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Abstract 13 

Strip-mined land (SML) disturbed by coal-mining is the non-crop land resource that can 14 

be utilized to cultivate high-yielding energy crops such as miscanthus for bioenergy applications. 15 

However, the biomass yield potential, annual availability and environmental impacts on growing 16 

energy crops in SML are less understood. In this study, we estimated the yield potential of 17 

miscanthus (Miscanthus sinensis) in SML and its environmental impacts on local streams using 18 

the Soil and Water Assessment Tool (SWAT). After calibration and validation of the SWAT 19 

model, the results demonstrated that miscanthus yield potentials were 2.6 (0.8−5.53), 20 

10.0 (1.3−16.0) and 16.0 (1.34−26.0) Mg ha-1 with the fertilizer application rate of 0, 100, and 21 

200 kg-N ha-1 respectively. Furthermore, cultivation of miscanthus in the SML has the potential 22 

to reduce sediment (~20%) and nitrate (2.5%−10.0 %) loads reaching to water streams with a 23 

marginal increase in phosphorus load. The available SML in the United States could produce about 24 

10 to 16 dry Tg of biomass per year without negatively impacting the water quality. In conclusion, 25 

SML can provide a unique opportunity to produce biomass for bioenergy applications, while 26 
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improving stream water quality in highly dense mining area (the Appalachian region) in the United 27 

States. 28 

Keywords. Strip-mined land, bioenergy, biomass, energy crop, miscanthus, SWAT model, 29 

SWAT-CUP, runoff, nutrients, and water quality. 30 

1. Introduction 31 

Biomass is one of the important low-carbon renewable resources for sustainable bio-32 

economy and can be attractive to mitigating global warming, providing energy security, and 33 

creating jobs [1-3]. A large quantity of biomass is required to meet the United States (U.S.) biofuel 34 

production mandate, Energy Independence and Security Act (EISA), 2007, i.e., 60 billion liters of 35 

cellulosic liquid biofuel [4]. In addition, a large quantity of biomass is needed to produce 36 

renewable electricity to meet Renewable Portfolio Standard (RPS) mandate [5], bioproducts, and 37 

industrial chemicals [6], which are currently produced from non-renewable fossil resources. 38 

Perennial energy crops such as miscanthus and switchgrass have been proven as the most 39 

suitable non-invasive plant species to produce biomass due to their high biomass yield, water input 40 

and nutrient use efficiency, and higher rates of carbon sequestration [7]. While energy crops have 41 

very high yield potentials, the large demand for biomass to meet the U.S. biofuel production 42 

mandate (EISA, 2007) would require a large cultivated land area [8] and growing energy crops on 43 

traditional croplands may displace food production which may raise many concerns such as rise 44 

of food prices and insufficient food supply  ̶  Food Insecurity [9]  ̶  and other environmental 45 

problems such as deforestation [2]  ̶  indirect land use change (ILUC). Therefore, effective 46 

utilization of non-agricultural lands for biomass production without degrading its soil and water 47 

quality is critical for the long-term sustainability of bioenergy sector in the U.S. or elsewhere in 48 

the World. 49 
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In the U.S., about 3.5 Mha [10,11] of Striped-Mined Lands (SMLs) are available that could 50 

be used to cultivate energy crops while reducing the cost of reclamation, improving soil and water 51 

quality, and providing environmental and economic benefits to our society. Figure 1 shows the 52 

geographical distribution of coal mined lands across the U.S. The Appalachian region covers most 53 

of the surface coal mining locations at various stages of land reclamation programs. Surface coal 54 

mining reclamation lands could be integrated with bioenergy programs to produce sustainable 55 

energy crops while restoring soil and water quality [12]. 56 

 57 
Figure 1: Geographical distribution of coal mined lands across the U.S. and Appalachian region. 58 

The recent experimental plot studies have demonstrated the potential of growing energy 59 

crops on marginal lands [7,13,14]. and SMLs [10,15-17]. The experimental studies on the 60 

cultivation of miscanthus in SML has also demonstrated that the biomass yield varied widely from 61 

4.9 to 21 dry Mg ha-1 due to the variations in the management/agronomic practices, climate, and 62 

soil based on the recently established (3 - 4 years) miscanthus stands [16]. Similarly, switchgrass 63 

yields from SML also varied widely within the experimental plots due to the soil, climate, and land 64 
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management practices [18]. Therefore, it is important to accommodate these variations while 65 

predicting biomass yield potential in a large study area/region.  66 

Several empirical models have been developed based on the field study [8] and biophysical 67 

models such as WIMOVAC, MISCANMOD, etc. to predict miscanthus yield [19,20]. However, 68 

they did not assess the impacts of soil and water quality, and nutrient stress on biomass yield in 69 

SMLs or marginal lands [21]. SMLs are naturally very low in nutrients and are more susceptible 70 

to poor soil and water quality, if they are targetted for higher biomass yield for bioenergy 71 

applications [22,23]. For example, water holding capacity (3–33 cm3 cm-3), soil organic-carbon 72 

content (7.8–20.6 g kg-1), nitrogen (0.8–1.6 g kg-1) and phosphorous (27.0–129.0 mg kg-1) 73 

contents in SML soils are not sufficiently adequate to grow crops compared with that of 74 

agricultural cropland soils [22]. Therefore, assessing the soil and water quality impacts of strip-75 

mined soils for energy crops cultivation is critical to establish a sustainable biorefinery in the U.S. 76 

The Soil and Water Assessment Tool (SWAT) is often used for predicting the impact of 77 

land management practices on runoff, biomass yield, and water quality parameters such as stream 78 

loading of sediment and nutrients[13,24]. It is a physically based, semi-distributed and daily time-79 

scale watershed hydrology model that uses data/information related to land use, soil, topography, 80 

climate, and land management practices [25]. It has also been widely used to predict the biomass 81 

yield of perennial energy crops on productive agricultural lands with nutrient-rich soil types 82 

[21,26]. Therefore, the watershed modeling approach using SWAT platform can provide the 83 

necessary knowledge and information to analyze the impact of growing energy crops on SML, 84 

while estimating biomass yield, and its production viability [27].  85 

The objectives of this study were (i) to develop a watershed model to simulate the existing 86 

watershed characteristics and evaluate the hydrologic and environmental impacts of growing 87 
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miscanthus in SMLs using SWAT, and (ii) to estimate the biomass yield potential and availability 88 

of miscanthus from SMLs in a large study area (the state of Ohio) for bioenergy production. 89 

2. Methodology 90 

The Soil and Water Assessment Tool (SWAT) was used to analyze the impact of growing 91 

miscanthus in strip-mined lands (SML) on water quality and biomass yield potentials. The major 92 

input data required to build a SWAT model include DEM (Digital Elevation Model), slope, soil 93 

properties, landuse, crop management practices, and meteorological information. During 94 

watershed modeling, either Cropland Data Layer (CDL) or National Land Cover Database 95 

(NLCD) can be used as landuse input data in the SWAT. However, the spatial extent of SMLs was 96 

not represented in these databases due to the limited amount of such lands. SMLs are included in 97 

other usual land classifications such as fallow land or developed land. Therefore, it is necessary to 98 

identify the spatial extent of strip-mined land in the landuse dataset as a required input to the 99 

SWAT model.  100 

2.1 Identification of Strip-mined land and its spatial extent 101 

2.1.1 Availability of strip-mined land in the USA 102 

Surface mining activities disturbed about 2.5 Mha of land between 1930 and 1977 and a 103 

large part of that area is with little or no reclamation [10]. The U.S. Government passed the Surface 104 

Mining Control and Reclamation Act (SMCRA) in 1977 to reduce the environmental degradation 105 

and risks associated with mined lands [28]. According to this law, the disturbed land due to mining 106 

activities must be reclaimed and returned to its original condition otherwise the concerned party is 107 

liable for a huge penalty [29]. In addition to already-disturbed lands by mined activities before 108 

enacting SMCRA law, more than one Mha of the surface-mined/strip-mined area have been 109 

disturbed and reclaimed since the SMCRA was enacted [11]. Usually, these lands have been 110 

brought back to pre-mined conditions in phases that include contouring, replacing previously-111 
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stripped topsoil, and revegetation [10]. Currently, about two Mha of these land are still under 112 

license for mining [11].  113 

We compiled information from OSMRE about the stock of surface mined land status in the 114 

U.S. (Table S1) and Ohio (Table S2) [11] and presented in the supporting document. It was 115 

estimated that about 0.9 and 0.05 Mha of reclaimed SML are available in the U.S. and Ohio 116 

respectively. In addition, annually about 37,000 and 2,000 ha of strip-mined lands from the post-117 

SMCRA law are added to the current SML inventory. Miscanthus is one the most productive and 118 

environmentally-effective (i.e., high carbon sequestration, low nutrient requirement, high water 119 

use efficiency) among all energy crops in the U.S. [30]. It can help to reduce the high-cost SML 120 

surface reclamation by sharing part of the biomass production cost for bioenergy use [10,31]. 121 

2.1.2 Identification of SMLs suitable for miscanthus cultivation 122 

The polygon dataset for strip-mined land was acquired from the Ohio Department of 123 

Natural Resources (ODNR) to spatially locate and identify strip-mined lands available in 124 

Ohio [32]. The surface mined lands are categorized into A, B, C, and D groups depending on the 125 

time of awarding the mining permit and going from oldest to most recent, with A being the oldest 126 

group. Depending on the current mining activity, these lands are also classified as active (ACT), 127 

inactive (INA), temporarily inactive (TIN), released (REL), or abandoned (ABA).  128 

In the state of Ohio, about 87,000 ha of lands were strip-mined before SMCRA, 1977. 129 

There are about 120,000, 60,500, 14,600, and 15,200 ha of the lands classified into A, B, C, and 130 

D groups of the SML permit categories respectively. All A and B category surface mine lands are 131 

abandoned, and the inactive category includes C. About 60,250 ha of land are classified as inactive 132 

but are included in group C. There are about 6,100, 30,500, 5,900, and 74,850 ha of land 133 

categorized as abandoned, active, inactive, and released respectively in the D-group. Based on 134 
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slope and soil type, the D-group SML in the released category is most suitable for growing energy 135 

crops (personal communication with geospatial data specialists at ODNR). The geographical 136 

spread of SML was in the eastern portion of Ohio and a large concentration of these lands falls in 137 

three counties (i.e., Belmont, Jefferson, and Harrison). The land cover dataset classification (i.e., 138 

CDL dataset) did not explicitly include the SML as a unique category  merged to other land 139 

classifications. Therefore, SML category was appended to CDL land classification with the help 140 

of GIS tools before using it in the SWAT model. 141 

2.2 Study area descriptions 142 

The study area located in Ohio includes the Upper Ohio-Wheeling (USGS 8-digit 143 

HUC - 05030106) and Tuscarawas watersheds (USGS 8-digit HUC - 05040001). The total study 144 

area of the delineated cover is approximately 2632.5 km2 spread over Belmont, Harrison, 145 

Guemsay, and Jefferson counties (Figure 2). The selected watershed drains in the Ohio river. The 146 

mean elevation of the watershed is 337m (188 - 428m). Land cover types include forest (58%), 147 

pasture (22%), developed area (8.5%), SML (8%), and others (4.5%) in the watershed. The 148 

majority of the land area is the silt loam soil type with more than 10% slope. The watershed 149 

received an annual average precipitation of 1180 mm during the study period (2000 to 2013). 150 

 151 
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 152 
Figure 2: Delineation of studied watershed and streams in the state of Ohio with strip-mined 153 

land (SML).  154 

2.3 SWAT model 155 

The SWAT is a physics-based, semi-distributed and daily timescale watershed hydrology 156 

model and uses data/information related to land use, soil, topography, climate, and land 157 

management practices [25]. The SWAT model delineates watersheds, divides them into multiple 158 

sub-watersheds that are further subdivided into hydrologic response units (HRU). An HRU is a 159 

land unit having a unique land use, soil type, and slope. Flow, sediment, and nutrient yield across 160 

all HRUs in a subwatershed are summed and the resulting flow and loads are then routed through 161 

channels to the watershed outlets. The major components of SWAT include many integrated 162 
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modules related to hydrology, climate, crop growth, nutrients, etc. [25,33]. The SWAT model can 163 

simulate the growth of a wide selection of crops using the Erosion-Productivity Impact 164 

Calculator (EPIC) model that calculates leaf area development, sunlight interception and convert 165 

to biomass considering environmental constraints resulting from water, nutrients, and temperature 166 

[13,21,26]. The SWAT quantifies hydrologic and water quality impacts along with biomass yield. 167 

The SWAT model crop database includes a large range of crops, but does not have energy crops 168 

such as miscanthus. However, researchers have developed model parameters for the miscanthus 169 

crop for SWAT application to simulate its annual biomass yield [21,34]. In this study, we used 170 

newly developed parameter sets for miscanthus crop as described in Trybula et al. [34] to predict 171 

miscanthus yield potential and its impact on stream water quality. 172 

2.4 Model setup and inputs 173 

An ArcGIS (ESRITM, Redlands, CA) extension  graphical user interface of SWAT , 174 

ArcSWAT (ver. 2012) was used to build a watershed model using inputs such as topography, soil, 175 

climate, vegetation, and land management practices. A DEM (30m) from the USDA-NRCS 176 

Geospatial Data Gateway (https://datagateway.nrcs.usda.gov/) was used to delineate the 177 

watershed. The Gridded SSURGO (gSSURGO) and CDL (in the year 2014 with identified SML) 178 

were used as soil and land cover data respectively. The watershed was subdivided into 396 sub-179 

basins with a threshold area of 400 ha. The watershed was further subdivided into 1464 HRUs on 180 

the basis of land cover, soil type, and slope. A threshold value of 10%, 20%, and 10% was used 181 

for land use, soil, and slope respectively in the HRU definition to avoid smaller HRUs. The land 182 

use for corn, soybean, and SML was very small as compared to that of pasture and forest lands. 183 

During the HRU definition execution process, we excluded land use for corn, soybean, and strip-184 

mined land to avoid merging small land use classes such as corn, soybean, and SML.  185 
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Climate data from 2000 to 2013 including daily precipitation, temperature, solar radiation, 186 

relative humidity, and wind speed were collected from climate data from Texas A&M University 187 

for SWAT (https://globalweather.tamu.edu/) [35]. Daily stream discharge for three outlets in the 188 

study area was obtained from the USGS website (https://waterdata.usgs.gov/nwis/rt) for three 189 

gauges (USGS 03111500, 03111548, and 03113990). Sediment and nutrient data were collected 190 

from the Ohio-EPA for the study area (Figure 2). Water quality data were available for only one 191 

USGS gauge (i.e., USGS 03111548) which was collected by the United States Environmental 192 

Protection Agency (U.S. EPA, C03S18) during the study period. Data from 2008 to 2011, and 193 

2012 to 2013 were used for model calibration and validation respectively. Scenario analysis was 194 

performed from 2004 to 2013 to estimate miscanthus yield in strip-mined land and its effect on 195 

flow and water quality. The average annual rate of atmospheric deposition for ammonium and 196 

nitrate in precipitation (0.24 and 0.74 mg l-1, respectively) and dry deposition (0.59 kg NH4+ ha-1 197 

and 0.17 kg NO3- ha-1) was obtained from Clean Air Status and Trends Network (CASTNET) data 198 

for Ohio [36]. 199 

2.5 Crop management inputs to the SWAT model 200 

Crop management practices such as crop rotations, tillage, and fertilizer input rates play a 201 

significant role in plant growth, and impact stream water quality. It is a very difficult task to collect 202 

management information for all land use and crop types in a large watershed. Forest and pasture 203 

land cover types covered 90% of the area in the watershed. Corn and soybeans are the two major 204 

crops cultivated in the study area. A two-year crop rotation was considered for corn and soybean 205 

croplands with local management inputs as mentioned in Cibin et al. [37] but considering no 206 

removal of corn stover. We built the crop rotations including all required field operational dates 207 
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for each crop and uploaded into SWAT as management inputs for all land areas with corn and 208 

soybeans in the study area (Table S3, supporting document).  209 

Miscanthus was represented in the model as multi-year crop rotations with the one-year 210 

establishment and 14 years of biomass harvesting (Table S3). The detailed description of the dates 211 

and management inputs are reported in Cibin et al. (2016). The soil in SML area has very low 212 

nutrient content as compared to that of cropland and it may require higher rates of nitrogen for 213 

normal crop growth. Therefore, higher rates of nitrogen (i.e. Urea) fertilization were considered in 214 

this study. We modeled three scenarios: Scenario 1 (the control): no nitrogen application; 215 

Scenario 2: 100 kg N ha-1; and Scenario 3: 200 kg N ha-1). 216 

2.6 Model evaluation 217 

The model’s capability to simulate watershed responses accurately and consistently is 218 

essential to extend its use of the model. Therefore, the developed watershed model was evaluated 219 

using parameter sensitivity analysis, model calibration followed by model validation. Sensitivity 220 

analysis identifies the most influential parameters affecting the model outputs such as flow, 221 

sediments and nutrients and their ranking [38]. It identifies sensitive parameters from a large 222 

number of model parameters and adjusts their initial ranges for further model calibration, thus 223 

helps in reducing efforts to calibrate and validate a watershed model. 224 

The SUFI2 (Sequential Uncertainty Fitting-2) procedure in SWAT-CUP (SWAT 225 

Calibration and Uncertainty Procedures) was used for sensitivity analysis, uncertainty analysis, 226 

autocalibration, and validation of the watershed model [33,39]. The model performances were 227 

statistically evaluated using the Nash-Sutcliffe (NS) efficiency, the coefficient of 228 

determination (R2) and percent of bias (PBIAS). Usually, to be considered satisfactory, monthly-229 

simulated SWAT model water flow at the watershed scale should have an NS value >0.55, R2 230 
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values >0.7 and PBIAS <15%  [40]. However, these values differ for sediment and nutrients (for 231 

sediment: NS value >0.45, R2 value >0.4 and PBIAS < 20%; for Nitrogen: NS >0.35, R2 > 0.3 and 232 

PBIAS < 30%; for Phosphorous: NS >0.4, R2 > 0.4 and PBIAS < 30%) [40]. The values of NS, 233 

R2, and PBIAS for flow, sediment, and nutrient results of SWAT model simulated daily basis are 234 

typically smaller compared with yearly or monthly time-scale simulations and they depend on 235 

specific project type and sometimes challenging to get satisfactory results due to unavailability of 236 

sufficient observed data for calibration and validation [41]. In this study, the model was simulated 237 

on a daily time-step from 2000-2013 with a warm-up period of 3 years. The model was calibrated 238 

and validated from 2008-2011 and 2012-2013 respectively.  239 

The initial streamflow calibration process in SWAT-CUP had 36 hydrologic 240 

parameters (Table S4) and the model was run for three sets of 1000 simulations each. After the 241 

model was calibrated for hydrology parameters, the narrow ranges for these parameter values were 242 

fixed and the model was calibrated for NO3–N load using the 12 N-parameters listed in Table S4. 243 

A similar approach was used to calibrate sediment using 14 parameters affecting sediment load in 244 

the stream water. Similar to flow calibration, we performed three sets of simulations each with 245 

1000 runs to calibrate nitrate and sediment using SWAT-CUP. The most sensitive parameters 246 

affecting nitrate and sediment are presented in Table S5.  247 

3.0 Results and discussion 248 

3.1 Model calibration and validation 249 

Streamflow was calibrated and validated on daily as well as on a monthly basis at three 250 

outlets within the watershed. Sediment and nutrients were calibrated and validated only at one 251 

outlet (due to non-availability of observed water quality data in other two outlets) (Figure 2). 252 

Model calibration and validation performances were evaluated based on the estimated values of 253 
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the coefficient of determination (R2), Nash–Sutcliffe efficiency (NS) and percent of bias (PBIAS). 254 

The model calibration and validation performance were satisfactory for monthly streamflow at all 255 

three outlets (Table 1). 256 

Table 1: Summary of calibration and validation of watershed for flow and nutrients 257 

   Calibration (2008  2011)  Validation (2012  2013) 
   Monthly  Daily  Monthly  Daily 
USGS/EPA 
Station ID Output  NS R2 PBIAS  NS R2 PBIAS  NS R2 PBIAS  NS R2 PBIAS 

03111500 

Flow 

 0.77 0.79 -8.6  0.46 0.51 -25.2  0.61 0.70 12.0  0.45 0.46 -6.1 
03111548/ 
C03S18 

 0.72 0.72 -2.3  0.43 0.48 -19.7  0.75 0.79 -10.2  0.42 0.44 -14.8 

03113990  0.67 0.67 -1.2  0.44 0.49 -13.9  0.69 0.77 17.3  0.41 0.43 13.1 

03111548/ 
C03S18 Sediment      0.86 0.87 -8.3      0.90 0.93 9.5 

03111548/ 
C03S18 

Nitrate 
(NO3-N) 

     0.91 0.93 9.2      0.70 0.73 12.1 

Similarly, the calibration and validation performances for sediment and nitrate were above 258 

the satisfactory limits [40]. The phosphorous concentration in the stream water at the outlet was 259 

very low (less than 0.01 mg l-1) and was not considered for the model’s calibration and validation. 260 

However, the model parameters that affect phosphorous were included during model calibration 261 

and validation of flow and sediment. Figures 3, 4 and 5 present the calibrated and validated 262 

hydrograph, sediment discharge, and nitrate (NO3-N) load in the stream outlet respectively. 263 
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 264 

Figure 3: Hydrograph during calibration (2008  2011) and validation (2012  2013) periods. 265 

 266 
Figure 4: Calibration and validation of sediment loading to the stream  267 

 268 
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The hydrograph illustrates that the model adequately predicts the base flow as well as 269 

peaks (Figure 3). Although the model performance was satisfactory, the fluctuations in sediment 270 

discharge during calibration and validation periods were large especially during the validation 271 

period (Figure 4 and Figure 5). A large percentage of total area in the drainage area is SML, which 272 

could have contributed to a large fluctuation in the sediment and nitrate loads in the stream water. 273 

However, all sensitive model parameters during calibration were used for analyzing results. 274 

Furthermore, the number of observed data points are very small, and the model could be further 275 

improved with additional observed data points related to water quality for calibration and 276 

validation. 277 

 278 
Figure 5: Calibration and validation of nitrate (NO3-N) loading to the stream 279 

 280 
With the limited number of available observed data, the model was able to predict nitrate 281 

loads during wet and dry seasons (Figure 5). The trends of fluctuation of nitrate load during 282 

calibration and validation period were similar to flow. In overall, the performance of calibration 283 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 January 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 January 2019                   doi:10.20944/preprints201901.0206.v1

Peer-reviewed version available at Water 2019, 11, 546; doi:10.3390/w11030546

http://dx.doi.org/10.20944/preprints201901.0206.v1
http://dx.doi.org/10.3390/w11030546


16 
 

and validation were satisfactory and further used in estimating the effect of growing energy crops 284 

in the SML on watershed performances. The best parameter values in the calibration are used for 285 

simulating the watershed to estimate flow, sediment, nitrate, phosphorous and biomass yield. The 286 

results from the models were analyzed and aggregated to watershed and sub-basin level for the 287 

further presentation and analysis.  288 

3.2 Miscanthus cultivation in SML impacting watershed 289 

The performance parameters to evaluate the option to grow miscanthus in the SML for 290 

biomass production were analyzed with the help of average annual flow and sediment, nitrate, and 291 

phosphorus loading at the outlets (Figure 6, base case vs scenario 1 only) as well as at the sub-292 

basin level (Figure 7, comparative results for all scenarios).  293 

 294 
Figure 6: Variations in simulated average annual flow and water quality parameters values at 295 

stream outlets due to growing miscanthus in SMLs (scenario 1) in the studied watershed. 296 

 297 
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Streamflow and sediment loading at the watershed outlets were slightly reduced under 298 

miscanthus production scenarios in the SML compared with the base case. Compared with the 299 

base case, the stream water flows at three watershed outlets were reduced by ~1% in scenario 1 300 

(Figure 6). The reduction in the nitrate loading (7.7%  22.5%) to the stream outlets was higher 301 

compared with the flow and sediment.  302 

Miscanthus is a perennial crop and its establishment on SML reduced the surface flow by 303 

providing physical barriers, and increased infiltrations and evaporation that caused lesser sediment 304 

load to the streamflow. The net nitrate load reduction from drainage areas at the outlets-b and 305 

outlets-c were larger than that of outlets-a due to the presence of a larger proportion of SML in the 306 

drainage areas for the former two outlets compared with the later (i.e., outlet-a, Figure 6). The 307 

mineral phosphorous load at the outlets was increased due to the mineral phosphorus application 308 

during miscanthus cultivation. Nitrate leaching to stream water led to nitrous oxide emissions 309 

(highly potent GHG emissions) into the atmosphere. Thus, the reduction in nitrate loads to stream 310 

water can reduce the net GHG emissions from fertilizer applications (or lower carbon footprint of 311 

biofuel or bioenergy production from biomass produced in SMLs) as well as reduce eutrophication 312 

potentials in rivers and streams [42]  313 
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 314 
Figure 7: Simulated annual average water yield, nutrients loads and biomass yield at basin level 315 

considering the different level of fertilizer application. 316 

 317 
Figure 7 shows the basin level weighted annual average streamflow and water quality 318 

parameters by growing energy crops in the SML with different fertilization levels 319 

(scenarios 1 to 3) and base case (no energy crops). The overall changes in the annual average water 320 

yield (in cm H2O) were marginal (<1%) at the watershed level and moderate (1% - 6%) at basin 321 

and sub-basin level respectively in all miscanthus-growing scenarios in SMLs.  322 

Scenario 1 showed a substantial increase in basin sediment yield, i.e., by 27.0% (very large 323 

at sub-basin level, -10  to 800% not presented here) with respect to the base case. The large 324 

sediment yield increase was due to very low miscanthus yield and biomass removal (e.g., ~70.0%) 325 

or leaving very little residue on the SML to obstruct surface flow from precipitation. 326 

A large portion of the SML falls within higher slope categories and soil erosion increased 327 

exponentially with the removal of biomass from these lands [43]. But with an increase in the 328 

biomass yield (i.e., scenarios 2 and 3), the sediment load decreased. Higher biomass yield in 329 
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scenario 3 reduced the flow as well as soil erosion and the average annual sediment yield was 330 

lower than that of the base case. 331 

The nitrate load trend was increased with increasing fertilization rate during miscanthus 332 

cultivation on SML (Figure 7). In scenario 1, nitrate load decreased substantially (i.e., by 14.0% ) 333 

compared with that of the base case. Then nitrate load to the stream water from sub-basins 334 

increased with the addition of more nitrogen fertilizer during miscanthus cultivation. Although 335 

higher nitrogen application rates for miscanthus cultivation increased the nitrate loads in the stream 336 

water, still these values at higher nitrogen fertilizers application rates were less than the base case 337 

scenario (no miscanthus in SML). The net reduction of nitrate load at the basin level was 9.0% 338 

(scenario 2, 100 kg N ha-1) and 2.5% (scenario 3, 200 kg N ha-1) respectively. Most of the nitrogen 339 

applied during miscanthus cultivation was absorbed by the plant and induces growth.  340 

The net increase in mineral phosphorous was ranged from 10 to 12 % due to either higher 341 

sediment load (scenario 1, phosphorous is attached to the sediment) or the additional phosphorous 342 

used during miscanthus cultivation (75 kg ha-1 in scenarios 1 and 2). 343 

The increase in nitrogen fertilization rate during miscanthus cultivation increased the 344 

biomass yield by about 4 (scenario 2, 100 kg N ha-1) and 6 (scenario 3, 200 kg N ha-1) times 345 

compared to zero fertilization rate (Scenario 1). The various nitrogen application rates to cultivate 346 

miscanthus simulate the biomass yield potential [44,45]. But a higher rate of fertilizer application 347 

could increase the N2O (a potent GHG emission agent) emission and nitrate leaching (a 348 

eutrophication agent) that may reduce the environmental benefits. However, higher biomass yield 349 

has a substantial effect on reducing feedstocks cost for biofuel production and improve its 350 

economic feasibility [19,46]. Thus, an integrated techno-economic study along with SWAT model 351 
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is necessary to break-even the economic and environmental advantage of growing miscanthus in 352 

SML. 353 

 354 
Figure 8: Impact of growing energy crops (i.e., Miscanthus) in SML on watershed performances 355 

and potential of annual biomass availability considering no/low/high nitrogen application. 356 
 357 

Figure 8 explicitly shows the relative change in the watershed performance at the sub-basin 358 

level by different miscanthus cultivation scenarios with respect to that of the baseline (a1-a5: 359 

௦௖௘௡௔௥௜௢	ଵ
௕௔௦௘	௖௔௦௘

, b1-b5: ௦௖௘௡௔௥௜௢	ଶ
௕௔௦௘	௖௔௦௘

 , and c1-c5 =௦௖௘௡௔௥௜௢	ଷ
௕௔௦௘	௖௔௦௘

). Figure 8 (a5, b5, and c5) shows the spatial 360 

average annual biomass yield at three fertilizer application rates. A marginal decrease in the water 361 

yield (i.e., surface flow) was experienced by most sub-basins. The spatial distributions of the sub-362 

basin level changes in the sediment yield, nitrate and phosphorous yield are similar throughout the 363 
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watershed. Figure 8 also illustrated that the variations in the performance indicators of scenarios 1 364 

to 3 (i.e., growing miscanthus on SMLs) compared with base case were wide among sub-basins in 365 

the watershed. Thus, each sub-basin requires unique management practices that can provide 366 

optimal benefits to the watershed. For example, although fertilizer application rate was same for 367 

entire watershed, biomass yield in sub-basins towards the center of the watershed were very low 368 

compared with that of other sub-basins that might unnecessarily increase the nitrate load to the 369 

stream water. Therefore, SML in sub-basins with very low miscanthus yield could be cultivated 370 

with no or little fertilizer or remain unchanged as before to achieve the overall sustainability 371 

objectives. 372 

3.3 Miscanthus biomass availability 373 

The climate, soil, and management practices had a substantial impact on biomass yield and their 374 

variations are not uniform throughout the watershed. Figure 7 and Figure 8(c5) provide the annual 375 

average biomass yield during the study period and spatial variations in the biomass yield for the 376 

studied area, a watershed in the state of Ohio. The temporal variations of biomass yield are shown 377 

in Figure 9. The annual variations in the biomass yield can be attributed to the physiology of energy 378 

crops, and climate factors such as rainfall and temperature. 379 
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 380 
Figure 9: Temporal and spatial variations in annual biomass yield of Miscanthus produced from 381 

SML (100kg N ha-1 and 75kg P ha-1). 382 
 383 

The yield predicted in this study with application of nitrogen was very similar to 384 

experimental biomass yield results from SML [15-17]. The average miscanthus yields in SMLs 385 

without the application of fertilizer (scenario 1), with application of 100 kg N and 75 kg P 386 

(scenario 2), and with application of 200 kg N and 75 kg P (scenario 3) were 2.6 (0.8-5.53), 387 

10.4 (1.32-16.05) and 15.86 (1.34-26.03) dry Mg ha-1 respectively. However, the increase in the 388 

biomass yield in this study (~600% increase between scenario 3 and base case) was much larger 389 

than experimental studies [44,47]. Arundale et al. [47] quantified a 25% increase in the biomass 390 

yield in Miscanthus cultivated in cropland with 202 kg-N/ha compared with no N fertilizer 391 

application [47]. Compared with cropland, SML has very low-quality soil and deficient in nutrient 392 

especially nitrogen that hinders plant growth [22]. Therefore, a large increase in the biomass yield 393 

with a higher rate of nitrogen application was observed in this study. But the rate of increase in 394 
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biomass yield was lower than the rate of increase in nitrogen fertilizer application and the trends 395 

are similar for both cropland and SML. Other than soil quality, biomass yield also depended on 396 

climate parameters such as rainfall, temperature, sunlight, etc.  397 

The study illustrated that SML requires fertilizer to achieve higher yield but the increase 398 

in the biomass yield with respect to increasing fertilizer application rate is not linear, and a higher 399 

fertilizer application rate has a detrimental effect on stream water quality. But higher biomass yield 400 

could lower the biomass logistics cost and improve the economic feasibility of making biofuel or 401 

bioenergy from biomass. Nitrogen application at a high rate could also have a negative impact on 402 

overall GHG emissions. Therefore, a more in-depth and holistic experimental study is required to 403 

find the optimal fertilizer application rate for miscanthus considering both environmental and 404 

economic factors. 405 

In the current study area (21,203 ha of SML), the annual production of miscanthus varies 406 

between 55,000 and 336,000 dry Mg. Post-SMCRA law, there are about one Mha (Table S1) and 407 

73,000 ha (Table S2) of SML available in the USA and Ohio respectively [11]. These lands could 408 

supply about (10 to 15) and (0.7 to 1.0) M dry Mg of biomass every year to produce bioenergy. 409 

Although predicted miscanthus biomass yields from SMLs are much lower than that of usual 410 

croplands with fertile soil [8], the biomass yields are still much higher than that of other perennial 411 

energy crops such as switchgrass. Therefore, the production of miscanthus from SMLs could be 412 

economical and it can provide a substantial amount of biomass for bioenergy or biofuel production 413 

without competing for land to produce food and feed for the growing human population. 414 

Furthermore, the production of biomass from these lands also has positive environmental benefits 415 

such as reduction in stream sediment yield (~20%) and nitrate load (2.5% - 10.0%), with only a 416 

marginal increase in the mineral phosphorous yield to the stream water.  417 
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Currently, major stakeholders such as mining contractors must reclaim the SMLs after 418 

mining activities, which is a very expensive option for them [31]. Reclamation of disturbed SMLs 419 

is a lengthy process (i.e., 5-10 years)  growing plants is one of the most critical processes during 420 

the reclamation that adds soil organic carbon to the disturbed land  and restores the soil 421 

productivity similar to conditions before mining activity. Miscanthus is also one of the best plant 422 

species to be considered to reclaim SMLs because it is better adapted to grow in nutrient and water 423 

deficient soils, and offers faster carbon accumulation that is, sequesters more carbon quickly. 424 

Therefore, growing miscanthus in the SML can provide biomass for energy production, and 425 

environmental benefits while reducing the cost of reclamation, especially for mining contractors.  426 

4.0 Conclusions 427 

A GIS-based hydrological watershed model was developed to estimate the miscanthus 428 

yield potential, while assessing the soil and water quality on the Strip-Mined Lands (SMLs) using 429 

a SWAT model. .This study has demonstrated that establishing miscanthus in the SML could 430 

produce about 2.6, 10.0, and 16.0 dry Mg of biomass per for 0, 100 and 200 kg N ha-1 of fertilizer 431 

application rate respectively. The environmental benefits of growing miscanthus potentially 432 

reduced the loading of sediments (~ 20%) and nitrates, NO3N (2.5% -10.0%) in the stream water 433 

compared to that of the base case (without energy crop cultivation in SML). The available SML in 434 

the U.S. could produce about 10.0 - 16.0 M dry Mg y-1 of biomass sustainably for bioenergy 435 

production. This study has also identified the hotspot (i.e., most influential SML areas) in the study 436 

region for sustainable biomass production. The predicted biomass yield from SML was 437 

comparable with experimental data and the cultivation cost can be economical with positive 438 

environmental benefits. The developed SWAT model for the strip-mined lands can be used  by 439 

mining contractors, policy makers and bioenergy investors to assess the economic and 440 
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environmental benefits of producing biomass for bioenergy applications. In the future, the 441 

economic impacts of growing miscanthus to produce biofuels on SMLs need to be evaluated, if 442 

the biomass cultivation may be integrated with the existing soil reclamation practices in SMLs.  443 
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