission factors just presented, Table 12 shows the flows were considered as the normal operating condition of the thermal power plant.



The data used to determine the hydrochar emission factors are presented in the Table 13 [16].



The emission factors for the selected hydrochar and its ash production were determined by using the data from Table 13 which are presented in Table 14.



The higher heating value of the selected hydrochar (Table 14) and the original energy production of the thermal power plant previously presented in Table 12, the coal flow and emissions were determined in each case considering the emission factors presented in this section. It is presented below in Table 15.




3.8. Percentage of Emissions Reductions


The emission reduction percentages (ERP) in each case are presented below in Table 16. A reduction in ash production was observed. A similar trend was obtained in all the emissions, except for the emission of CO2, which shows a slight increase.





4. Discussion


The technical-economic results show a linear trend regarding hydrochar production, as evidenced in Figure 4, which shows two graphs. The first graph (a) shows how the total investment cost behaves concerning the capacity to produce hydrochar, while the second graph (b) shows how the total production cost behaves. In both cases, there is a proportional relationship between hydrochar production and the total investment and production costs.



This can be attributed to the fact that, even when the amount of equipment in the HTC plant changes non-linearly between the 5 cases studied with some equipment, the total capacities arithmetically increase as hydrochar production does.



The NPV of the 5 cases is expected to exhibit a similar behavior considering that it depends directly on total investment and production costs, which is evidenced in Figure 5. The first graph (a) in this figure shows such expected behavior. However, the second graph (b) shows how IRR behaves compared to hydrochar production, which does not exhibit linear performance. This is interesting given that it is possible to choose which case is more convenient only based on which case provides a more significant increase in the IRR.



Similar results were found in the sensitivity analysis regarding the energy sale price. However, this time both the NPV and IRR showed a linear behavior, as shown in Figure 6.



The sensitivity analysis suggests a variation close to +4% in the sale price of energy generated with hydrochar, the profitability indicators of a project based on a hydrochar production of 11 t/h indicate that the project is feasible. Meanwhile, with a −3.2% variation in the energy sale price, producing around 38 t/h of hydrochar would be unprofitable.



It can also be seen that when hydrochar production is equal to or greater than 11 t/h, the profitability indicator show that the investment project is profitable.



On the other hand, regarding the results of emissions factors, a marginal increase in CO2 emissions can be observed in combustion coal-hydrochar, although a relatively significant decrease in SO2, NOx, and ashes emissions, which makes sense considering that hydrochar has the most traces of S and N, and that nitrogen oxides come from N2 coming from the air, as shown in Figure 7.




5. Conclusions


The hydrochar produced from hydrothermal carbonization using biomass from forest residues has proved economically profitable in Chile if the production is at least 18 t/h of hydrochar. Regarding gaseous emissions, there is a relatively significant reduction in SO2, NOx, and ash emissions. However, the CO2 emission has a marginal increase. The CO2 produced by the combustion of hydrochar is recirculated to the environment, which would imply a zero-carbon footprint for the hydrochar-producing plant, considering that its primary raw material is usually waste with low added value. Future studies should analyze the potential recirculation of the HTC waste process, precisely the liquid fraction, for better sustainable environment management.
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Table A1. Lang-Chilton method to estimate the total investment cost.






Table A1. Lang-Chilton method to estimate the total investment cost.





	Item
	Direct Fixed Capital
	Comment



	1
	Updated equipment cost
	Quotes



	2
	Cost of installed equipment
	35% of (1)



	3
	Process pipes
	20% of (2)



	4
	Instrumentation
	8.5% of (2)



	5
	Insulation
	12.5% of (2)



	6
	Paintings and finishes
	1.5% of (2)



	7
	Electrical installations
	11% of (2)



	8
	Steam installations
	From matter and energy balance



	9
	Water installations
	From matter and energy balance



	10
	Buildings
	Depends on layout



	11
	Total fixed capital
	(1) + (2) + (3) + … + (10)



	Item
	Indirect fixed capital
	Comment



	12
	Land value
	Local quote



	13
	Land preparation
	Local quote



	14
	Engineering
	10%–17% of (18)



	15
	Contractor fees
	10% of (18)



	16
	Contingencies and unforeseen
	25% of (18)



	17
	Total Indirect fixed capital
	(12) + (13) + (14) + (15) + (16)



	Item
	Capitals
	Comment



	18
	Fixed capital total
	(11) + (17)



	19
	Working capital
	15% of (20)



	20
	Total investment capital
	(18) + (19)
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Table A2. Total cost production items.






Table A2. Total cost production items.





	
Item

	
Comment






	
I

	
Manufacturing cost

	
(A) + (B) + (C)




	
A

	
Direct production costs

	
66% of (III)




	
A1

	
Raw materials

	
From matter and energy balance




	
A2

	
Operational staff

	




	
A3

	
Supervision

	




	
A4

	
General services (water, energy, etc.)

	
Form matter and energy balance




	
A5

	
Maintenance and reparation

	




	
A6

	
Operating supplies

	
Others than raw materials




	
A7

	
Laboratory expenses

	




	
A8

	
Patents and royalties

	
Between 0% to 8% of TCP




	
B

	
Indirect productions costs

	
(B1) + (B2) + (B3) + (B4) + (B5)




	
B1

	
Depreciation

	
Straight line method




	
B2

	
Local taxes

	
Quotes




	
B3

	
Insurance

	
Quotes




	
B4

	
leases

	
Quotes




	
B5

	
Financing

	




	
C

	
General expenses

	
(A2) + (A3) + (A5)




	
II

	
General business expenses

	
(D) + (E) + (F)




	
D

	
Administration

	
20% of (A2 + A3 + A5)




	
E

	
Distribution and sale

	
11% of (III)




	
F

	
Investigation and development

	
5% of (III)




	
III

	
Total cost production

	
(I) + (II)
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Figure 1. HTC plant block diagram. 






Figure 1. HTC plant block diagram.
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Figure 2. Location of the thermal power plant. (a) Location respect to South America; (b) Location of Santa María de Colbún in the south of Coronel, Bío-Bío region, Chile. 
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Figure 3. HTC plant flowsheet. 
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Figure 4. Graphs. (a) Total investment cost and hydrochar graph; (b) total production cost and hydrochar graph. 
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Figure 5. Graphs. (a) Net present value and hydrochar graph; (b) internal rate of return and hydrochar graph. 
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Figure 6. Sensitivity analysis graphs. (a) Sensitivity analysis for NVP graph. (b) Sensitivity analysis for IRR graph. 
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Figure 7. Emissions vs hydrochar graphs. (a) Emissions of CO2 and ashes. (b) Emissions of NOx and SO2. 
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Table 1. Average raw energy production and CO2, SO2, and NOx emissions in all thermopower plants in Chile.
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	Parameter
	Average of All Thermopower Plants in Chile
	Maximum Average Value
	Thermal Power Plant with the Highest Average Registered Value





	Average raw energy production (MW)
	190.1
	342
	Santa María de Colbún



	CO2 emissions (t/h)
	172.7
	290.46
	Santa María de Colbún



	SO2 emissions (t/h)
	0.1924
	0.1925
	Santa María de Colbún



	NOx emissions (t/h)
	0.06
	0.41
	Santa María de Colbún
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Table 2. Comparison between forest residual and agricultural residuals as biomass for the HTC process.
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Criteria

	
Biomass Type




	
Forest Residues

	
Agricultural Residues






	
Annual production in Bío-Bío (kg)

	
783,858

	
1,111,617




	
HTC Operating temperature (°C)

	
240

	
260




	
Hydrochar Calorific value (MJ/kg)

	
27

	
27




	
HTC Residence time (h)

	
0.5

	
2




	
Ratio biomass (gr)—water (mL)

	
1:10

	
1:15




	
Mass yield (%)

	
41.2

	
56.8
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Table 3. Cases in function to the hypothetical hydrochar feed for Santa María de Colbún.
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	Case
	Biomass (kg/h)
	Hydrochar (kg/h)





	1
	89,482
	36,866



	2
	67,111
	27,650



	3
	44,741
	18,433



	4
	35,792
	14,747



	5
	26,844
	11,060
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Table 4. Equipment and their tags in the flowsheet.
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	Equipment
	Tag





	Shredder
	TRI



	Mixer
	MEZ



	Batch reactor
	HTC



	Flashing tower
	TOR-F



	Tank
	EST-P



	Heat exchanger 1
	IC1



	Cooling tower 1
	TOR-E 1



	Rotary filter
	FIL-R



	Rotary dryer
	SEC-R



	Pelletizer
	PET



	Heat exchanger 2
	IC2



	Condenser
	COND



	Cooling tower 2
	TOR-E 2



	Cooling tower 3
	TOR-E 3



	Heat exchanger 3
	IC3



	Cooling tower 4
	TOR-E 4
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Table 5. HTC plant’s requirements for each case.
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	Case
	Cooling Water (m3/h)
	Process Water (m3/h)
	Energy Consumption (kW)





	1
	184.4
	703.7
	68,202



	2
	146.0
	527.8
	51,153



	3
	97.3
	351.9
	34,101



	4
	77.9
	281.5
	27,282



	5
	58.4
	211.1
	20,461
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Table 6. Total equipment and investment cost for each case in USD 1.
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	Case
	Total Equipment Cost + Shipment 1
	Direct Fixed Capital
	Indirect Fixed Capital
	Total Investment Cost





	1
	7,634,231
	18,365,930
	23,516,178
	51,866,388



	2
	5,414,975
	13,684,307
	18,447,672
	39,791,924



	3
	3,227,804
	9,142,406
	13,646,228
	28,221,218



	4
	2,501,016
	7,466,730
	11,603,214
	23,616,031



	5
	1,827,181
	5,941,751
	9,786,008
	19,477,102







1 Prices listed in 12/2021.
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Table 7. Total cost of the product for each case, in USD.
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	Case
	Total Cost of the Product
	Cost per kg of Hydrochar





	1
	33,199,501
	900.54



	2
	26,522,692
	959.23



	3
	19,336,292
	1049.01



	4
	16,536,714
	1121.36



	5
	13,659,649
	1235.05
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Table 8. Cash flow summary for each case.
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	Case
	Net Present Value in USD
	Internal Rate of Return





	1
	22,184,858
	40%



	2
	10,582,505
	33%



	3
	361,308
	21%



	4
	−3,994,960
	11%



	5
	−8,790,676
	−13%
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Table 9. Variation of NPV for each case in thousands of USD.
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NPV/Case

	
Percentual Variations in the Sale Price of the Energy




	
−3.2%

	
−3.1%

	
−3.0%

	
−2.0%

	
0.0%

	
2.0%

	
4.0%

	
6.0%

	
8.0%

	
10.0%






	
1

	
−623

	
80

	
783

	
7.811

	
22.185

	
35.925

	
49.982

	
64.039

	
78.096

	
92.153




	
2

	
−6.505

	
−5.978

	
−5.450

	
−179

	
10.583

	
20.906

	
31.449

	
41.992

	
52.534

	
63.077




	
3

	
−11.140

	
−10.703

	
−10.309

	
−6.794

	
361

	
7.263

	
14.292

	
21.320

	
28.349

	
35.377




	
4

	
−14.625

	
−14.239

	
−13.854

	
−10.003

	
−3.995

	
1.532

	
7.155

	
12.778

	
18.400

	
24.023




	
5

	
−18.119

	
−17.830

	
−17.542

	
−14.653

	
−8.791

	
−4.250

	
−33

	
4.184

	
8.401

	
12.618
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Table 10. Variations of IRR for each case.






Table 10. Variations of IRR for each case.





	
IRR/Case

	
Percentual Variations in the Sale Price of the Energy




	
−3.2%

	
−3.1%

	
−3.0%

	
−2.0%

	
0.0%

	
2.0%

	
4.0%

	
6.0%

	
8.0%

	
10.0%






	
1

	
19.4%

	
20.1%

	
20.8%

	
27.3%

	
40.0%

	
51.6%

	
63.4%

	
75.2%

	
86.9%

	
98.6%




	
2

	
11.3%

	
12.0%

	
12.8%

	
19.8%

	
32.7%

	
44.2%

	
55.9%

	
67.4%

	
78.9%

	
90.4%




	
3

	
−5.4%

	
−4.2%

	
−3.0%

	
6.6%

	
20.6%

	
32.2%

	
43.4%

	
54.4%

	
65.2%

	
76.0%




	
4

	
-

	
-

	
-

	
−8.7%

	
10.9%

	
23.2%

	
34.3%

	
45.0%

	
55.4%

	
65.8%




	
5

	
-

	
-

	
-

	
-

	
−13.2%

	
8.0%

	
19.9%

	
30.3%

	
40.1%

	
49.7%
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Table 11. Parameters of coal supplied to the thermal power plant.
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	Parameter
	Unit
	Value





	Emission factors
	
	



	   E /    FC   CO   2    
	      kg   CO   2  /  kg    
	2.688



	   E /    FC   NO   x    
	      g   NO   x  /  kg      
	3.491



	   E /    FC   SO   2    
	      g   SO   2  /  kg      
	2.152



	   E / F   
	    MWh    /  t    
	2.748



	   A / FC   
	    kg   Ash  /  kg      
	0.666



	EET
	%
	33.60
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Table 12. Emissions generated using coal in the thermal power plant and normal operating parameters.
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	Coal

(kg/h)
	Raw Energy

Produced

(MW)
	ASHES

(kg/h)
	CO2

(kg/h)
	NOx

(kg/h)
	SO2

(kg/h)





	126,751.71
	348.27
	84,416.64
	340,745.64
	442.49
	272.82
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Table 13. Data of hydrochar from waste eucalyptus bark.
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	Parameter
	Unit
	Value





	HHV
	   MJ / kg   
	27.00



	Ash %
	(wt.% dry basis)
	5.50



	Ultimate analysis
	(wt.% dry basis)
	



	C
	%
	68.42



	H
	%
	5.07



	O
	%
	26.51
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Table 14. Emission factors and ash production for hydrochar.
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	Parameter
	Unit
	Value





	   A / FH   
	    kg   Ash  /  Kg      
	0.666



	Emission factors
	
	



	   E /    FC   CO   2    
	      kg   CO   2  /  Kg      
	2.509



	   E /    FC   NO   x    
	      g   NO   x  /  Kg      
	0



	   E /    FC   SO   2    
	      g   SO   2  /  Kg      
	0
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Table 15. Total emission for each stage.






Table 15. Total emission for each stage.





	Case
	1
	2
	3
	4
	5





	FC (t/h)
	26.12
	51.28
	76.44
	86.50
	96.56



	TE Ash (kg/h)
	63,925.93
	69,048.60
	74,171.28
	76,220.35
	78,269.42



	TE CO2 (kg/h)
	342,339.08
	341,940.72
	341,542.36
	341,383.02
	341,223.67



	TE NOx (kg/h)
	324.45
	353.96
	383.47
	395.27
	407.08



	TE SO2 (kg/h)
	200.05
	218.24
	236.43
	243.71
	250.99
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Table 16. Emissions reductions percentages for each case.






Table 16. Emissions reductions percentages for each case.





	Case
	ERP Ash
	ERP CO2
	ERP NOx
	ERP SO2





	1
	24.27%
	−0.47%
	26.68%
	26.68%



	2
	18.20%
	−0.35%
	20.01%
	20.01%



	3
	12.14%
	−0.23%
	13.34%
	13.34%



	4
	9.71%
	−0.19%
	10.67%
	10.67%



	5
	7.28%
	−0.14%
	8.00%
	8.00%
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