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Abstract

:

In Thailand, Napier grass is expected to play an important role as an energy resource for future power generation. To accomplish this goal, numerous areas are required for Napier grass plantations. Before introducing crops, the land potential of the country and the impact of crops on the environment should be assessed. The soil and water assessment tool (SWAT) model is very useful in investigating crop impacts and land potential. Unfortunately, the crop growth parameters of Napier grass are yet to be identified and, thus, conducting effective analysis has not been possible. Accordingly, in this study, parameter calibration and SWAT model validation of Napier grass production in Thailand was carried out using datasets from eight sites with 93 samples. Parameter sensitivity analysis was performed prior to parameter calibration, the results of which suggest that the radiation use efficiency and potential harvested index are both highly sensitive. The crop growth parameters were calibrated in order of their sensitivity index ranking, and the final values were obtained by reducing the root mean square error from 10.77 to 1.38 t·ha−1. The validation provides satisfactory results with coefficient of determination of 0.951 and a mean error of 0.321 t·ha−1. Using the developed model and calibrated parameters, local Napier grass dry matter yield can be evaluated accurately. The results reveal that, if only abandoned area in Thailand is used, then Napier grass can provide roughly 33,600–44,900 GWh of annual electricity, and power plant carbon dioxide (CO2) emissions can be reduced by approximately 21.2–28.3 Mt-CO2. The spatial distribution of estimated yield obtained in this work can be further utilized for land suitability analysis to help identify locations for Napier grass plantations, anaerobic digesters, and biogas power plants.
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1. Introduction


The average amount of atmospheric carbon dioxide (CO2) increases every year due to the use of fossil fuels in energy production, resulting in the current problems associated with climate change. At present, the planet’s temperature is higher than it has ever been over the past 12,000 years [1]. Moreover, the world’s energy consumption is increasing annually, which, in the near future, will result in a severe energy crisis. To help reduce over consumption of energy and the rising planet temperature, improving energy converters [2], fuels [3,4], and characterization methods for electrochemical systems is essential [5,6,7]. Thailand in particular is at risk of energy-related catastrophe, since nearly 60% of its energy sources used to generate electricity are based on natural gas [8], and a heavy reliance on one energy source may cause some problems. Therefore, renewable energy dependency should be cultivated to reduce the use of conventional energy. As of 2020, the proportion of electricity produced from renewable energy is approximately 20% of the total electrical production capability of Thailand [8]. Moreover, more than 24% of the energy generated from renewable energy is obtained from biogas and biomass, a figure that is increasing every year.



Napier grass (Cenchrus purpureus (Schumach.) Morrone; formerly Pennisetum purpureum Schumach.) is a promising energy crop and has gained attention from Thailand’s Ministry of Energy due to its growth rate and high methane content [9]. Napier grass was introduced to Thailand in 1929 as animal feed. The tropical climate of Thailand with precipitation >1000 mm·year−1 suits Napier grass production, as the grass would fail to grow if the ambient temperature were lower than 15 °C [10]. To implement Napier grass as a new feedstock for electricity generation in Thailand, assessing the land potential before planting takes place is necessary.



Many models exist to estimate the land potential of crops, but a dynamic crop model is the most promising [11]. Over the past few decades, the dynamic crop models used for calculating the interaction between environment and management practices to reveal crop performance gained serious attention. Various dynamic crop models can be used to simulate the growth and development of crops, such as the environmental policy integrated climate (EPIC) model, the ALMANAC model, the Agro-BGC model, and the soil and water assessment tool (SWAT) model. The SWAT model can assess the long-term impact of land use for various crops [12,13]. Moreover, it is an open-source tool, which means it is more flexible than the other models [14,15,16], and it also exhibits a user-friendly graphic user interface. For SWAT, crops are categorized into seven groups (e.g., perennial crops, trees, and warm- and cold-season annual legumes), which require different models for growth simulation. In addition, these growth simulation models require more than 30 specific parameters related to the plant of interest.



In the SWAT database, 120 crops are provided with the relevant parameters, but Napier grass is not available. Therefore, performing land suitability analysis to find locations for Napier grass plantations, anaerobic digesters, and biogas power plants, all of which are important for Napier grass supply chains, is not possible. Although some of the parameters can be collected from previous studies, they do not cover all the software requirements. Therefore, calibration is necessary to obtain the set of parameters for the crop in question. Unfortunately, according to Dumont et al. [13], in crop models, parameter calibration is not straightforward, since the majority of equations used in the models are non-linear, coupled, and hierarchical. Not only that, but the number of parameters undergoing the process of optimization is also important. To indicate the number of influencing parameters, sensitivity analysis is conducted through simulations [17,18,19,20,21,22,23].



The main objective of this study was to evaluate the land potential for Napier grass plantation in Thailand using the SWAT model under different climatic and soil conditions across the country. This is to ensure the possibility of using Napier grass as a new energy feedstock in Thailand. To apply the model, the parameters specific to Napier grass are required. However, to the best of our knowledge, these parameters have never been available in the study area. Sensitivity analysis and parameter calibration were carried out using the root mean square error (RMSE) of yield as a criterion to obtain the parameters. To ensure that the parameters are realistic, a range of parameters obtained from previous studies was also considered in the calibration process. The time-series biomass growth calculated using the optimized parameters was validated with the biomass yield obtained from experimental surveys over 10 years. The model was further applied to estimate the overall energy supply potential of Napier grass when planted on abandoned croplands in Thailand. The obtained results can be further used for suitability analysis to examine sites for Napier grass plantations, anaerobic digesters, and biogas power plants.




2. Materials and Methods


2.1. The Soil and Water Assessment Tool and the Procedure for Parameter Selection


The SWAT model was developed by the Agricultural Research Service and Texas A&M University [24]. In this study, the model was run in ArcMAP 10.1 (ESRI Inc., Redlands, CA, USA) via the SWAT model user interface called ArcSWAT [24]. This model is a watershed-based model that simulates the impact of land management practices on water sediment and agricultural chemical yield over time. It considers the loads of any given area, i.e., hydrological cycle, nutrient, pesticides, and crop growth. Unique load combinations within sub-basin boundaries were generated based on soil map and land cover, called the hydrological response unit (HRU), which is a homogeneous physical property. In addition to the primary land conditions, specific inputs such as crop parameters and management practices were obtained for each HRU to examine the land load conditions.



The SWAT model operates on a daily timestep. It provides many components for simulations, such as weather simulation, hydrology, nutrient cycling, and plant growth. In this study, the main concern is crop yield prediction. Thus, only parameters related to biomass growth were considered. The crop growth calculation in the SWAT model [24] is based on the EPIC plant growth model developed by Monteith [25]. The model is capable of simulating crops such as legumes, perennials, and trees, with each crop demonstrating unique model parameter values. It also simulates leaf area development and light interception. These outputs were converted into biomass growth based on species-specific radiation-use efficiency. In this process, it is important to exhibit accurate parameters to obtain realistic outputs.



In the SWAT model, the daily solar radiation intercepted by the crop leaves was estimated using Beer’s law [24]:


   H  p h o s y n   = 0.5 ⋅  H  d a y   ⋅  (  1 − exp  (  −  k t  ⋅ L A I  )   )   



(1)




where    H  p h o s y n     is the intercepted photosynthetically active radiation (MJ·m2),    H  d a y     is the total solar radiation (MJ·m2),    k t    is the light extinction coefficient, and   L A I   is the leaf area index.



Daily total dry biomass growth was calculated by Equation (2) [24], which is the product of intercepted photosynthetically active radiation and radiation-use efficiency for the crop in question.


  Δ b i o = B I O _ E ⋅  H  p h o s y n    



(2)




where   Δ b i o   is the total biomass growth on a given day (kg·ha−1) and   B I O _ E   is the radiation-use efficiency (kg·ha−1)/(MJ·m2).



In Equations (1) and (2), the only unknowns are   L A I   and   B I O _ E  .   L A I   exhibits subsequent effects on the total amount of    H  p h o s y n     and   Δ b i o   estimation. However, calculating the   L A I   curve is not straightforward, since many parameters are involved. These parameters are not only used for   L A I   calculation, but are also closely tied to the other equations. Moreover, they can also be used to evaluate the potential harvest index, which directly affects biomass yield. By studying the set of equations related to crop growth, eight unique parameter sets were identified. These parameters were provided by Gil et al. [26] with respect to Napier grass dry matter yield (DMY) for bioethanol production in Veracruz, Mexico. We preliminarily attempted to apply this set of parameters, including the potential heat unit (PHU), to estimate the Napier grass DMY in Thailand, but the results show overly high outcomes for biomass yield production as well as different harvesting schedules, as shown in Figure 1. This can be attributed to the different growing conditions of each country, which affected the PHU for crop growth. PHU is the accumulated heat unit required for plant maturity; it is a major indicator of when to harvest biomass. However, even when the harvesting schedule was used as in the survey (e.g., the biomass was harvested around every 70 days), the simulated yield was still be two times higher than the observed yield. To accurately predict Napier grass DMY, the aforementioned parameters were calibrated, and, to ensure the calibration was realistic, a range of parameters was collected from various studies [26,27,28,29,30]. Table 1 provides the parameters (and their ranges) calibrated in this study.




2.2. Data Sources and Model Setup


The input data of this study are listed in Table 2. At first, a digital elevation model (DEM) was used to determine slope, slope length and the stream network of each basin. The DEM data were derived from CGIAR CSI [32] with the resolution of 90 m. After obtaining the topography map, the data of soil, slope, and land cover were integrated to examine the condition of HRU. The land cover data were obtained from GlobCover 2009 [33] provided by European Space Agency (ESA) and the land cover map developed by the Land Development Department (LDD) of Thailand. The GlobCover2009 contained only forest and agricultural data. However, it lacks local land use data. Therefore, data from the LDD were integrated with the data from ESA to locate abandoned and urban area in Thailand. Historical weather data, including the daily data of maximum and minimum temperature, precipitation, solar radiation, and wind speed, were obtained from the Thai Meteorological Department (TMD). However, it was found that, in some areas in Thailand, the data were not available. Therefore, the weather data from the National Centers for Environmental Prediction (NCEP) [34] as suggested by SWAT model were used in those areas instead. The reason for combining the data from those two sources was because the data from TMD provide a better resolution. Future weather data were generated by weather generator algorithm (dGEN) provided by the SWAT model. Soil data used in this work were obtained from FAO-UNESCO harmonized world soil database [35]. The soil map contained the data of soil components, soil hydrologic groups, and acidity and alkalinity level in soil.



The experimental data of Napier grass plantation used in the calibration and validation were obtained from the previous research published by Animal Nutrition Division (AND), Department of Livestock Development, Ministry of Agriculture and Cooperatives of Thailand, during 1993–2005 [31,36,37,38,39,40,41,42,43]. These works studied the effects of management practice on the growth of Napier grass. The studies were conducted all over Thailand except the southern area. In total, 93 samples were obtained from nine reports in eight provincial pilot plants.



To perform the simulation using SWAT model, all field operations were chronologically applied into the model. As mentioned above, the PHU was crucial for the harvesting schedule. Therefore, it needed to be calculated to obtain the value which is unique for the grass growth in Thailand. To estimate for the PHU, the heating unit (HU) is required. HU is the difference of the average temperature for a day and the base temperature. In this work, the base temperature was assumed to be equal to the critical temperature below which Napier grass would not fully grow. Based on the suggestion of Kiyothong [10], the critical temperature for Napier grass is 15 °C. The calculated HU was summed from the first to the last days of a harvesting cycle to obtain the PHU of each pilot plant. The PHUs of eight pilot plants were later averaged resulting in 1300 °C as an input of the model. This value was set to be constant for all simulations throughout Thailand. Planting density was set between 4 and 6 plants·m−2 depending on the sites. Similar to the studies from AND, the samples were categorized into four groups according to the level of N-fertilizer application: 0 kg-N·ha−1 (Con), 125 kg-N·ha−1 (T1), 250 kg-N·ha−1 (T2), and 500 kg-N·ha−1 (T3).




2.3. Sensitivity Analysis, Parameter Calibration and Model Validation


As mentioned above, SWAT model provides many components for simulation which made numerous input parameters theoretically. Even though all parameters should be treated equally, this would result in an unrealistically high number of simulations. It might also lead to impractical computational loads [44,45]. Accordingly, the number of parameters was limited. Since our focus is on crop growth, only the eight crop growth parameters listed in Table 1 were considered. Prior to conducting the parameter calibration, sensitivity analysis was performed to assess the sensitivity level of each parameter with respect to predicting biomass yield. To do so, the relative sensitivity index (   S r   ) was used [46,47]:


   S r  =    I  i n      O  i n     ⋅   O −  O  i n     I −  I  i n      



(3)




where  I  is the model input parameter,  O  is the model output, and the subscript   i n   refers the initial value of the parameters. A high index value means that the model outputs are sensitive to the input parameters. Lenhart et al. [48] suggested that indexes of 0.0–0.05, 0.05–0.20, 0.20–1.00, and >1.00 demonstrate negligible, medium, high, and very high sensitivity, respectively.



To identify the parameter sensitivity, only one parameter was changed at a time to estimate the model response; the other parameters were kept constant. The sensitivity analysis was conducted by modifying the parameters within the range given in Table 1. The initial values were obtained from Gil et al. [26]. The output from this analysis helped with respect to decreasing the number of parameters requiring calibration. The RMSE of yield was used for an object function in the parameter calibration process. Hence, the criterion for calibrating parameters involved identifying the set of parameters that minimizes the RMSE. All 93 datasets were used for parameter calibration. The model performance was evaluated using statistical analysis. This involved applying the RMSE, mean error (ME), and coefficient of determination (R2) to the model outputs, which are rarely used to evaluate model performance [28].




2.4. Land potential Evaluation and Estimation of Energy Supply Potential by Napier Grass Biomass in Thailand


To analyze the primary potential of Napier grass in Thailand, only abandoned areas were selected for plantation sites. The location of abandoned areas in Thailand was obtained from LDD for 2009–2014. The simulated Napier grass DMY from the SWAT model was used in the GIS analysis, which was conducted using ArcMap 10.1. The obtained result is the spatial distribution of biomass yield, which was further utilized in estimating the Napier grass-derived energy supply potential by assuming that all yields obtained from abandoned croplands can be utilized as feedstock in power generation. Thailand was categorized into six geographical regions, as suggested by the National Geographical Committee: central, eastern, northeastern, northern, western, and southern regions. The derived energy supply potential was compared with the statistical data of electric consumption provided by EGAT [8].



Simulations were conducted to evaluate the land potential for Napier grass plantations using the SWAT model in Thailand. To do so, eight unique parameters for Napier grass growth were required. Sensitivity analysis was performed to evaluate the sensitivity level of the parameters, and the obtained sensitivity level was used to rank them according to changes in the Napier grass DMY.





3. Results and Discussion


3.1. Sensitivity Analysis and Parameter Calibration


As presented in Section 2.1, eight parameters were unknown, whereas the others were obtained from previous studies [26,27,28,29,30]. These parameters are unique to Napier grass growth. The most sensitive parameter was the first to be adjusted to minimize the RMSE value, whereas the others were kept constant. Next, the second most sensitive was adjusted, and the process was repeated accordingly for the remaining parameters. The sensitivity index of each parameter is depicted in Figure 2. The analysis was performed by considering the upper and lower limits of the range shown in Table 1. These limits were obtained from previous studies to ensure that the parameters used in the present study are realistic. All parameters displayed the same direction of the sensitivity index, except FRGRW2. In FRGRW2, the lower limit value provided a positive index, whereas the upper gave a negative value. By increasing FRGRW2, which is the fraction of the growing season, to the second point on the optimal leaf area development curve, the leaf area development curve can be extended and the slope of the curve reduced. This means that a plant will take longer to grow, resulting in a negative sensitivity index. According to Beer’s law expressed by Equation (1), the amount of daily solar radiation intercepted by the leaf area of the plant    H  phosyn     is maximized only when the LAI is large. Since the rate of biomass growth ∆bio is directly proportional to    H  phosyn     (see Equation (2)), the biomass yield will be small if the process of developing leaf area is relatively slow.



The results of this analysis suggest that the sensitivity index of the studied parameters varies between negligible (−0.004 for LAIMX1) and very high (1.273 for HVSTI). Only two parameters, FRGRW1 and LAIMX1, demonstrated a negligible influence on simulated yield, even though, according to their definition, they are directly related to the leaf area development curve. This is unsurprising because FRGRW1 and LAIMX1 indicate the first point on the leaf area development curve.



The other parameters were classified as demonstrating medium to very high sensitivity. The most sensitive parameters are BIO_E and HVSTI with sensitivity indexes of 1.230 and 1.273, respectively. These results are consistent with existing research [49], which analyzed the sensitivity of parameters to the yield of Switchgrass and Miscanthus. DLAI, BLAI, FRGRW2, and LAIMX2 exhibit medium sensitivity.



FRGRW1 and LAIMX1 were not adjusted in the optimization process, as they were the least sensitive parameters. By calibrating the parameters, the RMSE was reduced from 10.77 to 1.38 t·ha−1. The goodness-of-fit plot for simulated yield with the initial and final parameter sets is shown in Figure 3, from which it is evident that, by minimizing the RMSE, the fit can be enhanced for the experimental yield data. In contrast, by using the initial values, the yield values were over/underpredicted by a factor of two. The final parameters for Napier grass are displayed in Table 3.




3.2. Model and Parameter Validation


The parameters obtained from the calibration process were used to confirm the model validity. Figure 4 shows the sample temporal change plot of LAI curve development, the growth of simulated biomass yield, and the Napier grass DMY obtained experimentally during yearly cultivation. The management schedule used in Figure 4 was the schedule used at Sukhothai plantation from May 2001 to April 2002 [43]. Day one of simulation was set to be the day after planting. The first harvest was made on the 75th day, and the following harvests were performed every 60 days. The parameters obtained after calibration provide results (the solid lines) that are consistent with the harvesting schedule. Since the experimental LAI data were not available, the biomass growth was used for validation instead. The black line represents the predicted biomass growth, whereas the squares represent the yield obtained experimentally. The simulation results are consistent with the experimental data.



The obtained yield outputs were statically analyzed to examine the model validity, as shown in Table 4 and Figure 3. The average simulated Napier grass DMY is consistent with the average value for all N-fertilizer levels. In summary, the average measured and simulated DMY values are 17.97 and 17.89 t·ha−1, respectively. Moreover, when the N-fertilizer level increases, R2 decreases, which can be attributed to the fact that planting conditions are highly manipulated when too much N-fertilizer is applied. Indeed, more information would help in making better predictions for cases with high N-fertilizer levels. Regardless, it is clear that the model can successfully and accurately estimate Napier grass DMY (R2 = 0.95, ME = −0.082 t·ha−1, and RMSE = 1.380 t·ha−1) Although the experimental data were collected from eight provincial pilot plants over Thailand, the proposed model exhibits no apparent biases. In other words, the model is appropriate for investigating the land potential of Napier grass plantations under different land conditions in Thailand.




3.3. Application of Soil and Water Assessment Tool in the land Potential Evaluation of Napier Grass Plantations in Thailand


To evaluate the land potential for Napier grass DMY in Thailand, the model was applied to areas all over the country. Simulations were carried out for a 20-year timespan with two warm-up years to obtain optimal results [50]. For management practices, following Kiyothong [10], 250 kg-N·ha−1 was used for the N-fertilizer level and irrigation was applied. The areas used in the simulation included abandoned areas only. This was conducted to avoid conflicts with industrial, urban, economical, and agricultural land; moreover, abandoned areas can be found all over Thailand, and we believe they should be effectively utilized. In total, the abandoned area of Thailand is approximately 2,200,000 ha, which is roughly 4.2% of the country. It is worth noting that not all abandoned areas can be used for Napier grass plantation, and the influence of transportation distance, location size, distance from residential areas, and distance from water sources were not considered. To consider such effects, land suitability analysis should be carried out. Indeed, the results of this research could serve as the primary estimation method for Napier grass plantation in the country, and, in particular, the estimated DMY can be utilized as one of the criteria for evaluating land suitability. Without this work, performing land suitability analysis for Napier grass supply chains would be similar to locating photovoltaic sites without considering solar radiation.



Figure 5 depicts the simulation results of average Napier grass DMY values over 20 years in Thailand. Note that, for a better depiction of simulation results, all areas were included in the figure, except urban areas and the national forest reserves. Most of the abandoned areas can provide Napier grass DMY values in the range of 15–25 t·ha−1·year−1, which is a high output [10]. Low outputs are associated with areas dominated by clay soil, represented by the red area in Figure 5. These results are consistent with the experimental results of Wijitphan and Lowilai [51], which suggest that grass prefers soil with good drainage ability.




3.4. Potential of Power Supply Generated by Napier Grass in Thailand


Since the SWAT model, together with ArcMAP 10.1, provides the spatial distribution of Napier grass potential, it allows researchers and energy-related policymakers to assess the potential of power supply generated by Napier grass. Table 5 summarizes the regional data used in the potential assessment, e.g., electric consumption, estimated DMY, and Napier grass-derived electric supply potential. Average DMY obtained from the southern part of Thailand was found to be the highest. The southern region can provide an average yield of 22.3 t·ha−1, whereas the western region provides the lowest average yield (16.0 t·ha−1). Considering the supply–demand ratio of each region, Napier grass could supply roughly 80% of the total energy demand for the northeastern region and approximately 56% for the northern and southern regions. However, a low ratio was found in the eastern and central regions, as these are mostly industrial and urban areas.



Figure 6 depicts the provincial distribution of Napier grass-derived electric supply potential, total electric consumption per capita, and the supply–demand ratio. Although the spatial distribution in Figure 5 reveals that the south-northeastern region shows potential for Napier grass plantation, low electricity generation can be observed for this area in Figure 6a. This can be attributed to the availability of land. In Figure 6b, in addition to the central and east regions, which possess a high electric consumption per capita due to industry, it is evident that southern Thailand also demands a lot of electricity.



Note that, for the southern region, the number of power plants is smaller by a factor of six compared with the central region, and power demand per person is smaller by a factor of two. It is the only region in Thailand that exhibits a consumption demand that is higher than its production capability. Since the region consumes more electricity than it can produce, electricity transmission from the central region is necessary. However, the southern region is long and narrow, and transporting electricity from other regions is not possible. When the central region fails to contribute sufficient electricity, blackouts occur for all 14 provinces of the southern region. This last occurred on 22 May 2013 [52], and it took more than 9 h to restore everything. Since the electric situation in southern Thailand is unstable, the government was working on an appropriate energy plan based on a coal-fired power plant; it was abandoned because the local people were concerned about the environmental impact [53]. As the average yield was found to be highest in the southern region, we should encourage people to plant Napier grass in this area. This will not only provide clean energy generation but will also help in creating jobs for local people. Figure 6c reveals that Napier grass can provide a satisfactorily supply of electricity to provinces in the region.



Considering only abandoned areas, the results suggest that Thailand demonstrates good potential with respect to providing sufficient amounts of Napier grass DMY (approximately 42 megatons per year). Several approaches exist to utilize the DMY for electric production, one of which is anaerobic digestion, which converts the DMY into methane. According to Janejadkarn and Chavalparit [54], this approach could provide methane yields as high as 242 m3 per ton of Napier grass DMY. Assuming the energy density of methane is 40 MJm−3 [55] and that thermal power plants based on combustion boilers and stream turbines with an efficiency of approximately 30–40% are used to generate electricity, Napier grass DMY from abandoned areas can generate roughly 33,600–44,900 GWh of electricity every year, which is equivalent to 20–26% of Thailand’s total energy demand.



Although this is a rough estimation, it is clear that Napier grass can help Thailand move toward renewable energy generation. By substituting conventional fossil fuels with Napier grass-derived natural gas for electric generation, CO2 emissions can be also be reduced from 1080 to 450 kg-CO2·MWh−1 [56]. Moreover, if all abandoned areas are utilized, the CO2 emissions from power plants could be reduced by approximately 21.2–28.3 Mt-CO2. It is worth noting that, although the combustion of Napier grass-derived natural gas also produces CO2, the process is carbon neutral and does not require additional CO2 to be added to the system.



This study considered an ideal situation, where all abandoned areas could be utilized. However, in reality, not all abandoned areas can be utilized, and, as such, a number of factors must be considered, such as biogas plant locations, the capacity levels of biogas plants, the amount of biomass to be transported from the feedstock region to the biogas plants, and the biogas production volume of each plant. Regardless, this study is valuable for energy-related policymakers, and further studies should be conducted concerning the land suitability of biogas plants based on Napier grass supply chains in Thailand.





4. Conclusions


In this work, Napier grass crop growth parameters were successfully calibrated for different management conditions. BIO_E, HVSTI, BLAI, FRGRW1, FRGRW2, LAIMX1, LAIMX2, and DLAI were analyzed using a sensitivity index to identify their sensitivity with respect to DMY. The results reveal that FRGRW1 and LAIMX1 are the least sensitive, whereas BIO_E and HVSTI are the most sensitive. In the calibration process, the parameters were ranked according to their sensitivity levels, where the most sensitive was the first to be adjusted. The parameters were calibrated one at a time by considering the RMSE of yield. By minimizing the RMSE, optimal values were obtained. To ensure that the calibrated values were realistic, the parameters were not adjusted beyond the range limits collected from previous studies. Model validation was successfully performed using the obtained parameters, and good agreement was found between the estimated yields and the experimental data. In addition, the application of the model in predicting Napier grass DMY was presented. The model confirmed that utilizing Napier grass as a new feedstock for power generation in Thailand is possible; however, only abandoned areas were utilized in the model. The results also suggest that the southern region of Thailand is the most promising, since it demonstrates the highest average DMY.



The approach presented in this study was found to be supportive since it provides a method for a modeler to properly utilize SWAT model. This is important because parameters can differ from area to area. By using the SWAT method, accurate parameters were obtained for the simulations, which consequently resulted in the optimal out predictions, such as crop yield, soil water content, and soil nutrient content. Indeed, the results of this work can be further utilized as criteria for obtaining suitable areas for Napier grass plantations, anaerobic digesters, and biogas power plants in Thailand.
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Figure 1. Simulation results for the development of LAI (red line) of Napier grass with the set of parameters (initial parameters) obtained from Gil et al. [26], and the comparison of experimental yield at harvest (black squares) and simulated yield (black line) at Sukhothai plantation from May 2001 to April 2002 [31]. 
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Figure 2. Comparison of the evaluations of sensitivity indices for the eight parameters within the upper (■) and lower (■) ranges shown in Table 1. 
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Figure 3. Goodness-of-fit plots with 1:1 line comparing the estimated and simulated Napier grass DMY values with parameters before and after calibration under different N-fertilizer levels, where controlled, treatment 1, treatment 2, and treatment 3 represent N-fertilizer levels of 0, 125, 250, and 500 kg·ha−1, respectively. 
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Figure 4. Simulation results for the LAI development (red line) of Napier grass with calibrated parameters, and the comparison of experimental yield at harvest (black squares) and simulated yield (black line) at Sukhothai plantation from May 2001 to April 2002 [43]. 
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Figure 5. Spatial distribution of simulated mean yield per hectare of Napier grass in Thailand. 
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Figure 6. Provincial distribution of: (a) Napier grass-derived electric supply potential; (b) total electric consumption per capita; and (c) the supply–demand ratio. 
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Table 1. List of parameters for Napier grass in the SWAT2012 crop database [26,27,28,29,30].
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	Parameter
	Acronym
	Range
	Initial Value
	Unit





	Radiation use efficiency in ambient CO2
	BIO_E
	35–53
	47
	(kg/ha)·(MJ/m2)−1



	Potential harvested index for the plant at maturity
	HVSTI
	0.8–1.0
	0.9
	NA



	Potential maximum leaf area index of the plant
	BLAI
	6.0–8.0
	6.2
	(m2·m−2)



	Fraction of growing season coinciding with LAIMX1
	FRGRW1
	0.1–0.15
	0.15
	NA



	Fraction of growing season coinciding with LAIMX2
	FRGRW2
	0.2–0.6
	0.5
	NA



	First point fraction of BLAI for optimum growth curve
	LAIMX1
	0.01–0.2
	0.01
	NA



	Second point fraction of BLAI for optimum growth curve
	LAIMX2
	0.6–0.95
	0.9
	NA



	Fraction of growing season when growth declines
	DLAI
	0.45–1.0
	0.95
	NA
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Table 2. List of data used in this work for SWAT2012 simulation.
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	Data
	Resolution/Type of Data
	Year
	Source





	Digital Elevation Model (DEM), (STRM 90 m)
	90 m
	-
	United States Geological Surveys (USGS)



	Land Use/Land Cover, (GlobCover 2009)
	300 m
	2009
	European Space Agency (ESA)



	Land cover
	Polygons
	2009–2014
	Land Development Department of Thailand (LDD)



	Soil data, (Harmonized World Soil Database v 1.2)
	30 arc-second raster
	-
	FAO-UNESCO harmonized world soil database



	Weather data
	Weather observing station
	1993–2005
	Thai Meteorological Department (TMD)



	Weather data
	2.5° × 3.75°
	1979–2014
	The National Centers for Environmental Prediction (NCEP)
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Table 3. Parameter setting for Napier grass in the SWAT model crop file, and the RMSE of yield by initial and final values after calibration.
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	BIO_E (kg/ha)/(MJ/m2)
	HVSTI
	BLAI (m2/m2)
	FRGRW1
	FRGRW2
	LAIMX1
	LAIMX2
	DLAI
	RMSE of Yield (t·ha−1)





	Initial value
	47
	0.9
	6.2
	0.15
	0.5
	0.01
	0.9
	0.95
	10.77



	Final value
	38
	0.8
	6.0
	0.15
	0.2
	0.01
	0.7
	0.55
	1.49
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Table 4. Mean simulated and observed Napier grass DMY values in t·ha−1 according to crop site treatments and statistical analysis results (RMSE, ME, and R2).
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Treatment

	
Mean DMY (t·ha−1)

	
RMSE (t·ha−1)

	
ME (t·ha−1)

	
R2




	
Measured

	
Simulated






	
Con (n = 42)

	
12.58

	
12.83

	
1.491

	
0.249

	
0.81




	
T1 (n = 15)

	
18.60

	
18.68

	
1.163

	
0.083

	
0.74




	
T2 (n = 17)

	
21.94

	
21.87

	
0.866

	
−0.076

	
0.72




	
T3 (n = 19)

	
25.85

	
24.90

	
1.634

	
−0.949

	
0.64




	
All (n = 93)

	
17.97

	
17.89

	
1.380

	
−0.082

	
0.95
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Table 5. The regional electric consumption, population, and electric consumption per capita collected from EGAT [8].
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	Region
	Electric Consumption (GWh)
	Population (×1000)
	Electric Consumption per Capita (kWh·Person−1)
	Estimated yield (kt)
	Average Yield (t·ha−1)
	Abandoned Area (ha)
	Napier Grass-Derived Electric Supply Potential (GWh)
	Supply/Demand





	North
	7786
	5954
	1308
	4099
	17.4
	235,470
	4408
	56.6%



	East
	29,280
	5219
	5611
	4273
	21.5
	198,659
	4596
	15.7%



	West
	7438
	3059
	2432
	2949
	16.0
	184,458
	3171
	42.6%



	South
	15,043
	9101
	1653
	7904
	22.3
	354,553
	8501
	56.5%



	Northeast
	22,190
	18,872
	1176
	16,642
	19.2
	866,371
	17,899
	80.7%



	Central
	88,222
	24,569
	3591
	5842
	18.6
	314,898
	6284
	7.1%



	Total
	169,960
	66,774
	2545
	41,709
	19.4
	2,154,409
	44,806
	26.4%
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