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Abstract 
Nutrient management is vital for food, feed, fiber, and fuel production. 
However, excessive application and loss (volatilization, leaching, run-off, etc.) 
of inorganic and organic sources of nutrients have detrimental environmental 
impacts, while increasing prices for petroleum-based and mined fertilizers 
further limit opportunities for their utilization in developing nations. This 
study evaluated a novel, alternative type of nutrient source through pretreat-
ment processes of torrefaction and pyrolysis by converting high-biomass 
feedstocks into renewable soil amendments. Napiergrass (Pennisetum pur-
pureum Schumach., [cv. Merkeron]) and pearl millet—napiergrass (Pennise-
tum glaucum [L.] R. Br. × P. purpureum Schumach.) (PMN) were converted 
under atmospheric pressure with minimal oxygen at 250˚C and 400˚C, 
ground to 1 millimeter (mm) and 2 mm particle sizes, and compared to urea 
in a full-season field trial and short-season nursery trial growing maize (Zea 
mays L.) and PMN for fertility response. When compared to urea in the field 
trial, the torrefied biomass amendment (TBA) and biochar had similar res-
ponses despite lower nitrogen (N) application rates. The nursery trial also 
produced equivalent responses from urea and TBA regardless of lower N ap-
plication with the exception being phosphorus (P). Finally, maize and PMN 
had higher P uptake with the TBA in both trials. 
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1. Introduction 

Fertilizer use has increased dramatically to meet increasing global population 
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demands for food and fiber [1], and there is a projected 100% - 110% increase in 
global crop demands between the years 2005 to 2050 [2]. Inorganic fertilizer 
makes up the bulk of nutrient inputs needed to sustain current crop yields [3]. 
Adequate fertilization of crops increases nutritional quality [4], while excessive 
application and loss of inorganic and organic sources of nutrients have signifi-
cant, harmful environmental impacts [5] [6]. Excessive nitrogen (N) can in-
crease yield; however, it can also reduce both nutritional quality (vitamin C), 
soluble sugars, magnesium (Mg) and calcium (Ca) [4] as well as other plant nu-
trients. Increased prices for petroleum-based and mined fertilizers further limit 
opportunities for their utilization in developing countries [7] [8]. Production of 
N fertilizer has increased since 1962, yet its distribution is not globally uniform 
[9]. Organic farming can help offset inorganic fertilizer costs in developing 
countries; however, [10] approximately 50% of all applied N is lost through 
leaching, erosion, and denitrification [11]. Incorporation of manure and crop 
residue can produce a higher percentage of water stable aggregates, lower bulk 
density, higher porosity, and greater water holding capacity [12] [13] [14] as 
slow-release fertilizers [15]. Composted cattle manure further provides higher P, 
K, and Ca concentrations without affecting grain yield [16]. There is, however, 
risk of increased environmental impacts that processing manures into mineral 
fertilizers has on terrestrial acidification and particulate matter formation [17]. 
The application of compost or manure is also typically not economically viable 
with agronomic N rates in modern, high-input, mechanized cropping systems 
[18]. In addition, manures may contain contaminants, including residual pesti-
cides, hormones, pathogens, and weed seed [19] [20]. Prolonged manure use can 
lead to excessive amounts of phosphorus (P) [21] [22]. 

To offset the increase of inorganic fertilizer use or problematic organic inputs, 
alternative forms of renewable nutrient amendments need to be developed. One 
alternative is the use of an organic nutrient amendment that can be created from 
thermally modified, high-biomass feedstocks. These pretreatment processes in-
clude pyrolysis and torrefaction, and they break down plant structures while re-
taining nutrients. The end product is fertile and carbon (C) rich with added soil 
health benefits from sequestering C, improving cation exchange capacity, in-
creasing water retention, reduced leaching, and enhancing nutrient cycling [23] 
[24]. The C mineralization rate of this product can last from hundreds to in 
excess of 1000 years depending on the thermal conversion conditions [23] [25] 
[26]. Pyrolysis and torrefaction derived products offer renewable, pathogen free, 
and weed seed free soil amendments. The charcoal particles in the soil prevent 
nutrients from leaching and therefore have higher concentrations of N, P, potas-
sium (K), and Ca. Biochar conversion strategies can take diverse sources of 
agricultural waste and produce effective soil enhancers [27] [28]. Additionally, 
biochar in soils can have in situ remediation benefits that include: stabilization 
of contaminants like copper (Cu) and lead (Pb), the ability to act as a liming 
agent, and C sequestration [29] [30] [31] [32] [33]. In clay-enriched, compacted 
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soils, biochar can also have a reduction in tensile strength while potentially in-
creasing field capacity [27]. 

Biochar is however not widely used due to its high cost, which ranges from US 
$197 - 584 per ton [34]. In contrast, the average US farm price of urea was US 
$434 per ton in June of 2019 [35]. Biochar further has lower N content and high 
compositional variability dependent upon the conditions of pyrolysis and feeds-
tock utilized [36] [37]. Biochar effects may also prove to be soil specific [38]. To 
date, biochar utilization has been predominately focused in biocoal, syngas, 
bio-oil, and hydrothermal production of biomass under anaerobic conditions. 
Ultimately, biochar application to soils is dependent upon parent material, tem-
perature rates, and application rates [36] [37] [38] [39]. 

Torrefaction is a milder form of pyrolysis, requiring less energy than biochar 
[40]. When biomass is torrefied—devolatilization, depolymerization, and carbo-
nization of hemicellulose, lignin, and cellulose occur to varied degrees [41]. Lig-
nin that is not devolatilized is loosened, hemicellulose is broken down, and the 
resulting intermediate between biomass and charcoal retains nutrients [42]. 
Torrefaction ranges are often reported from 200˚C - 300˚C in an inert environ-
ment at atmospheric pressure, whereas biochar is typically carried out at tem-
peratures significantly higher than 300˚C [40] [42] [43] [44]. Pyrolysis tempera-
tures above 300˚C decrease the cellulose and hemicellulose contents [36], and 
pyrolysis temperatures higher than 500˚C decrease cation exchange capacity 
while increasing macronutrient concentrations [25]. Post-torrefaction N con-
centration in torrefied biomass amendment (TBA) can be inversely proportional 
to its feedstock composition. This can be attributed to N volatilization in feeds-
tocks like poultry litter and N being stored organically like in uric acid. Howev-
er, lower N concentrations in feedstocks like pine chips can be retained in com-
plex structures that do not easily volatilize [45]. Field applications for TBA can 
come from high biomass feedstocks such as pearl millet—napiergrass (PMN), 
napiergrass, or legumes. This can result in soil amendments from a single feeds-
tock with no pathogens and up to 4% - 5% N. When compared to raw biomass, 
the C content of torrefied biomass increases by 15% - 25% and the moisture 
content decreases to less than 3% [41]. Torrefaction decreases the energy con-
version by about 70% compared to pyrolysis, improves grindability via fractur-
ing cell walls, and increases both particle surface area and size distribution. Fi-
nally, torrefaction can improve moisture, C, hydrogen (H), and calorific value 
[41] [46] [47]. Like biochar, torrefied biomass has been predominantly utilized 
in the coal and energy industry [48] [49]. The recalcitrant torrefied C fraction 
provides benefits similar to biochar, including enhancing water retention, soil 
structural stability, soil metabolites, and plant growth promoting microbiota 
[50]. 

To determine if torrefied and pyrolyzed biomass amendments can be used as a 
nutrient source in cropping systems, the first objective of this study was to de-
velop and characterize novel torrefied and pyrolyzed (biochar) biomass amend-
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ments. The second objective was to compare biomass yield responses and nu-
trient status from TBA, biochar, and urea in perennial PMN and annual maize 
in two environments. These environments included a full-growing season field 
trial and a partial-growing season nursery trial. 

2. Materials and Methods 
2.1. Biomass Pretreatment 

The PMN and napiergrass (Merkeron) feedstocks utilized in the development of 
the TBA and biochar were harvested in November 2016 and May 2017, respec-
tively. PMN biomass was converted into TBA and biochar that was utilized in 
the field trial, whereas the Merkeron biomass was converted into TBA that was 
utilized in the nursery trial. Each feedstock’s biomass was air-dried under 
greenhouse conditions for a week, and then placed in a drying oven at 43˚C for 
24 hours. The biomass for both feedstocks was separately ground to a maximum 
particle size of 5.1 centimeters (cm) using a Cub Cadet chipper shredder model 
#24A-424M756. The homogeneous bulked sample of ground material, weighing 
2.72 kilograms (kg), was placed into a 35 cm × 25.4 cm fixed bed stainless steel 
reactor and compressed to a bulk density of 200 kilograms per meter cubed 
(kg/m3) for each feedstock. The reactor was then placed under an Axner Model 
Heat Wave Raku Kiln model #A255655 (Terrakotta, Inc., Oviedo, FL) and sealed 
with low oxygen. A propane torch was connected to a propane tank to provide 
the constant heat needed to achieve the 250˚C for torrefaction. A Type K Ther-
mocouple was placed inside the stainless steel reactor to monitor the tempera-
ture’s rate of increase. A Bartlett Data Logger Pyrometer (Bartlett Instrument 
Company Fort Madison, IA) was used to monitor the temperature rise which 
was maintained at less than two degrees per minute. Once the target temperature 
of 250˚C was reached, the reactor was held at a constant for a 45 minute incuba-
tion period. Once the incubation period was completed, the propane tank valve 
was closed to let the reactor cool. The biomass was then emptied from the reac-
tor after cooling for a minimum of 12 hours. The treated biomass was then 
weighed on a digital scale for mass loss during torrefaction. Samples of the 
treated material were ground to 2 millimeter (mm) and 1 mm particle sizes us-
ing a Wiley Mill standard model No. 3 serial #3720H-5 (Thomas Scientific Swe-
desboro, NJ). 

The overall methodology for the biochar was the same as that for the TBAs 
except for the target temperature. The temperature rise was maintained at less 
than four degrees per minute. Once the target temperature of 400˚C was 
achieved, the reactor was held at that constant temperature for a 60 minute in-
cubation period. The final treated biomass was then weighed for mass loss dur-
ing pyrolysis, and ground to 2 mm and 1 mm particle sizes. 

2.2. Field Trial 

The full growing season field trial was conducted at the Texas A&M Agricultural 
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Research Farm in Burleson County in Snook, TX (30˚32'48.2"N 96˚26'06.1"W). 
There were three replications; two crop varieties: PMN10TX13 and VT Triple 
Pro Hybrid Corn: D57VP5; two soil amendments—TBA and biochar—and a 
control fertilizer: urea (46-0-0); and two amendment particle sizes: 2 mm and 1 
mm. Individual plots were 0.5 m × 4.5 m, with each plot being spaced 0.5 m 
within rows, and alley spacing in between plots measuring 2.5 m. The crops 
chosen for this research were based on forage use and seasonality. Maize was 
chosen for its widespread use as a food and forage annual crop. PMN was cho-
sen for its adaptability as a ‘seeded-yet-sterile’ perennial biomass crop [51]. 

The soil series, where the field trial was conducted, is a combination of Ships 
and Weswood. Ships is a very fine, mixed, active, thermic Chromic Hapluderts 
and Weswood is a fine-silty, mixed, superactive, thermic Udifluventic Haplus-
tepts. The Ships series is a clayey soil with alluvial sediments whereas Weswood 
series is a stratified, loamy soil with alluvial sediments [52]. Typical soil property 
values for this soil series include pH 7.8 - 8 and conductivity 220 - 250 micro-
mhos per centimeter (umho/cm) (unpublished data). In order to determine re-
sidual nutrient content in the soil before planting, a representative soil sample of 
the field was taken. An Oakfield Company soil probe was used to take 10 ran-
dom soil cores at a depth of 15 cm. The 10 soils cores were then put into a clean 
bucket and mixed together by hand to create a representative soil sample. 

Planting for the full growing season field trial took place on May 8, 2017 after 
the field had been disked. Planting followed a randomized complete block design 
(RCBD). The two varieties were planted differently due to their growth patterns. 
The maize was planted by seed with spacing of 2.5 cm between seed and a depth 
of 2.5 cm using a Jang Automation JP-1 Clean Seeder. The PMN was planted 
vegetatively. PMN plants had been growing from germinated seed in propaga-
tion trays for approximately a month before being planted. The PMN was spaced 
30.5 cm apart in the 0.5 m × 4.5 m plot for a total of 13 plants per row. 

Application rates for the TBA and biochar were 23 kilograms N/hectare (kg 
N/ha), 10 kg P/ha, and 60 kg K/ha. The application rate for urea was 166 kg 
N/ha. The amendments and fertilizer were side dressed into the plots. TBA, bio-
char, and urea were applied at different rates due to a comparison of slow-release 
and fast-release sources of nutrients. Overall, urea had approximately seven 
times more elemental N than the TBA and biochar per plot. 

The field was flood irrigated to field capacity at planting and two more 
times—July 12, 2017 and August 6, 2017—to ensure adequate growth. 

The field harvest for maize took place 106 days after planting (DAP) to ensure 
physiological maturity. The field harvest for PMN took place 205 DAP and prior 
to the season’s first frost. All plots were clipped to a 10 cm height and weighed 
wet using an Inscale DSWR load cell weigh rail. A subsample was taken from the 
total harvest of each plot. This subsample was then weighed wet and allowed to 
air-dry for three days before being put into a drying oven, at 43˚C, for 24 hours 
to remove residual moisture. The subsamples were then weighed dry to calculate 
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total moisture content before being ground to 1 mm particle size using a Wiley 
Mill. After grinding, 10 grams (g) of each subsample were used to determine to-
tal plant analyses including nutrient and forage content. 

2.3. Nursery Trial 

A partial growing season nursery trial was conducted at the Perennial Grass 
Breeding and Genetics Field Lab in Brazos County in College Station, TX. There 
were four replications; two crop varieties: PMN10TX13 and VT Triple Pro Hy-
brid Corn: D57VP5; one soil amendment—TBA and a control fertilizer: urea 
(46-0-0); and one amendment particle size: 2 mm. Each variety was planted in 
an 11 liter (L)—25.4 cm high and 0.28 m diameter—pot for a total of 16 pots. 
Each pot was filled with Sunshine Redi-Earth Plug & Seedling Mix (Sun Gro 
Horticulture Agawam, MA) as artificial growing media with fine sphagnum, 
peat moss, vermiculite, and dolomite lime. The artificial growing media also 
contained a wetting agent and had low drainage with a fine particle size. 

Planting of the nursery trial was completed on July 19, 2017. Planting followed 
an RCBD. The two varieties were planted by seed. The pots designated maize 
had two seeds placed in the middle of each pot at a depth of 2.5 cm to ensure 
germination. The pots designated PMN had three seeds placed in the middle of 
each pot in a hill seed approach at a depth of 1.3 cm to ensure germination. To 
avoid competition within the pot, each pot was thinned to one seedling post 
emergence. The spacing between each pot measured 10.2 cm × 12.7 cm with 61 
cm between each replication. The pots were irrigated to field capacity each time 
as needed in order to prevent drought stress, and observed daily to ensure prop-
er growth. 

The application rate for the TBA was 26.5 kg N/ha, 10 kg P/ha, and 128 kg 
K/ha. The application rate for urea was 166 kg N/ha. Overall, urea had six times 
more elemental nitrogen than the TBA per pot. To approximate side dressing in 
the field, the amendment and fertilizer were applied in a circular furrowed peri-
meter around the seed with a diameter of 10.2 cm and a depth of 1.3 cm. 

Harvesting took place 72 DAP on September 29, 2017. All pots were clipped at 
the crown of the plant. Each plant was weighed wet on a digital scale and al-
lowed to air-dry for three days before being put into a drying oven, at 43˚C, for 
24 hours to remove residual moisture. The samples were weighed dry to calcu-
late total moisture content before being ground to 1 mm particle size using a 
Wiley Mill. After grinding, 10 g of each sample were used to determine total 
plant analyses as specified for the field test. 

2.4. Soil and Plant Analyses and Statistics 

All nutrient, forage, and soil testing for this study was completed by the Texas A 
& M AgriLife Extension Service Soil, Water and Forage Testing Laboratory in 
College Station, TX. The field trial analyzed Acid Detergent Fiber (ADF), Total 
Digestive Nutrients (TDN), yield measured in tonnes per hectare (T/ha), percent 
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macronutrient—N, P, K, Ca, Mg—content, and nutrient—N, P, K—uptake in 
biomass per plot. The nutrient uptake in biomass per plot was calculated by tak-
ing the percent nutrient and dividing it by the dry matter yield as described in 
University of Arkansas Agriculture Research and Extension publication [53]. 
The nursery trial analyzed ADF, TDN, yield measured in g, and percent nu-
trient—N, P, K—content. Data collected from the field and nursery trials was 
first tested for normal distribution and homogeneity of variance. Data was then 
submitted to analysis of variance (ANOVA) testing, an assumption check using 
Levene’s test for equality of variances, and a post-hoc comparison using Tukey’s 
honest significant difference test (HSD) mean ± standard error (SE). Differences 
were considered significant at p ≤ 0.05, 0.01, and 0.001. All statistical analyses 
were completed with JMP Pro v. 14.0.0 (SAS Institute, 2019). 

3. Results 
3.1. Pretreatment Processes 

Since there was experimental variation in the feedstocks utilized in the develop-
ment of TBA and biochar, forage quality analyses focusing on percent elemental 
N, P, and K were conducted on the PMN and Merkeron feedstocks before pre-
treatment and after the 250˚C torrefaction and 400˚C pyrolysis pretreatment 
process (Table 1) for characterization of the substrate. As stated earlier, the 
PMN and Merkeron feedstocks utilized were homogeneous bulked samples. The 
percentage of N retained in the feedstock increased minimally per each pre-
treatment process. Untreated PMN was 0.74% N, whereas the TBA was 0.75%, 
and the biochar was 0.80%. Similarly, the percent of P retained in the feedstock 
increased with each pretreatment process. Untreated PMN started at 0.24% P, 
while the TBA retained 0.34%, and biochar measured 0.57%. Lastly, K had high-
er retention increases with each pretreatment process than N or P. Untreated 
PMN was measured at 1.52% K. The PMN TBA increased retention and was 
recorded at 1.97% K, while biochar almost doubled the amount of K available at 
2.98%. 

Unlike the PMN feedstock, the Merkeron feedstock did not increase retention 
across all macronutrients. N was slightly reduced after torrefaction, starting at  

 
Table 1. Percent (%) forage nutrient analyses (elemental N, P, K) in pearl millet—napiergrass 
(Pennisetum glaucum [L.] R. Br. ×Pennisetum purpureum Schumach.) (PMN) and 
napiergrass (P. purpureum Schumach., [cv. Merkeron]) feedstocks for untreated and 
pretreatment processes: torrefaction (250˚C) and pyrolysis (400˚C). 

 PMN Merkeron 

 N P K N P K 

Untreated 0.74 0.24 1.52 1.07 0.3 3.69 

250˚C 0.75 0.34 1.97 0.94 0.35 4.54 

400˚C 0.8 0.57 2.98  
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1.07% untreated and ending up at 0.94% N after torrefaction. Phosphorus in-
creased slightly from 0.30% untreated to 0.35% torrefied. Similar to PMN feeds-
tock pretreatments, the Merkeron pretreatments had the highest increase in K 
retention. The untreated Merkeron measured 3.69% while the TBA measured 
4.54% K. 

3.2. Field Trial 

The soil for the field trial was tested for residual macronutrient content. The 
field location had extremely low residual N measuring at 3 mg/kg and P at 21 
mg/kg. The K at 2520 mg/kg, Ca at 5595 mg/kg, and Mg at 237 mg/kg were suf-
ficient for crop production. 

The crop differences were not noted in the analyses for this paper due to the 
differences that were expected when comparing a forage crop and a grain crop. 
Statistical analyses were conducted on the crops individually; however, due to 
differing relative maturity times of the crops used, there were significant differ-
ences seen between the crops with regard to yield, ADF, TDN, and nutrient 
content (data not shown). The maize utilized had a relative maturity of 117 
growing days versus the PMN that was harvested at 205 DAP and had not en-
tered the reproductive stage. Therefore, the crop and amendment particle size 
entries as variables were removed and not highlighted in this paper. Additional-
ly, PMN has the potential ability for mining P out of soils due to its fibrous root 
system; it was the only crop to have an entry by amendment interaction with the 
TBA small particle size. Therefore, a one-way ANOVA utilized merged data to 
compare the nutrient amendments. 

Individual amendment effects from the ANOVA are summarized in Table 2,  
 

Table 2. Analysis of variance (ANOVA) summary table of 11 variables for field trial of 
torrefied, biochar, and urea nutrient amendments in full-season maize and pearl mil-
let—napiergrass (PMN). Significant at p ≤ 0.05 (*). 

Test Amendment p-value 

ADF 0.6190 

TDN 0.6190 

Yield (T/ha) 0.0541 

N 0.5482 

P 0.8650 

K 0.6919 

Ca 0.0317* 

Mg 0.6627 

N uptake 0.1541 

P uptake 0.0585 

K uptake 0.1704 
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with significant effects noted at p ≤ 0.05. All TBA and biochar amendments per-
formed equivalent to urea, with marginally significant exceptions being yield 
and significant differences in Ca. Their significant differences each had a p-value 
of 0.0541 and 0.0317 respectively. 

ADF and TDN are important forage analyses used in relating to the digestibil-
ity of the forage to an animal. ADF relates to the cell wall portions of the forage 
that are cellulose and lignin. TDN is based on ADF and refers to the digestible 
energy of the forage. It is the sum of the digestible fiber, protein, lipid, and car-
bohydrate components [54]. ADF and TDN (Figure 1) did not produce signifi-
cant differences with regard to amendment used. All TBA and biochar amend-
ments performed as well as urea. 

Overall yield (T/ha) trended higher with urea but did not reach the threshold 
for significance (Table 2). Urea appeared to outperform the pyrolized and torre-
fied amendments shown in Figure 2. Furthermore, there was no difference be-
tween the particle sizes of 1 mm and 2 mm in the TBA and biochar amendments. 

N is one of the most important nutrients needed for crop production, espe-
cially in maize. Total N content was measured post-harvest, and the levels were 
not significant (Figure 3). Additionally, P and K (Figure 3) yielded no signific-
ance in any amendment. This further illustrates that the TBA and biochar were 
providing equivalent N as synthetic urea. 

Ca is a vital macronutrient as it directly correlated to cell wall growth [55]. Ca 
was measured post-harvest (Figure 3) and the ANOVA results provide a signif-
icant difference with regard to amendment (Table 2). The TBA small particle 
size had a significant mean whereas the TBA large particle size, biochar, and 
urea were all similar means. 

 

 
Figure 1. Percent (%) forage content by amendment: torrefied biomass amendment (TBA), 
biochar, and urea with amendment sizes of 2 mm large (L) and 1 mm small (S) in full-season 
maize and pearl millet—napiergrass (PMN) field trial. Data expressed as Tukey’s HSD mean 
(±SE). Significant at p ≤ 0.05 (*). 
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Figure 2. Dry matter yield (T/ha) by amendment: torrefied biomass amendment (TBA), bio-
char, and urea with amendment sizes of 2 mm large (L) and 1 mm small (S) in full-season maize 
and pearl millet—napiergrass (PMN) field trial. Data expressed as Tukey’s HSD mean (±SE). 
Significant at p ≤ 0.05 (*). 

 

 
Figure 3. Percent (%) nutrient content by amendment: torrefied biomass amendment (TBA), 
biochar, and urea with amendment sizes of 2 mm large (L) and 1 mm small (S) in full-season 
maize and pearl millet—napiergrass (PMN) field trial. Data expressed as Tukey’s HSD mean 
(±SE). Significant at p ≤ 0.05 (*). 

 
Mg is required in lower quantities than Ca. Mg is also a key nutrient in the 

role of photosynthesis. Figure 3 provides the mean results which were nonsigni-
ficant. All amendments were providing equivalent Mg. 

The overall nutrient uptake in harvested biomass per plot was also analyzed in 
the full-season field trial. The biomass yield per plot of nutrient uptake was 
measured for N, P, and K (Figure 4) with no significant differences. Similar to 
nutrient content in the biomass, total nutrient uptake was equivalent in both 
crops irrespective of nutrient amendment. 
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3.3. Nursery Trial 

As the nursery trial was to be simplified and optimized for resource allocation as 
well as a partial-growing season (72 days), the amendment comparison only fo-
cused on TBA and urea. The urea fertilizer rate would remain the same as the 
field trial at 166 kg/ha while the TBA would increase slightly at 26.5 kg/ha. Fol-
lowing the same methodology and reasoning as the field trial, the urea would 
follow the Texas standard of 134 kg N/ha. The TBA would be applied at a min-
imum in order to evaluate a yield response. 

Individual amendment variable effects from the ANOVA are summarized in 
Table 3. Significant differences were noted for P only. TBA provided the most 
available K to the plants. As torrefaction has the same beneficial properties as  

 

 
Figure 4. Percent (%) nutrient uptake by amendment: torrefied biomass amendment (TBA), 
biochar, and urea with amendment sizes of 2 mm large (L) and 1 mm small (S) in full-season 
maize and pearl millet—napiergrass (PMN) field trial. Data expressed as Tukey’s HSD mean 
(±SE). Significant at p ≤ 0.05 (*). 

 
Table 3. Analysis of variance (ANOVA) summary table of eight variables for nursery trial 
of torrefied and urea nutrient amendments in partial-season maize and pearl 
millet—napiergrass (PMN). Significant at p ≤ 0.05 (*). 

Test Amendment p-value 

ADF 0.6376 

TDN 0.6376 

Yield (g) 0.3391 

N 0.0752 

P 0.0286* 

K 0.9566 

Ca 0.7792 

Mg 0.9447 
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biochar, it too would help plants have better P uptake. All other variables pro-
duced non-significant results. 

As with the full-season field trial, forage analyses were conducted to deter-
mine if TBA would provide any hindrance to making the crop less digestible to 
animals. Figure 5 shows there was no significant difference between TBA and 
urea with regard to ADF and TDN. 

Yield (g) for the nursery trial was not significant in either amendment (Figure 6). 
 

 
Figure 5. Percent (%) forage content by amendment: torrefied biomass amendment (TBA) and 
urea in partial-season maize and pearl millet—napiergrass (PMN) nursery trial. Data expressed 
as Tukey’s HSD mean (±SE). Significant at p ≤ 0.05 (*). 

 

 
Figure 6. Dry matter yield (g) by amendment: torrefied biomass amendment (TBA) and urea in 
partial-season maize and pearl millet—napiergrass (PMN) nursery trial. Data expressed as Tu-
key’s HSD mean (±SE). Significant at p ≤ 0.05 (*). 
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Maize would have a higher yield due to its relative maturity, but with respect to 
the amendment used, neither urea nor TBA was statistically significant. 

N was analyzed post-harvest and the ANOVA test found no significant dif-
ference between urea and TBA (Table 3). Similar to N, K was also found to be 
non-significant statistically (Table 3). This further illustrates that the TBA was 
providing equivalent N to the crops as synthetic urea. P was found to be statisti-
cally significant. Figure 7 shows the mean of TBA at 0.191 and a SE of 0.021 and 
a mean of urea at 0.115 with an SE of 0.23. 

The final two macronutrients to be analyzed were Ca and Mg in Figure 7. 
Similar to N and K, Ca and Mg yielded non-significant results from ANOVA. 
These results are on par with results found throughout this study. TBA provided 
equivalent nutrients as a synthetic fertilizer. 

4. Discussion 

Our results demonstrated that torrefaction and pyrolysis increased nutrient re-
tention among the feedstock selections of PMN and Merkeron. This coincides 
with previous literature that resulted in an increase in nutrient retention among 
feedstock selections of woodchips, eucalyptus, and wheat straw [41] [46] [56]. 
Research conducted on cassava shows that post-pyrolysis the percentage of fixed 
C increased 5 - 8 times than when it is raw [57]. C rich materials, like the afore-
mentioned pyrolized cassava, can help prevent leaching and retain nutrients like 
Ca [58]. Ca also reduces soil salinity and helps with water retention, therefore an 
additional benefit of using TBA or biochar would be to offset the effects of an 
ammonium fertilizer like urea which can lead to volatilization and soil acidifica-
tion over time [59]. The TBA and biochar developed in this research could be  

 

 
Figure 7. Percent (%) nutrient content by amendment: torrefied biomass amendment (TBA) 
and urea in partial-season maize and pearl millet—napiergrass (PMN) nursery trial. Data 
expressed as Tukey’s HSD mean (±SE). Significant at p ≤ 0.05 (*). 
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used as a nutrient amendment to help with N, P, K, Ca, and Mg retention [58], 
which was specifically demonstrated in the nursery trial with regard to Ca and P. 
Similar to literature results, P had more nutrient concentration in the TBA [60]. 
The use of biochar in another greenhouse study helped to reduce leaching and 
increased nutrient retention of N and P [61], further demonstrating the benefits 
of torrefied and pyrolized amendments as organic nutrient sources. 

The TBA and biochar nutrient amendments both performed as well as urea in 
the full-season field trial with much lower N application rates. The demonstra-
tion of a fertility response is evidence that nutrients are more plant available 
post-torrefaction. This coincides with previous literature that had positive fertil-
ity responses when adding pyrolized amendments to maize, sugi trees, moong, 
and soybean [62] [63]. To reiterate, the TBA and biochar in the field trial had 
seven times less elemental N than the urea used, and TBA and biochar utilized in 
the nursery trial had six times less elemental N than urea. The urea was applied 
at rates similar to the standard application in Texas for maize production of 134 
kg/ha. The urea application rate of 166 kg/ha was slightly higher, but that was to 
partially offset the potential volatilization and leaching that can occur when us-
ing urea [64]. The TBA and biochar application rate of equivalent N was consi-
derably less than that of the standard rate, at 23 kg/ha and 26.5 kg/ha. The com-
paratively lower rates were chosen based on the crude protein of the feedstock 
selections and that the nutrient amendments would be slow-release. The appli-
cation rate was set at a minimum to evaluate potential yield response. This is 
further illustrated by the yield results in the field trial where the TBA and bio-
char were being cycled directly back into the soil considering it is a slow-release 
nutrient source [65]. 

Excessively high biochar application rates have previously been demonstrated 
to cause negative growth responses. As one example, pine and poplar biochar 
was found to impart a reduction in biomass with application rates of 5 - 19 T/ha 
[66]. The TBA and biochar application rates in this study (approximately 2.5 - 
3.3 T/ha) were intentionally kept below this range in order to avoid such a risk. 
Further, the comparatively lower TBA and biochar-based N application rates 
versus the recommended standard of 134 kg N/ha for inorganic fertilizers helped 
to minimize cost associated with high biochar inputs. Current prices for biochar 
remain approximately $325 - 500 per ton [67], and applications at even the 
modest rates in this study would range from $800 - 1600 per ha. Compared to 
current urea prices of $434 per ton [33], its standard fertilization rate would cost 
only $60 per ha. Dramatic reductions in biochar production costs would thus be 
required before its utilization as a nutrient source. TBAs, in contrast, range from 
$120 - 199 per ton [68]. While lower than biochar costs, TBAs at the application 
rate in this study would still cost between $300 - 650 per ha. Further advance-
ments in TBAs would similarly be required before their consideration as a nu-
trient source in regions where inorganic fertilizers are available and lower in 
cost. In developing countries where inorganic fertilizers are cost prohibitive, 

https://doi.org/10.4236/as.2020.112010


H. D. Baldi et al. 
 

 

DOI: 10.4236/as.2020.112010 171 Agricultural Sciences 

 

however, on-site production of TBAs could provide a value proposition as alter-
native nutrient sources for farmers. Considering the potential yield (50 dry T/ha) 
of napiergrass [69] and the N content (approximately 1%) in this study, TBAs 
with an equivalent of 500 kg N could be produced per ha of biomass feedstock. 
Depending on recommended fertilization rates, this could be sufficient to supply 
the N requirements of 3 - 10 ha of major food crops. Average sorghum fertiliza-
tion rates in Africa, for example, are only 12 kg/ha [70] despite World Bank 
recommendations of at least 50 kg/ha. Additional cost savings that have yet to be 
quantified in detail from utilizing torrefied and pyrolized biomass amendments 
could also include: 1) decreased irrigation costs due to improved soil aggregate 
structure and increased water retention, 2) increased nutrient use efficiency and 
deceased N leaching due to increased cation-exchange capacity and soil micro-
bial activity, and 3) decreased soil liming requirements due to moderation of soil 
acidity [36] [71] [72] [73]. Coupling these benefits with crop-specific responses 
ranging from increased seed germination through higher biomass yields [62] 
strongly indicate the value in expanded research efforts on TBAs as alternative 
fertilizer sources in the future. 

5. Conclusion 

This research demonstrated a fertility response upon application of TBAs and 
biochar when compared to an inorganic fertilizer with a minimal application 
rate. However, further research should be conducted to include multiple feeds-
tock selections to determine optimal nutrient content for use in TBA and bio-
char amendments, as there is a high compositional variability dependent upon 
the conditions of pyrolysis and feedstock utilized. Torrefaction can break down 
the polymers in the plant, which is beneficial. However, high temperature torre-
faction can also result in a loss of aromatic hydrocarbon [74]. Therefore, differ-
ent temperatures should be taken into consideration as torrefaction can occur at 
multiple temperature settings within 200˚C - 300˚C. Testing TBA and biochar 
amendments across more diverse crops and soil types would further optimize 
cropping systems incorporating these amendments. Different temperatures, 
feedstocks, incubation times, and application rates would also have further im-
pacts on cropping systems. It is important that TBA and biochar be used in 
full-season plantings, as the partial-growing season nursery trial showed that 
crop response would only be beneficial with regard to P retention. While the 
energy inputs and costs associated with torrefaction and biochar weren’t re-
searched in this study, there is an associated environmental benefit that TBA and 
biochar can provide with regard to soil health and microbiota. 
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