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Abstract: Napier grass is an energy crop that is promising for future power generation. Since Napier
grass has never been planted extensively, it is important to understand the impacts of Napier grass
plantations on local energetic, environmental, and socioeconomic features. In this study, the soil
and water assessment tool (SWAT) model was employed to investigate the impacts of Napier grass
plantation on runoff, sediment, and nitrate loads in Songkhla Lake Basin (SLB), southern Thailand.
Historical data, collected between 2009 and 2018 from the U-tapao gaging station located in SLB
were used to calibrate and validate the model in terms of precipitation, streamflow, and sediment.
The simulated precipitation, streamflow, and sediment showed agreement with observed data, with
the coefficients of determination being 0.791, 0.900, and 0.997, respectively. Subsequently, the SWAT
model was applied to evaluate the impact of land use change from the baseline case to Napier grass
plantation cases in abandoned areas with four different nitrogen fertilizer application levels. The
results revealed that planting Napier grass decreased the average surface runoff and sediment in the
watershed. A multidisciplinary assessment supporting future decision making was conducted using
the results obtained from the SWAT model; these showed that Napier grass will provide enhanced
benefits to hydrology and water quality when nitrogen fertilizers of 0 and 125 kgN ha−1 were applied.
On the other hand, the benefits to the energy supply, farmer’s income, and CO2 reduction were
highest when a nitrogen fertilization of 500 kgN ha−1 was applied. Nonetheless, planting Napier
grass should be supported since it increases the energy supply and creates jobs while also reducing
surface runoff, sediment yield, nitrate load, and CO2 emission.

Keywords: SWAT model; water quality; hydrology; fertilizer application; Songkhla Lake Basin

1. Introduction

The increase in fossil-fuel-based energy consumption has resulted in an energy crisis
and a critical state of global warming in the 21st century. Finding a new energy source that
is renewable, clean, and sustainable has thus become an urgent task. Among the candidates
suitable for such clean energy, biogas, which is a gaseous fuel obtained from the decom-
position of organic matter, has received widespread attention [1–3]. Biogas feedstocks can
be found in a variety of forms, such as agricultural residues, forestry byproducts, animal
waste, and dedicated energy crops. Biogas energy derived from dedicated energy crops can
be considered carbon-neutral because although carbon is released during the process of
power generation, the same amount of carbon is absorbed by the crops during their growth.
The advantages of biogas are not limited to carbon neutrality—it also has higher yields and
a shorter life cycle, thus promising a stable fuel supply. However, for the widespread use
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of these renewable energy crops, there are several aspects to be considered prior to making
decisions regarding land use change for energy plantations, in order to avoid unforeseen
socioeconomic and environmental issues [4–7].

Utilizing bioenergy can directly satisfy the Sustainable Development Goals (SDGs)
suggested by the United Nations Development Programme (UNDP), namely, SDG 7
(affordable and clean energy), SDG 8 (decent work and economic growth), and SDG 13
(climate action). However, there are several SDGs that are indirectly related to the use of
bioenergy, since planting new dedicated energy crops would affect water and land. For
example, SDG 6 ensures safe and affordable drinking water and freshwater supplies, while
SDG 15 conserves and restores terrestrial and freshwater ecosystems. This highlights the
importance of a multidisciplinary assessment for the safe introduction of bioenergy as an
alternative energy source.

Napier grass (Cenchrus purpureus Schumach.) is one of the popular perennial grasses
used in biogas-based power generation [8–13]. It possesses many desirable characteristics for
energy crops, such as a short life cycle, relatively high methane content, and high water use
efficiency [14–16]. Additionally, it has been reported that perennial grasses can help reduce
nitrate transport into the soil, which is a waterborne pollutant [17]. Furthermore, Napier grass
can grow well under flooded soil conditions, making it suitable for use in water pollution
treatment [18]. Although Napier grass can serve as an alternative fuel source and reduce
carbon emissions, there are concerns over the impacts of such a crop on the local soil and
water, due to changes in land use and intensive agricultural practices [19–21].

To investigate the impacts of land use changes on the local soil and water, the soil and
water assessment tool (SWAT) model is one of the most promising models. Dos Santos et al. [22]
utilized the SWAT model to investigate the impacts of land use changes on streamflow and
sediment yield and discuss ways to consider future land use conditions in the Atibiai River
basin, Brazil. The results provided useful information for proposing improvements in the basin’s
environmental quality and management. The SWAT model was also applied to assess the impact
of changes in agricultural management practices on nitrate loads by Epelde et al. [23]. They
found that the trends of nitrogen surplus in the system generally increased as the fertilization
input increased. The effects of replacing conventional crops with Miscanthus on riverine
nitrate load were investigated by Ng et al. [24] using the SWAT model. The results revealed
that the nitrate load tended to decrease when replacing conventional crops with Miscanthus.
Similarly, using the SWAT model, Cibin et al. [25] investigated the impacts of bioenergy crops
on hydrology and water quality. The study also found that perennial grass reduced pollutant
load at the watershed outlet. This suggested that the study on the impacts of land use changes
on the local soil and water is currently of interest.

In our previous study that evaluated the land potential for Napier grass cultivation,
the dry matter yield (DMY) was estimated using the SWAT model [26]. The SWAT model
successfully estimated the Napier grass DMY in Thailand, with a coefficient of determi-
nation of 0.951; the results also show that southern Thailand had the highest average
DMY. In our continued study [27], we integrated the land suitability map, obtained from a
multicriteria decision analysis, and the spatial distribution of DMY to assess the suitability
of a site for Napier-grass-based biogas power plants in southern Thailand. The location of
biogas power plants and their distance from roads, residential areas, waterbodies, their
access to the electricity grid, and their supply of feedstock were all considered during
the site suitability analysis. The results revealed that, using only Napier grass from aban-
doned areas, five biogas power plants could be built with a total contracted capacity of
420 MW. This highlights that Napier grass can significantly reduce Thailand’s dependency
on imported electricity.

Although Nantasaksiri et al. [26,27] suggested that Napier grass possesses massive
potential in biogas-based power generation in southern Thailand, with a few socioeco-
nomic and environmental criteria considered, a study on the impacts of Napier grass on
hydrology and water quality is yet to be performed. Moreover, the factors to be considered
should not be limited to hydrology and water quality because there are several varied
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parties involved: The government will likely focus on energy supply, CO2 reduction, and
sustainability, while the local community and farmers are likely most interested in job
creation and income. Hence, the broad objective of this study was to investigate the effects
of different management practices for Napier grass plantations on surface runoff, sediment
yield, and nitrate load in southern Thailand using the SWAT model. Based on the results
obtained, a multidisciplinary assessment for supporting adequate decision making to
utilize Napier grass as a feedstock for biogas-based power generation was carried out to
comparatively assess the advantages and disadvantages of various cases of cultivation
practices with different fertilizing levels. The results from this study provide a logical
framework to support decision making for implementing new dedicated energy crops as a
biogas feedstock, which is useful for the transition toward a renewable and sustainable
energy society.

2. Materials and Methods
2.1. Study Site

The Songkhla Lake Basin (SLB), shown in Figure 1, was selected as the study site
since our previous study had found three potential sites suitable for biogas-based power
plants here [27]. This basin is located in southern Thailand and lies within three provinces,
namely, Phattalung, Songkhla, and Nakhonsithammarat, and has an area of approximately
8157 km2. The elevation of the watershed ranges from 0 to 1334 m above sea level, and the
average annual precipitation is 1992 mm. In this watershed, the annual average temperature
is 27.4 ◦C; the highest average temperature (33.9 ◦C) was observed in April, and in October,
the average temperature was found to be lowest (23.0 ◦C). The average relative humidity
for the SLB was 81.0%. The major land uses in the basin are agricultural (60.46%), forest
(13.79%), and water bodies (13.54%). Southern Thailand is famous for latex production,
and 41.33% of the total area in this basin is utilized for the Pará rubber tree plantation.
The largest natural lake in Thailand, i.e., Songkhla Lake, is located in the SLB. Among
the chain of lagoons that form Songkhla Lake, the northernmost lagoon, i.e., Thale Noi,
was declared a protected freshwater wetland in 1975. In addition, the Kuan Ki Sian knoll
in the non-hunting area was declared a wetland of international importance in 1998 by
the Ramsar Convention. Approximately 1.5 million people live in the basin, resulting
in the rapid degradation of natural resources in the area because of economic activities.
Because many parts of the SLB are wetlands, the area is highly susceptible to flooding and
landslides, and several studies have focused on combating these issues [28,29].

2.2. Model Description

The SWAT model, a continuous time- and process-based watershed model, was
used to examine the impacts of Napier grass plantations on the hydrology and water
quality within SLB. A detailed description of the SWAT model used for calculating Napier
grass DMY can be found in our previous study [26]. Based on the SWAT theoretical
documentation [30], surface runoff, sediment yield, and nitrate load, which are considered
indicators of environmental burdens corresponding to flood, erosion, and water pollution,
respectively, were calculated. The surface runoff Qsur f (mm day−1) is described using the
following equation:

Qsur f =

(
Rday − 0.2S

)2

Rday + 0.8S
(1)

where Rday is the rainfall depth for the day (mm day−1) and S is the retention parameter
(mm day−1), which is defined as:

S = 25.4
(

1000
CN

− 10
)

(2)
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where CN is the curve number for the day. The curve number CN is an important parameter
for calculating surface runoff, depending on the hydrologic soil group and land use. In
the SWAT model, a higher curve number indicates a higher runoff potential, and a lower
number indicates greater retention.

To calculate sediment yield sed (in metric tons), the modified Universal Soil Loss
Equation (MUSLE) equation was used. In this approach, the sediment yield is a function of
the surface runoff Qsur f . The MUSLE equation can be expressed as:

sed = 11.8
(

Qsur f qpeak Ahru

)0.56
K·C·P·LS·CFRG (3)

where qpeak is the peak runoff rate (m3 s−1), Ahru is the area of the hydrological response
unit (HRU) (ha), K is the USLE soil erodibility factor, C is the USLE cover and management
factor, P is the USLE support practice factor, LS is the USLE topographic factor, and CFRG
is the coarse fragment factor.

The total nitrate content assessed in the SWAT model is an integrated contribution of
fertilizer, manure application, bacterial attachment, mineralization, atmospheric deposition,
plant uptake, leaching, volatilization, denitrification, and erosion. Because there are several
equations involving calculations of the nitrate cycle, the SWAT model’s description was
carefully summarized by Hass et al. [31], which will not be repeated here. The total nitrate
balance in a period, ∆N (kgN ha−1), was calculated using Equation (4), i.e., the difference
between nitrate input into the nitrate pool and the nitrate used by agricultural activities:

N =
(

N f ert + Nhum + Nmin + Natm

)
−
(

Ndenit + Nup + Nleach + Nsur f + Nlat f

)
(4)

where N f ert is the amount of nitrate in fertilizers, Nhum is the nitrogen mineralization from
the humus active organic nitrogen pool (the amount of nitrogen moving from the active
organic to nitrate pool in the watershed), Nmin is the nitrogen mineralization of the fresh
organic nitrogen pool (the amount of nitrogen moving from fresh organic, i.e., residue to
the nitrate pool in the watershed), Natm is the nitrate from atmospheric deposition, Ndenit is
the nitrate from denitrification, Nleach is nitrate percolation through the bottom layer of the
soil profile in the watershed, Nsur f is the nitrate loading to stream in the surface runoff in
the watershed, and Nlat f is the nitrate loading to stream in the lateral flow in the watershed.
The unit of all the above terms is in kgN ha−1.

Hass et al. [31] found that the nitrogen uptake distribution, or βn, was strongly
correlated with the nitrate concentration in crops. In the periods of increased nitrate uptake
by plants in the root zone, the dominant phases of the nitrogen uptake distribution βn were
observed, which indicated that the crops consumed nitrate. SWAT calculates the nitrogen
removed from the soil by plants by taking nitrogen from the nitrate pool [30]. If the nitrates
in the upper layers of the soil was insufficient, the nitrates in the root zone were allowed to
fully compensate for it. The actual amount of nitrogen removed from the soil, Nactualup,ly,
is calculated using Equation (5):

Nactualup,ly = min
[

Nup,ly + Ndemand, NO3ly

]
(5)

with:
Nup,ly = Nup,zl − Nup,zu

where Nup,ly is the potential nitrogen uptake for layer ly (kgN ha−1), Ndemand is the nitrogen
uptake demand not met by overlying soil layers (kgN ha−1), NO3ly is the nitrate content
of the soil layer ly (kgN ha−1), Nup,zl is the potential nitrogen uptake from the soil surface
to the lower boundary of the soil layer (kgN ha−1), and Nup,zu is the potential nitrogen
uptake from the soil surface to the upper boundary of the soil layer (kgN ha−1).
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To calculate the potential nitrate uptake Nup,z, from the soil surface to the depth z,
Equation (6) is used:

Nup,z =
Nup

[1− exp(−βn)]

[
1− exp

(
−βn·

z
zroot

) ]
(6)

with:
Nup = min

[
bioN,opt − bioN , 4 f rN,3∆bio

]
and

bioN,opt = f rNbio

where Nup is the potential nitrogen uptake (kgN ha−1), βn is the nitrogen uptake dis-
tribution parameter, z is the depth from the soil surface (mm), zroot is the depth of root
development into the soil (mm), bioN,opt is the optimal mass of nitrogen stored in plant
material for the current growth stage (kgN ha−1), bioN is the actual mass of nitrogen stored
in plant material (kgN ha−1), f rN is the normal fraction of nitrogen in the plant biomass,
∆bio is the potential increase in total plant biomass on a given day (kg ha−1), bio is the
total plant biomass on a particular day (kg ha−1), and subscript 3 indicates the maturity
growth tage.
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2.3. Data Used

For ease of calculation, the watershed was divided into small units called HRUs. An
HRU is the smallest spatial unit that consists of a unique load combination of land use,
soil type, and slope. Figure 2 display the geographical data used in this study, including
land use and elevation. To determine the slope, slope length, and stream network of each
basin, digital elevation model (DEM) data with a resolution of 30 m was extracted from
CGIAR CSI [32], as shown in Figure 2a. The topographical map thus obtained needed
to be integrated with soil and land use maps to obtain HRUs in the area of interest. To
integrate these data, all maps were converted to a raster dataset with a resolution of 50 m.
The spatial distribution of soil types was provided by the FAO-UNESCO harmonized
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world soil database [33]. Figure 2b displays the land use map from the Land Development
Department (LDD) of Thailand used in this study. To calculate plant growth and water
and nitrate cycles occurring in the watershed, weather data from the National Centers for
Environmental Prediction (NCEP) called Climate Forecast System Reanalysis (CFSR) [34]
were used, which was recommended by SWAT developers and various studies utilized to
predict crop production, streamflow, sediment yield, and nitrate load [35–37]. These data
include the maximum and minimum temperatures, precipitation, solar radiation, and wind
speed. Since the data from NCEP were available only from 1979 to 2014, a daily weather
generator algorithm (dGEN) of the SWAT model was used to generate weather data during
the rest of the calculation period. The CFSR data are provided on a Gaussian grid, defined
by the NCEP, with a horizontal resolution of 38 km (0.3125◦); the vertical resolution was
not equally spaced. By combining the abovementioned data, we obtained ready-to-use
data of the watershed of interest.
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2.4. Model Calibration and Validation

To obtain a reliable prediction, the model must be carefully calibrated and validated.
The main focus of this study was to investigate the effects of Napier grass plantations on
hydrology and water quality; hence, streamflow and sediment yield observations were
used for the calibration and validation. Since weather data greatly affected the simulation
outputs, and since it is unclear if the weather data, including the maximum and minimum
temperature, precipitation, solar radiation, and wind speed, generated by dGEN resembled
the actual historical data, precipitation was also included in the calibration and validation
processes. Only precipitation was selected for the process because it significantly affected
the simulation outputs of the hydrological model, and because precipitation observation
data were available. Although there are several gauging stations in the Songkhla basin,
data on the hydrology, water quality, and precipitation of most stations are not publicly
available. To the best of our knowledge, the only station that can be readily accessed for
streamflow, sediment yield, and precipitation data is the U-tapao canal gaging station
(6◦55′52.32′′ N, 100◦26′24.72′′ E, see Figure 1). Therefore, the monthly streamflow, sediment
yield, and precipitation data from the station during 2009–2018 were used for calibration
and validation.
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For simulation using the SWAT model, there were several parameters affecting hydrol-
ogy, water quality, and precipitation, and approximately 13 parameters exist that are related
to the output of interest. With such a large number of parameters, it is difficult to perform
manual calibration. Therefore, to perform the calibration, four steps were used to adjust
the parameters. In the first step, previous studies [22,23,38,39] were reviewed to identify a
range of parameters and sensitive parameters. Then, as a starting point, a simulation was
performed using the default values suggested by the SWAT. Subsequently, the sensitive pa-
rameters were calibrated manually, similar to the manual calibration in Mengistu et al. [40]
and Arnold et al. [41], except for the curve number that dos Santos et al. [22] suggested for
multiplying the default numbers by 0.7. Finally, when needed, the input parameters were
re-adjusted within reasonable parameter ranges obtained from the first step, and the process
was repeated until satisfactory results were obtained. The coefficient of determination (R2)
of streamflow, sediment yield, and precipitation was used as an objective function, and the
criterion for judging the quality of calibration was to identify the set of parameters that
improved R2 of all outputs to the desirable value of 0.70. The calibrated values are presented
in Table 1. After a set of reliable parameters was obtained, the SWAT model was validated
using three statistical parameters: the Nash–Sutcliffe model efficiency index (NSE), percent
bias (PBIAS), and R2.

Table 1. Summary of calibrated SWAT parameters.

Parameter File Description (Unit) Default Range Previous Studies
[33–36] Default Value Calibrated Value

H
yd

ro
lo

gy

CN2 .mgt SCS runoff curve number 0–100 Default ×0.7
depends on

soil and
land use

55–69

ESCO .hru Soil evaporation compensation factor 0–1 0.6–0.9 1 0.9
CANMX .hru Maximum canopy storage (mm) 0–100 15–80 0 20

ALPHA_BF .gw Baseflow recession constant 0.0071–0.0161 0.01–0.048 0.048 0.048
GW_REVAP .gw Ground water revap coefficient 0–0.4 0.13–0.04 0.003 0.04
GW_DELAY .gw Ground water delay (days) 0–500 14–500 31 14

REVAPMN .gw Threshold depth of water in shallow aquifer for
revap to occur 0–1000 250–500 750 500

EVRCH .bsn Reach evaporation adjustment factor 0.5–1 0.5–0.9 1 0.9
SURLAG .bsn Surface runoff lag coefficient 0.05–24 15 4 15

Se
di

m
en

t SPCON .bsn
Linear parameter for calculating the maximum

amount of sediment that can be re-entrained
during channel sediment routing

0.0001–0.01 0.001–0.008 0.0001 0.001

LAT_SED .hru Sediment concentration in lateral flow and
groundwater flow 0–5000 5.7–3000 0 3000

CH_COV1 .rte Channel erodibility factors 0–0.6 0.1–0.17 0 0.1
CH_COV2 .rte Channel cover factors 0–1 0.1–0.6 0 0.6

Pr
ec

ip
it

at
io

n

rexp - The exponent of the exponential distribution 1.0–2.0 - - 1.3

2.5. Napier Grass Plantation Cases and Calculation Setting

The land use in the SLB at present (i.e., the baseline) and in case of Napier grass
plantation are shown in Table 2. The non-hunting area must be preserved, and thus cannot
be used for planting Napier grass. To avoid conflicts with existing industrial, urban,
economical, and agricultural lands, only abandoned areas were considered for Napier
grass plantations It should be noted that land used for agricultural purposes was found to
decrease because those areas were considered abandoned agricultural lands by the LDD.
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Table 2. The area of land use types in the baseline case, which is current agricultural land use, and the cases where the
abandoned areas were utilized to plant Napier grass in Songkhla Lake Basin.

Land Use Type
Baseline Case Napier Grass Case

%Change
Area (ha) % Area (ha) %

Rice 118,769.9 14.6 113,769.9 13.9 −4.2
Rubber Trees 347,112.5 42.6 337,112.5 41.3 −2.9

Oil Palm 5592.5 0.7 5592.5 0.7 0.0
Agricultural Land 31,624.8 3.9 28,624.8 3.5 −9.5

Forest—Mixed 112,485.4 13.8 112,485.4 13.8 0.0
Residential—Med/Low Density 46,483.2 5.7 46,483.2 5.7 0.0

Water 110,469.8 13.5 110,469.8 13.5 0.0
Miscellaneous area 2394.9 0.3 2394.9 0.3 0.0

Abandoned area 40,800.5 5.0 0 0.0 −100.0
Napier grass 0.0 0.0 58,800.5 7.2 –

Total area 815,733.5 100.0 815,733.5 100.0

Since the growth of Napier grass is highly dependent on management practices [42],
particularly on the amount of nitrogen fertilizer applied, a total of four cases were for-
mulated, in each of which the amount of the applied nitrogen fertilizer varied from 0 to
500 kgN ha−1, at four levels. These values were obtained from studies by the Animal Nutri-
tion Division, the Department of Livestock Development, and the Ministry of Agriculture
and Cooperatives, and were published between 1993 and 2005 [43–51]. It was found that
nitrogen fertilizer could increase Napier grass DMY by up to three times the DMY without
the fertilizer [43–51]. However, it is unclear if such a large amount of fertilizer negatively
impacts the environment in any way. The purpose of this variation was to investigate the
impact of such an intensive fertilizer. These cases were applied to the ready-to-use data for
the watershed of interest (as described above) to evaluate the impacts of different nitrogen
fertilizer levels on Napier grass DMY, streamflow, sediment yield, and nitrate load.

In this study, the calibration period was from 2009 to 2013, while data from 2014 to
2018 were used for validation. Five warm-up years were used in the model initialization, as
suggested by Tudose et al. [52], and the investigation was carried out over 10 years. Since
the preset parameters for Napier grass plantation did not exist in the original SWAT model,
a parameter set for predicting Napier grass crop yield must be developed. The simulation
setup, model calibration, and validation were described in our previous study [26] and will
not be repeated here. Since the models for other land uses were well established, the default
setups for each land use suggested by SWAT were applied, except for the abandoned and
miscellaneous areas that were not defined in SWAT. These areas were assumed to have a
low agricultural area based on but the fact that little agricultural activity has been observed
in the area. Changes between the parameter set of abandoned land and Napier grass
cultivation are listed in Table 3.

Table 3. SWAT model parameters for abandoned land and Napier grass cultivation.

Category Parameter Definition Abandoned Land Napier Grass

Land cover/plant

IDC Land cover/plant classification 6 (perennial) 6 (perennial)
BIO_E Radiation use efficiency 30 38

CHTMX Maximum canopy height (m) 0.9 2.5
RDMX Maximum root depth (m) 1.3 2.2

Runoff
CANMX Maximum canopy storage (mm) 20 (calibrated) 20

CN Curve number 65 (calibrated) 55

Sediment USLE_C Minimum USLE crop factor 0.003 0.003

Fertilizer
FMINN Fraction of mineral N (NO3 and NH4) in fertilizer

(kg min-N/kg fertilizer) 0 0.46

FORGN Fraction of organic N in fertilizer (kg org-N/kg fertilizer) 0 0

FNH3N Fraction of mineral N in fertilizer applied as ammonia
(kg NH3-N/kg fertilizer) 0 0
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2.6. Multidisciplinary Assessment Supporting Decision Making for Utilizing Napier Grass

Since solely considering the impact of Napier grass plantations on land is insufficient
for decision making, this study considers impacts such as energy supply, carbon reduction,
and benefits to farmers, in addition from hydrological impacts, in order to provide a
better overview for decision making. From the simulation results obtained from the SWAT
model, Napier grass DMY was utilized to evaluate energy supply, carbon reduction, and
farmer benefits.

For energy supply, based on our previous study [27], approximately 11.1 kt-DMY
was required for generating 1 MW of electricity. This is based on the assumption that a
methane yield of 242 m3 can be obtained from 1 ton of Napier grass DMY [9]. In addition,
a methane energy density of 40 MJ m−3 [53] and an energy conversion efficiency of 30% was
assumed; the potential power generation could be conveniently evaluated using a factor
of 11.1 kt-DMY MW−1. Beyond the benefit of obtaining electricity, Napier-grass-based
power generation could serve as a substitute for conventional power generation derived
from fossil fuels. In a previous study [54], by utilizing Napier-grass-derived natural gas
for electric generation instead of fossil fuels, approximately 60% of CO2 emissions could
be reduced (i.e., from 1080 to 450 kgCO2 MWh−1). Therefore, the CO2 reductions were
estimated by multiplying the derived power generation by the reduced CO2 emissions.

Using Napier grass as a biogas feedstock not only helps reduce CO2 emissions but
also provides benefits to farmers. Currently, the Napier grass purchase price in Thailand is
approximately 300 Baht (t-fresh biomass) −1 (equivalent to 1500 Baht t-DMY−1). Further-
more, the cost of nitrogen fertilizers was only approximately 30 Baht kgN−1 at the time of
this study. This is a relatively high purchase price with a relatively low additional cost and,
thus, it was encouraging for farmers to aim to achieve more production per area. This could
lead to environmental problems owing to the overutilization of nitrogen fertilizers. There-
fore, the tradeoff between Napier grass production and nitrate loads should be carefully
considered. The main purpose of this work is to investigate the impact of different applied
fertilizer inputs on additional revenue. The money spent on fertilizers was deducted from
the Napier grass selling price to evaluate the farmer’s operating income under different
management practices.

After all impacts, including surface runoff, sediment yield, nitrate load, energy supply,
carbon reduction, and benefits to farmers, were determined in each case, they were scaled
using max–min normalization to make it convenient for comparison. The max and min
values were set to 1.0 and 0.5, respectively. The comparison was performed using a radar
chart to enhance visibility.

3. Results and Discussion
3.1. Model Calibration and Validation

Figure 3 show the goodness-of-fit plots for the monthly streamflow, sediment yield,
and precipitation, with the initial and final parameter sets in the calibration period from
2009 to 2013. Using the manual calibration process mentioned above, the R2 of the stream-
flow increased from 0.476 to 0.714, as depicted in Figure 3a. For the sediment yield, the R2

of 0.828 from the default parameter set was improved to 0.957 (see Figure 3b). The initial
parameter set provided a reasonable prediction for precipitation, as an R2 of 0.476 was
initially achieved. However, the accuracy can be further improved after calibration, and
an R2 of 0.806 was obtained. It can be seen that the data on the top right in the F are quite
far from most of the values presented in the figure. This is due to the fact that, in the wet
season, the amount of precipitation is usually higher as compared to the rest of the year.
Although they seem to be outliers in Figure 3, considering all the data used in the study
(2005–2018, including the warm-up years), these events occurred once in a while and are
normally found. It should be noted that some points are over/underpredicted and shifted
as the model predicted that the event would occur one month before or after the actual
event (see Figure 4). However, since the objective of this study is to estimate the long-term
impacts of Napier grass plantation, the annual average of the results is sufficient for the
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estimation. Overall, it is clear that predictions can be satisfactorily improved by using the
manual calibration process; Table 1 displays the final parameter set.
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To validate the generalization performance of the calibrated model, data from 2014 to
2018 were compared with the simulation data obtained from the parameter set obtained
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after the calibration. Figure 4 compares the temporal changes in the simulated and observed
monthly streamflow, sediment yield, and precipitation obtained during calibration and
validation. The results reveal that although some parts were over/underestimated, the
model could reasonably predict the overall variation in streamflow, sediment yield, and
precipitation. There was a slight concern regarding the accuracy of the weather data
generated by the dGEN because precipitation data are generally recognized as the most
important data for hydrological analysis. To ensure that the data were of adequate quality,
careful validation was performed. It is clear that the precipitation data generated by dGEN
resembled the actual historical data, as the dGEN could predict the precipitation data from
2013–2018, with an R2 of 0.791, an NSE of 0.802, and a PBIAS of 5.15%.

With accurate weather data, it was found that the SWAT model can successfully and
accurately estimate the streamflow during 2014–2018, with an R2 of 0.900, an NSE of 0.898, and
a PBIAS of −2.46%. The negative value of the PBAIS indicates that the model overestimated
the streamflow by approximately 2.5% (on average). On the other hand, the sediment yield
at the U-tapao canal gaging station during 2014–2018 can be estimated by the SWAT model
with an R2 of 0.997, an NSE of 0.994, and a PBIAS of 4.66%. The sediment yield was positive
for the PBAIS, indicating that sediment yield was underestimated by approximately 4.7%.
Considering all the statistical indicators, the model is deemed adequate for investigating the
effects of Napier grass plantations on hydrology and water quality.

3.2. Impacts of Napier Grass Energy Plantation Cases

The impacts of different levels of applied nitrogen fertilizer on Napier grass pro-
duction, streamflow, sediment yield, and nitrate load were investigated over a period of
10 years. Figure 5 depict the spatial distribution of average Napier grass DMY planted
with different nitrogen fertilizer levels in the abandoned area in SLB. The results, as shown
in Figure 6, revealed that without applying the nitrogen fertilizer, the average DMY in
the basin was approximately 11.28 t-DMY ha−1 (i.e., 663 kt-DMY in total); however, as
the amount of applied nitrogen fertilizer increased, the DMY increased. The Napier grass
DMY can be increased to 18.19, 22.71, and 27.52 t-DMY ha−1 after the application of ni-
trogen fertilizers of 125, 250, and 500 kgN ha−1, respectively. These results align with the
hypothesis from Hazary et al. [42] that the fertilizer application rate positively affects the
production of dedicated energy crops. The DMY increased by approximately 61% when
the nitrogen fertilizer of 125 kgN ha−1 was applied; however, when the amount of fertilizer
was doubled to 250 kgN ha−1, only a 25% increase in DMY was observed. An increase in
the DMY of only 22% was achieved when the nitrogen fertilizer level was further increased
to 500 kgN ha−1. Considering the diminishing return, it is unsurprising that a fertilizer
level of 250 kgN ha−1 was recommended by the handbook from Nakhon Ratchasima
Animal Nutrition Research and Development Center [55]. Although DMY was increased
along with the amount of nitrogen fertilizer, it was not clear how it affected hydrology and
water quality. Hence, it is important to investigate its effects on surface runoff, sediment
yield, and nitrate load.

Figure 7 displays the simulated surface runoff, sediment load, and nitrate load ob-
tained from the SWAT model. The surface runoff at the SLB for different cases was inves-
tigated, as shown in Figure 7a. It is clear that planting Napier grass in abandoned areas
has a positive impact on surface runoff prevention. While reducing surface runoff may be
beneficial for flood control, it can be considered detrimental for water resources and lake
ecosystem health. This is due to the fact that the SLB is extremely prone to flooding and
landslides. Thus, the decrease in surface runoff was considered to have a positive effect on
the area. Surface runoff can be reduced by approximately 30% by Napier grass plantations.
These results concur with the results of previous studies, that show that perennials can
help reduce surface runoff [24,56]. This is due to the fact that most studies replaced row
crops with perennials, and the perennials have better soil cover. In this study, abandoned
areas were used in Napier grass plantations; based on Equations (1) and (2), the surface
runoff Qsur f is a function of the curve number. The curve number directly reflects the
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characteristic land cover and hydrologic soil groups. When the abandoned areas were
replaced by Napier grass, the curve number decreased from 65 to 55, resulting in better
water retention. The lower curve number is likely due to the large transpiration rate of the
Napier grass. While the surface runoff greatly decreased with the Napier grass plantation,
no significant differences between the case of different applied nitrogen fertilizer levels
were observed. This is because the increase in the vertical growth of Napier grass did not
affect the lateral soil coverage, which is a key factor in reducing surface runoff [28].
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Figure 7b displays the sediment yield for the different planting scenarios at the
SLB. The sediment yield decreased when abandoned areas were used for Napier grass
plantations. This has a positive impact, as the sediment yield is strongly related to soil
erosion. The decrease in sediment yields implied that water bodies would be less polluted
by soil erosion; sediment yield was significantly reduced, by approximately 50%. When
different nitrogen fertilizer levels were applied, no significant differences were observed.
These results were similar to those of the surface runoff presented above. It is unsurprising
that the SWAT model utilizes the MUSLE equation (see Equation (3)), where the surface
runoff volume and peak flow rate were used while calculating sediment yield. In addition
to these two factors, the USLE cover and management factor C are the only parameters that
change with land use, which involves only the impacts of crop type and tillage method.
Since the applied fertilizer level did not affect the USLE cover and management factor C,
it is unsurprising that the sediment yield was not affected by the different fertilizer levels.
It is worth noting that the USLE_C, which is the minimum USLE crop factor, is the same for
abandoned areas as well as Napier grass plantations, as shown in Table 3. This is because
the crop types considered in the abandoned and Napier grass plantation areas were the
same. A USLE_C of 0.003 was suggested as a default value for perennials; however, the
USLE cover and management factor C could be different because it was calculated based on
the USLE_C by considering the seasonal effects. Moreover, Singh et al. [57] suggested that
the USLE cover and management factor C are the least influential parameters in sediment
yield calculation.

For the nitrate loads calculated as the sum of leaching and loading to the water stream
by surface runoff and lateral flow, the average nitrate loads over SLB with different planting
cases are shown in Figure 7c. The results revealed that the nitrate loads can be reduced
slightly when fertilizer rates of 0 and 125 kgN ha−1 were applied. The reduction in nitrate
loads is in agreement with the results of previous studies, which indicated that dedicated
energy crops consume much nitrogen for growth [42]. In addition, several studies have
shown that perennials can help reduce nitrate loads [24,25,58,59]; however, the nitrate loads
increased slightly when the amount of applied nitrogen fertilizer exceeded 250 kgN ha−1.
Although a large amount of nitrogen fertilizer was applied in the cultivation, the nitrate
loads, as compared to the baseline (see above), increased by approximately 1.13% and
2.32% for the applied fertilizer rates of 250 kgN ha−1 and 500 kgN ha−1, respectively.
This can be explained by the total nitrate balance summarized in Table 4. It is clear that
nitrogen uptake by plants was the most influential nitrogen removal process. Because of
diminishing returns, Napier grass cannot consume all the applied fertilizer for the case of
250 and 500 kgN ha−1, resulting in surplus nitrogen in the considered area.
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Table 4. Soil system nitrate balance of the baseline and Napier grass plantation cases with four fertilizer application levels
in the SLB. Values are expressed per hectare of the whole basin (kg-N ha−1 y−1), including all land uses in the basin.

Item Baseline
Napier Grass Plantation

0 kgN ha−1 125 kgN ha−1 250 kgN ha−1 500 kgN ha−1

Inputs
Fertilizer application 39.88 39.88 42.90 47.15 51.88

Humus mineralization 9.36 9.06 9.31 10.15 10.31
Residue mineralization 6.78 6.37 6.76 8.12 8.94
Atmospheric deposition 0.26 0.26 0.26 0.26 0.26

∑ Inputs 56.28 55.58 59.23 65.68 71.39

Outputs
Denitrification 3.65 3.65 4.00 5.65 6.44
Nitrate uptake 37.64 37.84 40.37 43.64 47.51
Nitrate leached 13.86 13.34 13.86 14.53 14.58

Nitrate loading to stream
in surface runoff 1.19 1.16 1.20 1.29 1.38

Nitrate loading to stream
in lateral flow 0.04 0.04 0.04 0.04 0.04

∑ Outputs 56.39 56.03 59.47 65.15 69.95

∑ Inputs − ∑ Outputs −0.11 −0.45 −0.24 0.53 1.44

To obtain a better basis for decision making, a multidisciplinary evaluation was carried
out to compare the advantages and disadvantages of different planting cases. Figure 8
shows the radar chart of the evaluation indicators, including surface runoff, sediment
yield, nitrate load, energy supply, farmer income, and CO2 reduction for different planting
cases. The results revealed that although applying nitrogen fertilizers of 500 kgN ha−1

provided the highest benefits in energy supply, farmer’s incomes, and CO2 reduction,
it also performed the worst in hydrological indicators among the different planting cases
considered in this study. Together with the case of 250 kgN ha−1 nitrogen fertilization,
these were the only two cases that performed worse than the baseline upon increasing the
amount of nitrate load into the system. On the other hand, without the applied fertilizer,
benefits from Napier grass were in contrast with that of the case when nitrogen fertilization
of 500 kgN ha−1 was applied. This suggests that there is a trade-off between hydrological
indicators and other factors, including energy supply, farmer income, and CO2 reduction.
The case in which nitrogen fertilization of 125 kgN ha−1 was applied would be a better
choice as it was more balanced in all indicators.

Overall, from the simulated results of this study, Napier grass plantation in the
abandoned land in SLB resulted in a decrease in surface runoff and sediment yield, which is
beneficial to the water cycle control in SLB since the SLB is prone to flooding and landslides.
In addition, nitrate loads were shown to be reduced in the Napier grass plantation cases
with modest fertilizer applications. The socio-economic indicators supported utilizing
abandoned areas in southern Thailand to plant Napier grass for biogas-based power
generation, which can help reduce the dependency on imported electricity and provide
additional income and/or job opportunities for local people. However, it should be noted
that the decrease in surface runoff, sediment yield, and nitrate load does not always have a
positive impact on ecosystem health in areas that are not susceptible to flooding and landslides.
Therefore, prior to the introduction of new dedicated energy crops, it is important to assess
the impacts on land, ecosystems, and other criteria unique to the area of interest. Although
there are several potential benefits to be obtained from Napier grass plantations, it is unclear
if the Napier grass-related businesses will be economically sustainable. In this study, the
analysis was not quantitative because the importance of all evaluation indicators could not be
adequately compared. Therefore, a further study on the economic perspective of introducing
Napier grass as a biogas feedstock for power generation should be carried out; such a study
is already ongoing within our research group.



Sustainability 2021, 13, 13520 15 of 18Sustainability 2021, 13, x FOR PEER REVIEW 16 of 19 
 

 
Figure 8. Comparison of the evaluation indicators of baseline and Napier grass plantation cases on 
surface runoff, sediment yield, nitrate load, energy supply, farmer income, and CO2 reduction. The 
indicators were scaled by the max–min normalization of the values, where max and min values 
were set to be 1.0 and 0.5, respectively. 

4. Conclusions 
To introduce new crops for specific purposes, such as bio-energy resources, it is im-

portant to consider their impacts on environmental and socioeconomic benefits. In this 
study, a methodological framework for investigating the impacts of Napier grass planta-
tions and a multidisciplinary assessment was successfully developed based on the SWAT 
watershed model. To obtain a reliable parameter set for the simulation, this model was 
carefully calibrated and validated. Utilizing manual calibration, a set of parameters used 
to predict streamflow, sediment yield, and nitrate load were obtained by considering the 
R2. The results showed that by planting Napier grass, surface runoff, sediment yield, and 
nitrate load can all be greatly reduced. This is because of the increase in land cover and 
the nature of Napier grass, which consumes a large amount of nitrogen. The increase in 
nitrogen fertilizer was found to be relatively insignificant to overall surface runoff and 
sediment yield; however, the amount of N fertilizer significantly affected the nitrate 
load—as the nitrogen fertilizer level increased, the nitrate load increased. To have a clearer 
idea of how different cases impacted other perspectives, energy supply, farmer’s incomes, 
and CO2 reduction were included as further considerations. The results of this considera-
tion revealed that when no fertilizers were applied, the management practice performed 
best in reducing the negative impacts on hydrology and water quality. However, applying 
fertilizer as high as 500 kgN ha−1 provided the highest energy supply, income to farmers, 
and CO2 reduction. The results of this study provide information about the environmental 
impacts as well as crop production. This is supportive for both energy-related policymak-
ers and farmers, since policymakers can utilize this information to consider a tradeoff be-
tween environmental impacts and crop production, and the farmers can learn how to 
achieve high comprehensive benefits from their crops. 

  

Figure 8. Comparison of the evaluation indicators of baseline and Napier grass plantation cases on
surface runoff, sediment yield, nitrate load, energy supply, farmer income, and CO2 reduction. The
indicators were scaled by the max–min normalization of the values, where max and min values were
set to be 1.0 and 0.5, respectively.

4. Conclusions

To introduce new crops for specific purposes, such as bio-energy resources, it is impor-
tant to consider their impacts on environmental and socioeconomic benefits. In this study,
a methodological framework for investigating the impacts of Napier grass plantations and
a multidisciplinary assessment was successfully developed based on the SWAT watershed
model. To obtain a reliable parameter set for the simulation, this model was carefully cal-
ibrated and validated. Utilizing manual calibration, a set of parameters used to predict
streamflow, sediment yield, and nitrate load were obtained by considering the R2. The results
showed that by planting Napier grass, surface runoff, sediment yield, and nitrate load can
all be greatly reduced. This is because of the increase in land cover and the nature of Napier
grass, which consumes a large amount of nitrogen. The increase in nitrogen fertilizer was
found to be relatively insignificant to overall surface runoff and sediment yield; however, the
amount of N fertilizer significantly affected the nitrate load—as the nitrogen fertilizer level
increased, the nitrate load increased. To have a clearer idea of how different cases impacted
other perspectives, energy supply, farmer’s incomes, and CO2 reduction were included as
further considerations. The results of this consideration revealed that when no fertilizers
were applied, the management practice performed best in reducing the negative impacts on
hydrology and water quality. However, applying fertilizer as high as 500 kgN ha−1 provided
the highest energy supply, income to farmers, and CO2 reduction. The results of this study
provide information about the environmental impacts as well as crop production. This is
supportive for both energy-related policymakers and farmers, since policymakers can utilize
this information to consider a tradeoff between environmental impacts and crop production,
and the farmers can learn how to achieve high comprehensive benefits from their crops.
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