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Abstract: This study aimed to assess the potential of soil organic carbon (SOC) production through
organic amendments. SOC sequestration would help to achieve the net-zero emissions targets set by
the Intergovernmental Panel on Climate Change (IPCC). Given the urgency to reduce greenhouse gas
emissions, traditional methods that estimate SOC over 100 years must be revised. Hence, a novel fate
transport numerical model was developed to forecast SOC levels relevant to individual countries’ net-
zero targets in various time frames. The simulation results revealed that most countries had sufficient
organic amendment to mitigate the CO2 emission of that country for a year if the organic amendment
was applied on 20% of the arable land. However, if a significant fraction of the total CO2 emissions
needs to be mitigated before reaching the net zero target, the requirements of organic amendments
need to be increased several folds. All the available agricultural land should also be brought under the
organic amendment regime. Later, the dynamic LCA approach was undertaken for estimating Global
Warming (GWP) from land-applied organic residue. It was observed that, depending on the dynamic
LCA model, the estimated GWP was different. However, the estimated dynamic GWP was very
close to the residual SOC calculated through the fate transport model. The mass of organic residues
generated from a biorefinery was examined by employing a waste biorefinery model to explore
further the routes of acquiring additional organic amendment. Simulated results showed that while a
waste biorefinery could not provide additional organic residue compared to the original organic waste
input, it was highly efficient for nutrient recovery and its uses. This study demonstrated that organic
amendment-based carbon sequestration adequately mitigated residual GHG at the net-zero target.

Keywords: soil organic carbon; fate transport model; nutrient management; net-zero targets

1. Introduction

To keep the earth’s temperature rise within 1.5–2 ◦C above pre-industrial levels, all
nations must ensure their greenhouse gas (GHG) emissions are at zero by 2050 [1]. Around
120 nations have announced their net-zero target year, which ranged between 2040 and
2070 [2,3]. It is crucial to achieve net-zero emissions by actively avoiding, reducing, and
offsetting greenhouse gas emissions across all interconnected sectors, such as energy,
agriculture, forestry, and heavy industries (e.g., steel) [4,5]. The energy sector, which
includes transportation, is the primary source of greenhouse gas emissions. Successfully
reducing emissions from the energy sector is paramount for achieving the net-zero goal.
Recent studies have indicated that renewable energy and fossil fuels are predicted to be
the key energy sources in various net-zero scenarios developed by the IPCC’s Integrated
Assessment Models. Around 14–39% of the primary energy would be derived from fossil
fuels, which include coal in various net-zero scenarios. The renewable energy share would
be between 28–78%. Hence, the energy sector would not be decarbonized even at net-zero.
It is estimated that the CO2 intensity of the energy sector would be reduced from 80 Mt
CO2/EJ to 30 Mt CO2/EJ at net-zero [6]. In addition to the energy sector, agriculture
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is projected to be a net emitter of greenhouse gases (GHGs). As a result, there will be
residual emissions of GHGs at net-zero, which will need to be offset by various carbon
sinks. Estimates suggest that around 6–12 gigatons of CO2 residual emissions will remain
at the net-zero target years [6,7]. There is considerable uncertainty in predicting these
residual GHG emissions, and addressing residual emissions removal is expected to be
a significant challenge in achieving the net-zero goal [7–10]. Several promising carbon
sinks have been identified for removing the residual emissions. Hydrogen energy, carbon
capture from air, and carbon sequestration as soil organic carbon (SOC) are some methods
highlighted in the various literature. Implementation of some of these technologies requires
an exorbitant amount of money. Currently, CO2 removal is priced at $500–$1000 per ton of
CO2 removed [6]. Among these methods, carbon sequestration as SOC is most likely the
most cost-effective and prevalent method and has been in place for over a century [11,12].
Several reports highlighted that the price of CO2 sequestration varied between $3 to
$130 /ton CO2 sequestered [11,13]. Applying organic amendments to improve soil quality
and crop yield is a proven practice in agriculture. Hence, enhancing such practices may
improve the SOC stock and help to remove the residual emissions at a reduced cost [14].
Organic amendments take various forms for application on the land [15,16]. However,
the heterogeneous distribution of organic amendments has led to overapplication in areas
with abundant availability [17]. As a result, organic waste can be repurposed for biofuel
production. This not only recycles nutrients from organic waste but also helps reduce
dependence on virgin nutrients [18]. A few experimental studies demonstrated successful
uses of organic waste for algal biomass production [19–21].

Diverting organic amendment from land and its use for biofuel production may reduce
the soil organic carbon stock generated from the land application of organic amendment in
business-as-usual cases.

Therefore, it is hypothesized that (i) uses of organic amendment for a biorefinery
would not affect the soil organic carbon on land if the organic amendment was used
for biofuel production, and (ii) sufficient organic amendment is available to mitigate a
significant fraction of GHG emissions for net-zero targets. These hypotheses were tested
using a fate transport model and a biorefinery model.

As per the IPCC guideline, 10% of the applied carbon was taken as sequestered carbon
after 100 years of its application [22]. However, several pieces of evidence showed that
carbon sequestration and various greenhouse gas emissions from the applied biomass
varied from one study to another [23–30]. Estimating residual biomass present on the
applied land requires a biogeochemical model. Several biogeochemical models, such as the
DNDC (Denitrification–Decomposition), Roth-C, Daisy, etc. [31–36], and the APSIM [37,38]
and biological field model [39] can simulate soil organic carbon dynamics at different time
frames. Some of these models can also simulate the growth of plants considering the N
and P present in the biomass. For example, the DNDC model can simulate SOC dynamics
and plant growth and decay. Due to the difficulty in calibrating the DNDC model using
experimental data, we found it judicious to develop a fate transport model that could
simulate SOC dynamics from land application of biomass and simulated the N and P fate
plant growth and decay. The model would help to estimate the SOC remaining from the
land application of biomass. Such an estimate helps to set a net-zero target and provides
a way to reduce the cost of reaching the net-zero target. Most countries have committed
for achieving the net-zero target by 2050–2070. Hence, considering the residual carbon
remaining on the land as a part of the sequestered carbon would help to reduce the cost of
achieving the net-zero target. The carbon sequestration potential of residual biomass for an
intermediate time frame would be significant if a reliable and robust methodology could
be developed.

Hence, this study estimated the variability of SOC remaining on land at different time
frames and its impact on the net-zero goal achievement (hypothesis (i)). For this purpose, a
fate transport model consisting of several coupled differential equations was used. The
in-house model can simulate the CO2 release and plant uptake of N and P. Plant residue
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was a part of residual biomass and provided N, P, and released CO2 during simulations.
Later, a biorefinery model was used to estimate the organic residue that can be generated
from dairy waste [22]. A comparison was made on whether the diversion of organic waste
for biofuel production would change the soil organic carbon stock (hypothesis (ii)).

This study introduces a new approach that combines fate-transport numerical models
and biorefinery simulations to address the effect of organic amendments on SOC stock
building. Our study’s uniqueness lies in its ability to quantify the variability of SOC under
different time frames, thereby offering a new perspective for net-zero emission estimation.
The model also simulated the plant growth and decay to understand the role of these
processes in N and P fate and SOC accumulation. Moreover, we critically evaluated the
trade-offs between using organic amendments for biofuel production and land application,
providing an informed pathway for achieving net-zero targets. The thoroughness of our
research instills confidence in the findings and their potential impact on the field.

2. Materials and Methods
2.1. Development of the In-House Model

The application of waste biomass or nutrients on the land or water was simulated
to estimate the carbon sequestration due to the application of waste biomass (organic
amendments). Various equations used to simulate the fate of carbon, nitrogen, and phos-
phorus present in the residual biomass are given below. A schematic showing the various
processes incorporated in this model is also depicted in Figure S1. Equation (1) provides the
time-dependent change in soil organic carbon. Changes in soil organic carbon depend on
the labile pool of the sludge applied on the ground and plant debris remaining after harvest
(first part of the Equation (1)). The rate of degradation of the labile and recalcitrant pool was
depicted by kd11 and kd12. Equations (2) and (3) are used to simulate the time-dependent
change of organic P and organic N. Equations (2) and (3) have similar components as found
in Equation (1). Sludge and plant remnants have two pools, labile and recalcitrant. A
particular fraction (values are given later) of these pools is assumed to consist of nitrogen
and phosphorus. These fractions of N and P in the labile and recalcitrant pool remain
constant throughout the simulation. Equation (5) provides the change in N due to the
mineralization of organic N, leaching of N, plant uptake of N, and change of N to nitrogen
gas. Equations (7) and (8) used for the constant uptake of N and P due to plant growth.

d(soc)
dt

= (fs ∗ ss ∗ c1 + 0.2 ∗ 1000 ∗ fp ∗ Y ∗ c2) ∗ (1 − kd11) + (ss ∗ (1 − fs) ∗ c1 + 0.2 ∗ 1000 ∗ (1 − fp) ∗ Y ∗ c2) ∗ (1 − kd12) (1)

d(Porg)
dt = ( f s ∗ ss ∗ pc11 ∗ c1 + 0.2 ∗ 1000 ∗ f p ∗ Y ∗ pc12 ∗ c2) ∗ (1 − kd11) +

(ss ∗ (1 − f s) ∗ pc11 ∗ c1 + 1000 ∗ (1 − f p) ∗ 0.2 ∗ Y ∗ pc12 ∗ c2) ∗ (1 − kd12)−
(

Porg ∗ kgmp
) (2)

d(P)
dt

=
(

Porg ∗ kgmp
)
−

(
P ∗ klp

)
− Pu (3)

d(Norg)
dt = (( f s ∗ ss ∗ nc11 ∗ c1 + 0.2 ∗ 1000 ∗ f p ∗ Y ∗ nc12 ∗ c2) ∗ (1 − kd11))

+ (ss ∗ (1 − f s) ∗ nc11 ∗ c1 + 1000 ∗ (1 − f p) ∗ 0.2 ∗ Y ∗ nc12 ∗ c2) ∗ (1 − kd12)−
(

Norg ∗ kgmn
) (4)

d(N)

dt
=

(
Norg ∗ kgmn

)
− (γ ∗ N ∗ kln)− Nu − (γ ∗ N ∗ kdn) (5)

d(Y)
dt

=
cy
t

(6)

Nu = 0.034 Y ∗ 1000 (7)

Pu = 0.002Y ∗ 1000 (8)

where SS is the sewage sludge, algae residue, biochar, etc. application rate of 11.9 kg/ha/day;
kd11 is 5.05 × 10−3–3.09 × 10−4 (per day degradation rate, labile pool); kd12 is
5.05 × 10−4–3.09 × 10−5 (per day degradation rate, recalcitrant pool) [40]; kgmn is
1.27 × 10−2 to 9.69 × 10−3 (per day gross mineralization rate of Norg) [41]; kgmp is
7.84 × 10−3 to 3.80 × 10−3 per day (mineralization rate of Porg) [42]; kdn is 0–0.655 (per day
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(denitrification rate inorganic NO3-N to N2 gas) [43]; klp is 3.04 × 10−9–1.51 × 10−11 per
day (leaching rate of P (soluble P)) [44]; kln is 0.0265–0.014 [45] per day (leaching rate of
inorganic N); γ is 0.243 (fraction in soluble nitrogen that includes NO3); nc11 is the nitrogen
to carbon ratio (0.17) for the sludge fraction; nc12 is the nitrogen to carbon ratio for plant
remnants (0.17); pc11 is the phosphorus to carbon ratio (0.01) for sludge or residual biomass
(algae); pc12 is the phosphorus to carbon ratio for plant residue (0.01) [46]; fs (0.5) is the
fraction of labile pool in sewage sludge or algae residue; and fp (0.580) is the labile fraction
in crop residue (assumed). Nu is the plant uptake of nitrogen; Pu is the plant uptake of
phosphorus; Y is the yield of crops; and Cy varies between 0 to 0.02 for an average biomass
yield of 10 ton/ha/year. To validate the model an uncertainty analysis was conducted by
varying various parameters [Table S1].

The above mentioned differential Equations (1)–(8) were solved using the Runga–
Kutta 4th order scheme. Matlab 2019b®, a scientific computing software program, was
used to implement R–K 4th order scheme. The time step of the simulation was optimally
kept at 0.5 day. Decreasing the time step further did not improve the result further.

Other pathways and intermediate steps of nitrification and denitrification of various
nitrogenous species were ignored, except for converting nitrate and ammonia to nitrogen.
Some of these pathways can produce potent GHG nitrous oxide, and the production of
nitrous oxide is redox dependent [47,48]. This model did not simulate the redox state of
the soil column. Hence, we ignored the N20 emissions from the soil. It was assumed that
various mitigation measures, including best management practices and inhibitors, would
be applied on land to reduce or eliminate the N2O emission [49–52].

2.2. Uses of Organic Waste in a Biorefinery and Uses of Residue Generated from a Biorefinery as a
Soil Amendment

Previously, an attributional life cycle assessment (LCA) model was developed by
Chowdhury and Freire [22]. In this model, dairy waste was used to produce energy by
different process trains, and residues generated from those process trains were ultimately
applied on the land as a soil amendment. Two process trains (scenario 1 and scenario 4)
described in Chowdhury and Freire [22] were used to simulate residue generated from the
biorefinery from the addition of 1 ton of N and 0.216 of P as a waste (dairy waste, estimated,
Chowdhury and Freire, [22], Supporting Information, Table S1). The residue produced
by the biorefinery was estimated at one-year intervals for four years. In scenario 1, the
residue was generated from an anaerobic digester. Digesters were used to recover energy
and nutrients from dairy waste and algae residue after lipid extraction. In scenario 4 [22]),
all the residue was used for pyrolysis, and biochar was produced as the end product for
land application (hereafter, scenario 4 is depicted as scenario 2). The carbon content in
the residue generated from scenario 1 was assumed as 0.33 for solids generated from
anaerobically digested dairy waste [53] and 0.438 in the solids generated from anaerobic
digestion of defatted algal biomass [54]. The organic carbon content in the biochar varied
depending on the feedstock, temperature of the reactors, and types of pyrolysis (slow, fast,
flash, etc.). Detail on the organic carbon content in biochar was given by Krull et al. [55].
The carbon content for this study was taken at the lower side (0.5) [55]. A reference case
was also considered, in which dairy waste was not treated through scenario 1 or 2 and
applied as raw.

2.3. Biorefinery for Recycling of Nutrients

The process trains used in scenarios 1 and 2 (given in [22] had several procedures
used to recover nutrients from waste or biomass residue. For example, anaerobic digestion
was used to recover nutrients from dairy waste and defatted algal biomass, and recovered
nutrients were returned to the algal pond for more biomass production. A closed-loop
procedure was adopted; hence, a minimal amount of nutrients was wasted in these process
trains. Completing all the processes in the process train for a scenario took some time and
was depicted as a cycle (45 days taken in this study) [56]. After each cycle, the residue
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generated was wasted, and some nutrients were also wasted through this residue. Nutrients
(N, P) recycled through each cycle were estimated using the model. The simulation was
carried out for four years. For estimating nutrient recycle and carbon assimilation, a mass
balance approach was adopted.

2.4. Dynamic Counting of CO2 for Better Estimation of Global Warming Potential

Dynamic counting of GHGs provides a better estimation of radiative forcing and
associated global warming potential. Radiative forcing of a particular gas depends on its
residence time in the atmosphere; hence, proper time-wise counting of GHGs is required
for an accurate determination of the GWP.

GWPi =

t∫
0

riCtdt∫ t
0 rrCtdt

(9)

Ct = a0 +
3,6

∑
i=1

aie−t/Ti (10)

Values of a and T are different depending on the models used for estimating Ct and
are given in Chowdhury et al. [57] and references cited therein. The sequestered CO2 and
emitted CO2 profiles were taken from the simulation of the model (Equations (1)–(8)). ri
and rp are the radiative efficiency of GHG gas of interest and CO2 respectively.

The dynamic GWP was estimated using Equation (11), where DCF was estimated for a
gas, which was released at k − 1 time, and its DCF was estimated for a k to k − 1 time step.

DCFi =
∫ k

k−1
rpCtdt (11)

rp= ∝
C

(12)

where rp = 5.35 W/m2 and C is the ambient concentration of CO2 at a particular time.
GWPdynamic was estimated for a particular puff emission of GHG using Equation (13). A
composite GWP dynamic can be estimated by summing all the DCF of individual puff
emissions and divided by

∫ k
0 rpCtdt. In the present scenario, k = 47 years (2023–2070).

GWPdynamic =
∑n

i=1 DCFi∫ k
0 rpCtdt

(13)

3. Results and Discussion

Results obtained from the fate transport models [Inhouse model, Equations (1)–(8)]
were used to simulate the carbon sequestration from biomass obtained from a biorefinery
after added value product recovery or as raw. Residual biomass was applied on the land,
and carbon sequestration was simulated by excluding and including plant growth obtained
from N and P present in the biomass. The data obtained from the simulation depicted
year-wise carbon remaining on the land. Such simulations can help estimate the carbon
storage for a time frame and can be integrated with the net-zero goal for a country or a
region.

A mass balance model was utilized to assess carbon sequestration and nitrogen and
phosphorus recovery in an algal biorefinery that employed dairy manure nutrients for
algae cultivation. The results were obtained from a mass balance model based on Mi-
crosoft © Excel. Detailed descriptions of the model can be found in several previous
publications [22,56,58]. In this model, dairy waste was used to grow algae. After the recov-
ery of added-value products, the residue was applied to the land, and carbon sequestration
was estimated using a 100-year time frame. Then, 10% and 20% of the applied carbon was
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used as the sequestered carbon obtained from residual biomass and biochar applied on the
land [22].

3.1. Carbon Remaining on the Land after Different Time Frames (Simulation Results Obtained
from the In-House Model)

In these simulations, carbon remaining on the land after different time frames was
delineated, ignoring the yield of the plants associated with biomass input from plant debris.
Two different scenarios were depicted using the lowest and highest kinetics of biomass
degradation obtained from the literature (given in the in-house model, Materials and
Methods Section 2) [Figure 1].
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Figure 1. Carbon remaining on land at different years due to the application of biomass residue
(11.9 kg/ha/day). Simulation time 2023–2070.

Application of 11.9 kg/ha/day biomass on land resulted in 1.28 × 104 kg of carbon
built up by 2070, if we considered the highest degradation rate, whereas at the lowest
degradation rate, the carbon build-up increased to 6.27 × 104 kg/ha. According to the IPCC
guideline, it was mentioned that after 100 years, 10–20% of applied carbon would remain
on the land [22]. If one estimated the degradation rate taking the IPCC guideline into
account, the estimated rate constants were 4.41 × 10−5–6.31 × 10−5 day−1. The estimated
rate constant provided a lower degradation rate compared to the degradation rate taken
in this study (3.09 × 10−4–3.09 × 10−5). Hence, our results were more conservative than
those given by the IPCC guidelines.

Incorporating plant yield and the addition of plant debris on land increased the
accumulation of carbon by no more than 10–20% (Figure 2). We have also checked the
adequacy of our model by comparing simulated SOC data and experimental data obtained
from literature (Figure S2 and Table S2).

At the highest degradation rate, depending on the fraction of plant-derived biomass
that ended up on the land, 1.41 × 104–1.68 × 104 kg/ha carbon was built up on the
applied land. Decreasing the degradation rate increased the carbon accumulation to
7.21 × 104 kg C/ha. The contribution of carbon built up from plant debris was further
delineated in Figure 3. A total of 2.6 × 103–9.4 × 103 kg C was added from plant debris for
47 years, if one considered that 10–30% of the yield ended up on the land as plant debris.
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3.2. Implication of Carbon Buildup on Land and Its Role in Net-Zero Target Achievement

The net-zero target or achieving net-zero GHG emission to the atmosphere, is a well-
known target set by the IPCC and well-accepted by numerous countries, and some of
these countries have announced the year by which the net-zero targets will be reached [59].
Around 59 Gt of GHG (CO2 equivalent) is emitted into the air through various activi-
ties [60]. Various nationally determined contribution caps of GHGs fall short of achieving
the emission target set by the Paris Agreement [61]. The IPCC advocated keeping the
global CO2 level within 430–480 ppm by 2100 to keep the average temperature rise within
2◦C. Fossil energy is the prime contributor to GHG emissions. Almost 70% of the GHG
emissions originate from burning fossil fuels. The IPCC advocated biofuel use, which
would reduce the GHG emissions from the transportation sector. In 2019, around 33 Gt
of GHG (CO2 equivalent) was produced from fossil-based energy [62]. Creutzig et al. [63]
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reported that 35 EJ/year of bioenergy was used in 2015, and the usage would increase from
100 EJ/year to 245 EJ/year by 2050. GHG emissions from biofuels were highly variable,
and depending on the incorporation of various parameters, the variations in emissions also
increased [64]. GHG emissions from biofuel derived from forest residue, dedicated energy
crops, and algae were much lower than those from fossil fuels. Various reports depicted
that biofuel produced from the biomass mentioned above varied from 26–93 kg CO2 eq/GJ
of biofuel produced [22,65,66]. Some of these studies took the carbon credit derived from
residual biomass applied on land. These studies took 10–20% of the applied carbon as
the sequestered carbon and deducted the CO2 sequestered from the emitted GHGs (CO2
equivalent).

The net-zero target aims to reduce the net greenhouse gas (GHG) emissions to the
atmosphere to zero. This means that there is no requirement to estimate residual carbon
remaining on the land after 100 years. Instead, it is necessary to determine the amount of
residual carbon on the land after a specific period. Therefore, the simulation conducted
in this study will be useful for estimating the carbon sequestration potential at different
times. Carbon sequestration costs through this method are low, and forest, marginal, and
agricultural land can be utilized for residual biomass application. For instance, the UK
has developed various pathways to achieve net-zero targets, with some of these pathways
promoting carbon sequestration through afforestation [67].

Several reports and researchers advocated for renewable energy in the form of hydro-
gen, photovoltaic, and bioenergy with after-combustion carbon capture [68–72]. Most of
these proposed technologies have a low TRL (technology readiness level) and an exorbi-
tant implementation cost. For example, decarbonizing the energy sectors in the UK costs
200–509 pounds/ton of CO2 emissions [73]. Hence, residual biomass generated from agri-
cultural and bioenergy production facilities provides an inexpensive way to store carbon to
achieve a net-zero target. Residual biomass applied on the land increases the soil organic
carbon (SOC) stock of the receiving land. The IPCC and various researchers also observed
that increasing SOC in soil provided a major share of the GHG emission abatement for
reaching the net-zero target. It was reported that around 23.8 Gt CO2/year could be stored
as SOC through various landforms, including agricultural, wetland, peatland, grassland,
forest, etc. [12]. Cropland has a sequestration potential of 12.8 Gt CO2/year [74]. Bossio
et al. [12] reported that agricultural and grassland areas have no more than 2.3 Gt CO2/year
of SOC production potential. Several such variations are observed when estimating the po-
tential of SOC at the global and national levels. This study, therefore, also tried to estimate
a realistic contribution of SOC that can be achieved from organic residue application on
land.

Table 1 shows the GHG emissions of various major GHG-emitting countries. Except
for China, most of the major GHG emitters, such as the US, EU-27, India, and Russia, have
the potential to mitigate a major fraction of GHG emissions from the application of biomass
on arable land (if 20% of the total arable land is available and GHG emission is mitigated
for a particular year of GHG emission). Most of these countries also have sufficient biomass
available for application on the land (Table 1). To mitigate a substantial amount of GHG
emissions reduction until the net-zero target year through biomass application, one must
use all the available agricultural area. For example, China will emit around 260 Gt of CO2
until 2060 if one considers a linear decrease of GHG emissions from 2023 to 2060. In that case,
the present approach could mitigate 9% of the emission through SOC if all the agricultural
land were used for SOC storage with an organic amendment of 11.9 kg/ha/day. Increasing
the biomass application rate increased the residual carbon linearly on land (i.e., doubling
the biomass application input doubled the residual carbon on land). Hemmat et al. [75] also
reported that increasing the rate of organic matter application increased the soil organic
carbon linearly up to a particular application rate of 50 Mg/ha/year). Smith et al. [76] also
observed that increasing the organic amendment linearly increased SOC (5 ton/ha/year
SOC: 0.53; 10 ton/ha/year SOC: 1.26; 15 ton/ha/year, SOC: 1.50). The Chinese government
has taken numerous steps to increase the SOC stock in agricultural soils. These steps
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include conservation tillage, application of organic amendments, monitoring the SOC stock
in the agricultural soils, etc. It was estimated that around 0.61 Gt of C was built up in
the topsoil in some of the cropland in China in the last 21 years [77]. Chinese cropland
accumulates 0.044–0.12 Gt CO2/year under mineral nutrient and organic amendment
regime (straw return). Hence, at that pace, by 2060, Chinese cropland could accumulate
1.6–4.6 Gt of CO2 as SOC [78]. The estimated SOC was very close to the one estimated in
our study (Table 1).

India is another country that has considerable CO2 sequestration potential through the
build-up of SOCs. Fuhrman et al. [79] reported that by 2050, India could mitigate millions
of tons of CO2 per year using biochar. India’s cropland contains around 20–23 Gt of CO2 as
SOC stock, and 80% of this SOC stock is present in India’s mono and double-cropped land.
Experimental studies showed that applying fertilizer and organic amendments increased
the SOC stock by 10–20% compared to its initial value. The C sequestration rate, however,
varied from one study to another and ranged from 0.023–0.089 Gt of C year−1 [77].

Studies conducted in France showed that the SOC sequestration potential was 1.81 Gt
in arable land. However, as per the 4/1000 initiative, which aims to increase the amount of
carbon stored in soils by 0.4% per year, the SOC sequestration should be 5.8 Mt of CO2/year.
Reaching the potential of SOC sequestration under this initiative requires 61 years [80].
Several researchers analyzed IPCC–IAM scenarios and found that around 6–12 Gt of CO2
needed to be mitigated through carbon sinks. Our study showed that organic amendment
at its current availability could mitigate at least 8 Gt of CO2 (Table 1). The mitigation
potential can be increased by increasing the application rate of organic amendment and
the land that is being used for organic amendment. However, mitigating a major fraction
of GHG gases for net-zero targets through organic amendment will require to increase
biomass availability by several fold. These aspects are discussed in detail later in the
manuscript.

Table 1. Arable land available for large GHG-emitting countries, their net-zero target year, and carbon
sequestration potentials of 20% of the arable land. In the fifth column, numbers in the parentheses
and brackets show CO2 sequestration with and without plant growth, respectively. These numbers
denote maximum and minimum values that can be obtained from simulations.

Country
GHG Emissions

(Gton CO2),
2020 [81]

Net-Zero Target
Year [82]

Arable Land
Available (km2) [83]

GHG Emission Mitigation
from Biomass Residue

Applications (Gton CO2 eq.)

Biomass
Required per
Year (Gton)

Residual
Biomass

Available

Residual Emission
at Net Zero (Buck

et al., [7] Mt CO2 eq
Reference

China 13.74 2060 [82] 1,086,420 (4.8–1.1) [4.23–1] 0.094 0.39 Cuiping et al., [84]
USA 6.3 2050 [82] 1,705,000 (5.9–1.6) [5.28–1.5] 0.15 0.4–3.383 1605 Gronowska et al., [85]
EU27 3.9 2050 [82] 1,570,000 [86] (5.4–1.8) [4.9–1.4] 0.14 0.365 Esteban and Carrasco, [87]
India 3.61 2070 [82] 1,581,450 (8.4–1.6) [7.3–1.5] 0.14 0.5 Kumar et al., [88]

Russia 2.3 2060 [89] 1,216,490 (5.4–1.23) [4.74–1.12] 0.11 0.213 Namsaraev et al., [90]
Japan 1.27 2050 [82] 43,080 (0.15–0.04) [0.13–0.04] 0.04
Brazil 1.26 2050 [91] 610,000 (2.1–0.6) [1.9–0.5] 0.05 0.782 Ferreira et al., [92]

Indonesia 1.074 2060 [93] 220,000 (0.97–0.22) [0.85–0.21] 0.02
Mexico 0.801 2050 [91] 248,000 (0.85–0.24) [0.77–0.22] 0.02 0.05 Lozano-Garcia et al., 2020 [94]
Canada 0.762 2050 [82] 451,000 (1.6–0.43) [1.4–0.4] 0.04 0.05–1.02 149 Gronowska et al., 2004 [85]

South Korea 0.758 2050 [82] 15,530 (0.05–0.015) [0.05–0.013] 0.001
Saudi Arabia 0.75 2060 [95] 34,460 (0.15–0.035) [0.13–0.03] 0.003
South Africa 0.574 2050 [82] 145,000 (0.5–0.14) [0.45–0.13] 0.012

UK 0.464 2050 [82] 60,050 (0.2–0.06) [0.19–0.05] 0.005 76
France and

Monaco 0.45 2050 [82] 182,603 (0.63–0.17) [0.57–0.16] 0.016 80

Poland 0.425 2050 [96] 125,710 (0.43 –0.12) [0.39–0.11] 0.011
Vietnam 0.419 2050 63,000 (0.22–0.06) [0.2 –0.06] 0.005

Italy 0.418 2050 [82] 71,320 (0.24–0.07) [0.22–0.06] 0.006
Argentina 0.397 2050 [97] 320,000 (0.11–0.3) [0.99–0.28] 0.028

Spain 0.35 2050 [82] 125,000 (0.43–0.12)–[0.39–0.11] 0.011 29
Malaysia 0.324 2050 [98] 18,000 (0.062–0.017) [0.056–0.016] 0.0016

Taiwan 0.32 2050 [97] 7.87 [98]
(2.71 × 10−5–0.75 × 10−5)
[2.44 × 10−5–0.69 × 10−5]

6.8 × 10−7

Ukraine 0.278 2060 [82] 324,740 (1.43–0.33) [1.27–0.3] 0.028

3.3. Dynamic Counting of CO2 and Associated GHG Mitigation Potential

This study estimated the dynamic GWP using Equations (9)–(13). Three models used
for estimating the dynamic GWP showed different GWPs at different times. The highest
GWP was estimated through the BERN model [57]. In contrast, the model developed by
Levasseur et al. [99] and Lan and Yao [100] provided comparable results (Figure 4). After
47 years, the dynamic GWP was very close to the value estimated as the remaining SOC on
the land. For example, the BERN model estimated a CO2 sequestration of 4.35 × 105 kg
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CO2/ha compared to 2.53 × 105 kg CO2/ha using the mathematical simulation. Unlike the
BERN model, Levasseur et al. [99] and Lan and Yao [100] predicted a GWP sequestration
of 3.23 × 105 and 2.17 × 105 kg CO2/ha, respectively. Lower values of CO2 sequestration
were estimated using models developed by Levasseur et al. [99] and Lan and Yao [100]
due to the incorporation of CO2 emissions from the field due to microbial degradation
of organic amendment on the field. The predicted SOC value (as kg CO2/ha) estimated
through mathematical models (Equations (1)–(8)) did not consider the GWP generated
through emitted CO2. The difference in GWP estimated through various models was due
to the difference in radiative forcing calculations in those three models.
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3.4. Role of Biorefinery in Residual Biomass Generation and Nutrient Management

In the previous section (Table 1), we showed that land application of organic amend-
ment provided substantial mitigation of CO2 emission for at least one year of emissions of
most countries that have declared a net-zero target. The available organic amendment was
sufficient to achieve the one-year emission reduction target (Table 1). Most agricultural land
must be used for organic amendment application to reduce a substantial fraction of GHG
emissions before ultimately reaching the net-zero goal. In such a situation, there is a need
to increase the production of organic amendments, which can be used for land application.
Biorefineries can provide an inexpensive and continuous supply of organic residue for land
application. Biomass is the main feedstock for a biorefinery; hence, biomass production
can be increased by various routes, including dedicated energy crops and algal biomass
for use in a biorefinery. Waste nutrients produced from various anthropogenic activities,
such as municipal waste and wastewater generated from animal operations, can provide
an inexpensive resource of nutrients for algal biomass production. Chowdhury and his
coworkers provided several publications on the uses of animal wastewater for biofuel
production using the algal route [22,56,58]. Using animal waste for biofuel production
reduces the nutrient requirements, and residual biomass can be used for soil amendment
instead of raw animal waste. The biorefinery approach also helps to improve nutrient
management as the nutrients present in the algal biomass can be recovered through several
nutrient recovery techniques, including anaerobic digestion [22,58]. The model used in
those studies was used here to simulate CO2 sequestration potential when a biorefinery
approach was undertaken for biofuel production [22]. It was estimated that residual carbon
generated using a biorefinery approach in scenario 1 was similar in the first and second
years compared to the original organic residue applied on land, and higher in the third and
fourth years than the original residue (reference case). Hence, the biorefinery approach
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provided more organic residue for land application and an added biofuel production ad-
vantage. In the second scenario, the residue generated was less than the reference case
(Figure 5). However, in the second scenario, biochar was produced, which could generate
more soil organic carbon after a particular time. Biochar has a lower nutrient value; hence,
additional nutrient amendment is required for growing crops on biochar-amended soil.
The biorefinery approach provided the added benefit of nutrient recycling that ultimately
helped to provide more biofuel.
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The benefit of nutrient recycling through the first and second scenarios was evident
in Figure 6 in which 8 ton to 33 ton of N was added during the first year to fourth year
through the reference scenario. Due to nutrient recycling in scenario 1, 18 tons to 172 tons
of N was generated, and accordingly, biomass production (algae) also increased. Recycling
produced more N in the second scenario than in the first scenario. A similar trend was
also found for P (Figure 7). Hence, the biorefinery approach, especially in the first scenario,
provided more organic residue for land application, and hence more SOC can be generated
by the net-zero target year. The second scenario may also provide a similar SOC by the
net-zero target year as biochar provided a higher SOC after a particular time compared to
other organic residues. The main benefit of a biorefinery in the case of a net-zero target can
be realized through biofuel production, which has lower GHG emissions than fossil fuel.
It was estimated that dairy waste produced in the USA could produce 3.14 EJ of energy
per year and mitigate a substantial portion of GHG emissions from the US transportation
sector [57,58].

Several other studies undertaken on the uses of soil organic carbon stock in climate mit-
igation also reported that SOC could be a primary player behind climate mitigation [9,101].
Organic amendment also works as a temporary carbon storage; depending on the nature
of the organic amendment, the temporary storage would stay in the soil for a shorter or
longer time and provide temporary climate benefit [101] or would help in reaching net zero,
as we have advocated in this study. On the other hand, Sharma et al. [102] observed that
extreme events such as floods and drought reduced the SOC content of the soil drastically.
Hence, there is a mixed opinion of the potency of SOC as a significant player in climate
mitigation. After carefully examining the literature discussed, we have concluded that SOC
would provide a substantial climate benefit if sufficient organic amendment was available.
As per the current availability of organic amendments, SOC could mitigate at least the
residual GHG emission remaining at net zero. However, floods, drought, forest fire, and
landslides would undoubtedly affect SOC build-up. Hence, SOC built up through organic
amendment should be considered a cushion or good practice against climate change, and
various government agencies should take immediate steps to build up SOC in soil. Such
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good practices give us carbon stock that could mitigate SOC and biogenic carbon depletion
from various natural disasters mentioned before and would also help us to reach net zero.
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4. Conclusions

Organic amendment provides an avenue for increasing soil organic carbon to help
reach net-zero goals. Here, we developed a fate transport model, which simulated the
SOC remaining on land after a particular time. This study’s simulated results showed
that most countries had sufficient organic amendment to mitigate at least one year of
their GHG emissions (hypothesis 1). The available organic amendment also mitigated
residual GHG emissions at the net-zero targets described in several studies. However, to
mitigate a substantial amount of GHG emissions before reaching net-zero, a nation needs
to increase the organic amendment production by several fold. Using organic residue for
biofuel production in a biorefinery approach provides added value in biofuel and nutrient
management without compromising the availability of organic amendments (hypothesis
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II). Dynamic LCA approaches provided comparable results concerning GWP, as estimated
through the fate and transport model.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17194819/s1, Figure S1: A Conceptual diagram of the main
theme of this research. Figure S2: SOC (kg/ha) reported from long term study. These studies were
conducted all over the world. In those studies, the application of organic amendment varies. Max
and Minimum values were obtained from varying various parameters given before. Table S1: Values
of various parameters used for simulating maximum and minimum SOC depicted in the Figure S2.
Table S2: SOC obtained from long term experiments used in this study for model validation.
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Abbreviations

Symbol Description Unit
fs Labile fraction in organic amendment fraction
SS Organic amendment fraction
fp Labile fraction in plant residue fraction
Y yield ton-day−1

SOC Soil organic carbon kg
c1 Carbon content in organic amendment fraction
c2 Carbon content in plant residue fraction
nc11 Nitrogen to carbon ratio in organic amendment fraction
nc12 Nitrogen to carbon ratio in plant residue fraction
kd11 Decay rate of labile fraction of organic amendment and plant residue to CO2 day−1

kd12 Decay rate of nonlabile fraction of organic amendment and plant residue to CO2 Day−1

pc11 Phosphorus to carbon ratio in organic amendment fraction
pc12 Phosphorus to carbon ratio in plant residue fraction
Porg Organic Phosphorus kg
Norg Organic nitrogen kg
P Inorganic phosphorus kg
N Inorganic nitrogen kg
kgmp conversion rate of organic P to inorganic P Day−1

kgmn conversion rate of organic N to inorganic N Day−1

kdn Denitrification rate of inorganic N Day−1

kln Leaching rate of inorganic N Day−1

klp Leaching rate of inorganic P Day−1

γ Fraction of inorganic N that is nitrate fraction
Nu Plant uptake of inorganic nitrogen kg-day−1

Pu Plant uptake of inorganic phosphorus kg-day−1

cy Constant
t Time day
GWP Global warming potential Kg CO2 eq.
DCF Dynamic global warming W/m2

Ct Atmospheric decay function of CO2 Mass/volume
r Radiative efficiency of greenhouse gases W/m2
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