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ABSTRACT

Using bioslurry from anaerobic digestion as an organic fertilizer has great potential to increase carbon
sequestration by supplying organic matter to the soil. This paper examines this potential in Sub-
Saharan Africa compared to other uses of organic residues, including burning on pyrolysis cook-
stoves and composting. Measurements of loss of carbon on treatment of organic residues indicate
that the proportion of carbon lost from organic residue during treatment is greater for anaerobic
digestion than for aerobic composting or pyrolysis. The stability of organic residue is increased by
treatment, and is similar for composted and anaerobically digested material, but is higher for material
treated by pyrolysis. Simulations using the RothC model, driven by parameters based on incubations
of the organic residues with soil, suggest that on the basis of decomposability alone, treated organic
residues sequester significantly more carbon than untreated organic residues, and despite the
differences observed in stability, unless biochar contains a high proportion of inert organic material
that does not decompose at all, the potential carbon sequestration by incorporating biochar is similar
to that for compost or bioslurry. However, if losses of carbon during treatment are also taken into
account, incorporating bioslurry sequesters only approximately the same amount of carbon as if the
organic residue had been left untreated. By contrast, incorporating compost and biochar sequesters
significantly more carbon than incorporating the untreated organic residue. Therefore using bioslurry
as an organic fertilizer sequesters less of the carbon in the soil from organic residue than burning on
pyrolysis cook-stoves or composting.
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Abbreviations

C = Carbon

CH,4 = Methane

CO, = Carbon dioxide

DPM = Decomposable plant material

HUM = Humus
IOM = Inert organic matter
N = Nitrogen

N,O = Nitrous oxide
P = Phosphorus
RothC = Rothamsted Carbon Model
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RPM = Resistant plant material
SSA = Sub-Saharan Africa



1. Introduction

The soils of Sub-Saharan Africa (SSA) are often deficient in soil organic matter and have great
potential to sequester carbon (C) [1]. Lal [1] identified SSA as a global hotspot of soil degradation with
a high priority for soil restoration and C sequestration. It has been suggested that a critical limit for sail
organic C concentration in most soils of the tropics is 1.1% [2] (equivalent to 11 g kg'1 of dry soil).
However, Nyamangara [3] indicated that on average in SSA, the organic C content of soils is less
than 1%. Different local studies reveal similar results. For instance, Assefa and van Keulen [4]
reported organic C contents between 0.9 and 1.1% on continuously cultivated soil of the north
highlands of Ethiopia. At the same time, solid organic waste removal from urban areas has become
an ecological problem in SSA. In a review of the average solid waste generation rate in 23 developing
countries, Troschinetz and Mihelcic [5] quantified the average solid organic waste generation by each
person to be 770 g d' and increasing. Biogas digesters have potential to treat this organic waste,
greatly increasing the potential for application of organic wastes to soils. If increased recycling of
organic wastes can be achieved through implementation of biogas digesters and application of the
bioslurry produced, this could have a profound impact on C sequestration in the region.

Africa is one of the most vulnerable regions to climate change and climate variability in the world [6],
and the IPCC recognizes that agricultural production and food security is likely to be severely
impacted by climate change in many African countries [6]. Increased temperatures, more frequent
droughts and floods, and increased climatic variability are all expected [7]. A significant proportion of
the historical increases in soil temperature are attributed to losses of soil organic C. Globally, losses of
soil organic C due to human disturbance are estimated to have contributed 11-35 cm® m* to the
atmospheric carbon dioxide (CO,) concentration from 1850 to 2000 [7], which in turn equates to a
temperature increase of about 0.7°C [8]. Widespread installation of biogas digesters could reduce
greenhouse gas emissions by reducing C losses due to deforestation [9] and increasing C
sequestration in the soil, both directly by increased C inputs and indirectly by increased plant inputs
due to improved growth [10]. This, in turn, may help to reduce the contribution of human disturbance
to climate change, but whether improved C sequestration in the soil is actually achieved depends on
the alternative uses of the organic residues.

The rate of loss of soil organic matter tends to increase with increased temperature and moisture
content of the soil, up to the point where the soil is so hot that micro-organisms cannot function, or the
soil is so wet that oxygen supply limits microbial activity [11]. However, the inputs of plant material
also tend to increase with temperature and moisture. Whether soils gain or lose C is a balance
between increased rates of decomposition and increased plant growth, resulting in higher plant
inputs. A global simulation of future changes in soil organic matter using the RothC model [12]
predicts that in most regions of SSA, the organic matter content of the soil will increase over the next
100 years due to a climatically induced increase in plant inputs that counteracts the increased rate of
loss due to increased temperatures. Only in the grasslands of the south and forest soils converted to
arable in central regions is a decrease in soil organic matter due to insufficient gains or reductions in
plant inputs predicted [12]. This suggests that these soils are capable of sequestering C, and a further
increase in organic inputs by the recycling of organic residues could significantly increase the C
content of the soils in SSA.

Organic residues are a limited resource in SSA that are used for a range of different purposes.
Traditionally, cattle dung cakes [13,14] and other organic residues [15] have been dried and burnt as
a fuel, leaving ash residues that do not greatly enhance the organic matter content of the soil [15].
Another traditional use is as a building material [16]; this application means that none of the C content
of the organic residues is returned to the soil in the short term. If this organic residue was instead
used to produce biogas, significant increases in C inputs to the soil are likely in addition to the
provision of an improved household fuel supply (although the C impacts of replacement building
materials should also be considered). However, with other uses, the impacts of diverting the organic
residues to biogas production are not so easily determined. All of the C in the organic residues may
be incorporated directly in the soil without prior treatment [17]. Organic residues can also be
composted under aerobic conditions to provide an important organic fertilizer. A proportion of the
organic C is lost during composting, but when composts are incorporated into the soil, increases in
organic matter content are observed [18]. Some types of organic residues can be burnt in pyrolysis
stoves or larger scale pyrolysis plants [19]. Pyrolysis occurs when organic materials are burnt under
low oxygen conditions [20,21], releasing a proportion of the C as CO, or carbon monoxide, but leaving



a highly resistant form of C, known as biochar, which can be further combusted or incorporated into
the soil [22]. When biochar is incorporated into the soil, it is resistant to decomposition, and so
sequesters C. Anaerobic digestion, incorporation of untreated residues, aerobic composting and
pyrolysis all have potential to improve C sequestration by adding organic matter to the soil, but which
method sequesters most C? A direct comparison is needed of the C sequestered using the same
quantity and quality of starting material, treated by the different methods. In order to evaluate the
potential of biogas digesters to improve soil C sequestration in the SSA, the available evidence for
comparing the impacts of different treatments of organic residues on C sequestration will be
presented in this paper and used to provide simulations of short and long term C sequestration in the
soil.

2. Use of models to estimate carbon sequestration

The amount of C sequestered in the soil each year is a balance between the annual C input and the
annual emissions from the decomposing organic matter. Models that are used to estimate C
sequestration differ in the ways they simulate these two factors.

2.1. Annual carbon inputs to the soil

The annual C input depends on the plant inputs and organic amendments to the soil, but annual plant
inputs, especially from dead roots and root exudates, are difficult to measure. Some authors use
estimates of plant productivity to determine plant inputs (e.g. Parton et al. [23]); others use the
measured C content of the soil at steady state to infer the plant inputs needed to achieve the
measured amount of soil C (e.g. Smith et al. [24]). The amount of C added to the soil in organic
residue depends on the treatment process used. Different treatments retain different quantities of C
from the same quantity and quality of starting material. The percentage C remaining after treatment of
the organic residue is a key parameter that must be determined to allow the amounts of C
sequestered by the different treatments to be compared.

2.2. Annual carbon emissions from the soil

The annual emissions of C from decomposing organic matter depend on the total amount and
decomposability of organic matter already present in the soil, the amount and decomposability of any
added plant material and organic residues, and the microbial activity, which is dependent of the added
organic matter and environmental characteristics (including temperature, water and clay content) of
the soil. Some models define decomposability using the decomposition profile for the particular type
of organic matter (e.g. Bosatta and Agren [25]); but this approach can become unwieldy when many
different types of organic materials are added to the soil on numerous occasions. Other models define
decomposability by quantifying the proportions of “decomposable” and “resistant” fresh plant material,
and “rapidly” and “slowly” decomposing organic material for the organic matter already present in the soil
and the organic matter added as plant inputs and organic amendments (e.g. Coleman and Jenkinson
[26]). The rate constants set for these different pools allow the proportions of the different pools to define
the decomposition profile without the need to keep track of each different amendment of organic material.

2.3. Decomposability of organic residues

The decomposability of the organic residue following treatment is another key parameter that must be
determined to allow the potential for C sequestration by different treatments to be compared. Most
composting models predict the evolution of dry mass, temperature, moisture, oxygen and CO,, but not
the decomposability of the organic matter following treatment [27]. Some models have recently been
published that describe the evolution of organic matter quality during composting. These models
function in the same way as the soil organic matter models, dividing the organic matter into pools with
specific decomposition rates. Tremier et al. [28] used easily and slowly decomposable fractions,
setting the percentage of the pools using experimental oxygen uptake rates. Sole-Mauri et al. [29]
divided the organic matter into 6 pools (carbohydrates, proteins, lipids, hemicelluloses, cellulose and
lignin), and evaluated the model against the evolution of temperature, C content and mineral N.
Zhang et al. [30] developed a model that describes the evolution of the biochemical composition of
organic matter and reflects its potential degradability in soil after application. First-order kinetics have
been most widely used to describe the decomposition of treated and untreated organic residues
[31,32,33,34], although different order equations have been used by some authors (e.g. Bernal and



Kirchmann [35]).

Models of anaerobic digestion are less well developed than composting models due to the complexity
of the process and smaller amount of experimental evidence available on the processes of anaerobic
digestion [36]. Most of these models do not quantify the decomposability of the bioslurry, focusing
more on biogas production [37]. Each component of the organic residue (carbohydrates, proteins and
lipids) goes through three stages of decomposition; hydrolysis, fermentation and methane (CH,)
production. When considering solid residue digestion, hydrolysis of the complex polymeric substances
is often considered to be the rate-limiting step [38]. Fermentation of amino acids, sugars and fatty
acids is done by fermentative or acid-forming bacteria, which use extra-cellular enzymes to break
down the carbohydrates, proteins and lipids into soluble sugars, amino acids and fatty acids,
respectively, forming organic acids, hydrogen and CO, [39]. Hydrogen producing acetogenic bacteria
complete the fermentation by oxidizing fatty acids to produce acetic acid, hydrogen and CO, [40].
Approximately 75% of CH, production is done by acetoclastic methanogens, which transform acetic
acid to methane and CO,, and 25% by H, utilizing methanogens, which reduce CO, to CH, [41]. Early
modeling approaches attempted to simplify the description of this complex set of processes by
describing only the rate limiting step [42]. The limiting factors can, however, be different under
different operating conditions [43], resulting in different authors focusing on different rate limiting
steps; CH,4 production from acetic acid, conversion of fatty acids into acetic acid, and hydrolysis of
suspended solids [44]. The concentration of volatile fatty acids soon emerged as a key parameter
[45], with formation of volatile fatty acids and their conversion to acetic acid being described
separately [46]. The influence of ammonium-N on CH,4 production [42] and the controlling inhibiting
role of hydrogen gas in the formation of volatile fatty acids and subsequent conversion into acetic acid
[47,48] were also included in models. This gave rise to models that predict the change in individual
volatile fatty acid species, pH, partial pressure of hydrogen gas, and biogas production and
composition as a function of time [36,49,50,51]. In an attempt to produce a generic model and reach a
common basis for further development, Batstone et al. [52] included descriptions of the dynamics of
24 species and 19 bioconversion processes. Such complexity makes the model very difficult to use,
and an additional step would be required to translate the values simulated into a description of
decomposability of bioslurry.

Until recently, models of biochar decomposability were limited to conceptual models due to lack of
data for parameterization. Hammes et al. [53] suggested that decomposability of biochar in soils
should be simulated using multiple pool models. Nguyen et al. [54] described decomposition of “black
carbon” remaining after fire using a two pool model, one pool decomposing over decades and the
other being inert. Foereid et al. [55] suggested the inert pool is in fact slowly decomposing and so
instead included a slowly decomposing pool containing 88% of the biochar with a decomposition rate
constant of 1.37 x 10° d". The remaining 12% of the biochar C was in a labile pool with a rate
constant of 0.0038 d”'. While this provides a very neat description of biochar decomposition that is
compatible with existing soil organic matter models, further work is needed to account for the impact
of feedstock and production conditions on the decomposability of the biochar produced.

3. Loss of carbon on treatment of organic residues

3.1. Aerobic composting

Composting of organic residues significantly reduces the C content of the material. Ciavatta et al. [56]
observed a 30% loss of C during 2 months of composting of municipal solid waste. Most of the C
losses during composting occur during the initial active phase. On composting of organic residues
under controlled conditions, Bernal et al. [17] observed 37-60% of initial C was mineralized during the
initial active phase, with C release increasing to 52-74% during later phases of composting. This
suggests that, in this case, 26-48% of the C contained in the untreated organic residue remains in the
composted material (Table 1). Bernal et al. [17] noted that a high ratio of lignin to cellulosic
compounds is associated with a lower loss of C through mineralization during composting. Further
losses of C as CH, may also occur due to the coexistence of anaerobic and aerobic conditions
especially in large, extensively managed compost heaps [57].

3.2. Anaerobic digestion
The conversion of organic C to CH, is a very efficient process. As a result, the reduction in total C on
anaerobic digestion was observed to be 71% by Massé et al. [58], 69-80% in a series of experiments



by Schievano et al. [59], and 94% by Perez et al. [60], although the latter used thermophilic digestion
so may not be relevant here. The 20-31% of the total organic C that is not lost ([58,59]; Table 1)
remains in the bioslurry and is usually composed of material that is not readily available to biological
degradation [61].

3.3. Pyrolysis

As much as 50% of the C contained in the source material can be retained within the biochar
produced by pyrolysis, but this is highly dependent on the specific conditions of the process
[62,63,64,65,66], especially the temperature [67]. Bruun et al. [68] observed 50% C retained as
biochar at 475 °C, but only 20% at 575 °C (Table 1). The temperature also affects the nature of the
material contained in the biochar. Yang et al. [69] observed that at temperatures of 475 °C, low
heating rate processes (slow pyrolysis) converted nearly all carbohydrates to volatile substances,
whereas Bruun et al. [68] observed an unconverted biomass fraction remaining after fast pyrolysis
due to heat transfer limitations. These were composed of cellulosic and hemi-cellulosic compounds
and were proportional to short-term biochar degradation in soil, which resulted in 3-12% of the added
biochar being rapidly emitted as CO,. Increasing the temperature of pyrolysis decreased the
proportion of labile material in the biochar to close to zero, but also increased the proportion of total C
lost on pyrolysis [68].

Table 1 here
4. Decomposability of organic residues in soil
4.1. Fresh organic residues

The amount of C released when fresh organic residues are incorporated in the soil differs with the
type of organic residue [34]. Incorporation of residues that contain a high proportion of soluble organic
C, for instance in the form of amino acids and carbohydrates, tends to result in a flush of CO, release
immediately after incorporation [70]. By contrast, residues, such as sweet sorghum bagasse,
containing a high proportion of resistant materials, can show very low initial decomposition rates. In
experiments on the release of organic C from untreated and treated organic residues, Bernal et al.
[17] observed losses of C in the range of 21-62% for untreated plant materials and animal manures
after 30 days incubation in soil, in agreement with the observations of Ajwa and Tabatabai [34], and
even higher losses for mixtures including sewage sludge and city refuse (93% and 80% respectively).
After 140 days of incubation, Bernal et al. [17] observed that in most untreated organic residues, C
losses range from 95% to over 100% (Table 2). Such high losses suggest that most of the organic
material is in a highly decomposable form. Losses over 100% imply a priming effect due to the
stimulated microbial activity in the soil, which increases decomposition of the native soil organic
matter and so actually results in a net loss of C from the soil. This may well also be occurring in the
experiments showing lower percentage loss and is subsumed into the overall value for the change in
soil C.

4.2. Composts

Treatment of organic residues changes their composition [18], and so also the decomposability and
release of CO, on incorporation in the soil [35]. The decomposability of composts is dependent on the
biochemical characteristics of the compost after treatment. Amir et al. [70] showed that the
decomposition of sludge during composting begins with lipid, protein and carbohydrate components.
Experimental studies on the decomposability of different mixtures of organic materials have shown
that the evolution of decomposability is a function of initial composition and biochemical properties
[71,72]. Bernal et al. [17] suggested that a high ratio between lignin and cellulosic compounds in
composts confers greater stability to the compost. The CO, released on incubating mature composts
with soils for 30 days decreases with time of composting, with C released from mature composts
usually being less than 25% of the C in the compost [17,73,74] compared to 21-62% when fresh
residues are applied [17]. After 140 days of incubation with soil, Bernal et al. [17] observed a much
lower total loss of C (the sum of losses during both composting and incubation in the soil) from mature
composts than from untreated organic residues, total C losses ranging from 64-80% of the total C in
the initial fresh organic residue lost when compost was applied compared to 95% to over 100% when
fresh residues were applied. Given that 52-74% of these losses occurred during composting (Table 1),



the losses after incorporation in the soil were only 6-12% (Table 2). Therefore, applying mature
composts to the soil retains more C than applying fresh organic residues. However, if composts are
applied before maturity at the end of the thermophilic phase, total C losses can be higher even than in
untreated residues due to stimulation of the microbial population and addition of a high proportion of
labile organic compounds to the soil [17], so it is important that only fully mature and stable composts
are applied to the soil.

4.3. Bioslurry produced by anaerobic digestion

Treatment of organic residues by anaerobic digestion stabilizes the organic matter and reduces the
rate of CO, emissions when the residues are applied to soils. In soil incubation studies with anaerobic
digests of pig slurry, Marcato et al. [75] observed a significantly higher C mineralization rate after 49
days in soils receiving untreated slurry compared to the treated slurry (a CO,-C release of 176 and
120 g kg'1 organic C supplied respectively). These rates were similar to those reported by Garéia-
Goémez et al. [76] for untreated and composted pig slurry (22.5 g and 12.0 g CO,-C 100 g'1 organic C
supplied respectively), suggesting that the decomposability of organic matter following 7 weeks of
anaerobic digestion is similar to the decomposability following 4 weeks of composting. Therefore, in
Table 2, the decomposability of bioslurry is described similarly to composts.

Messner and Amberger [61] suggested that C not transformed into biogas during anaerobic digestion
is mainly composed of materials that are less available for biological degradation. Fourier transform
infrared spectroscopy was used by Marcato et al. [75] to characterize the functional groups in the raw
and digested slurry. The raw and digested slurry contained similar functional groups, but showed a
marked decrease in aliphatic structures and lipids, amides and polysaccharides, representing the
biodegradation of the labile fraction into biogas with a relative increase in the more resistant and
stable compounds [77]. This is consistent with the initial decomposition of lipids, proteins and
carbohydrates observed during aerobic composting by Amir et al. [70]. An increase in carbonates was
observed, and Marcato et al. [75] suggested this was due to mineralization of organic matter during
digestion. Comparison of the stabilization of organic matter during biological treatment of municipal
organic residues using combined mechanical, anaerobic and composting treatments suggested that
stabilization was greatest during the anaerobic digestion [78].

4.4. Biochar produced by pyrolysis

Biochar is highly resistant to decomposition due to its aromatic structure [79,80]. It is a carbonaceous
material, containing polycyclic aromatic hydrocarbons with a range of different functional groups [21].
The time over which biochar incorporated in the soil remains stable is not well known
[53,54,81,82,83,84]. However, C dating shows biochar deposits in Terra preta soils in regions within
the Amazon-basin are 500 to 6000 years old [85], and the turnover time of biochars has been
estimated to be on the timescale of millennia [82]. This is dependent on the environmental conditions;
the soil water regime has been shown to modify biochar stability depending on the initial properties of
the feedstock used, biochars produced at lower temperatures from more labile feedstocks being less
stable than biochars produced at higher temperatures [84].

An unconverted biomass fraction was observed by Bruun et al. [68] to remain after fast pyrolysis. This
fraction was composed of highly labile cellulosic and hemi-cellulosic material and was proportional to
short-term biochar degradation in soil, which resulted in 3-12% of the added biochar being rapidly
emitted as CO, (Table 2). There has been some suggestion that labile compounds held in the biochar
can have a priming effect on the soil, actually causing native soil organic matter to be released due to
increased biological activity. However, Cross and Sohi [86] showed that the extra C mineralization
observed following biochar application is due to rapid decomposition of the labile materials in the
biochar itself, and not due to additional losses of C from the soil.

Table 2 here
5. Changes in carbon sequestration for different uses of organic residues
A representation of the RothC model [26] using an annual timestep was used to determine the soil C

sequestration that might be expected when the same amount of starting material is incorporated in
the soll, either as untreated organic residue, or following composting, anaerobic digestion or pyrolysis.



Typical values for the percentage of C loss on treatment, P,ss (% untreated organic residue), were
used to determine the relative amounts of C incorporated in the soil, Piy (% of untreated organic
residue), as

PI.'||'IIJ|: = 100 — A,

(1)

The relative amounts of C assumed to be incorporated for the different treatments of organic residues
are given in Table 1.

The decomposability of the incorporated organic residue was defined using the proportion of
decomposable plant material (DPM) to stabilized material (HUM) in the organic residue.
Decomposable and stabilized material are defined as having decomposition rate constants of 10 y™
and 0.02 y'1 [26]. Therefore, the ratio of DPM to HUM determines the rate of organic residue
decomposition in the soil.

The proportion of C in the DPM pool, Cppy (t ha"), that within the timestep is lost by decomposition as
CO,-C, Cppm,joss (t ha'1) is given by an exponential equation for first order decomposition [26],
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where a, b and ¢ are rate modifying factors for temperature, moisture and plant cover respectively,
kppm is decomposition rate constant for DPM (kppy = 10 y'1, as given by Coleman and Jenkinson
[26]), and t is a factor to convert the annual time step of the rate constant to actual period of

incubation (t = 3165, where d (days) is the duration of the incubation).
The temperature rate modifier is given by Coleman and Jenkinson [26],
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where T is the average air temperature over the period of the timestep, t (°C).
The moisture rate modifier (b) is also given by Coleman and Jenkinson [26],
b= _ I
= 0.2+ (L0 - 02) ¥ g—r s @)

where Dp, is the maximum soil moisture deficit (mm) and D is the actual soil moisture deficit (mm).

The plant cover rate modifier (¢) accounts for the impact of factors due to the presence of the plant,
such as shading of the soil, on the rate of decomposition. The plant cover rate modifier is set to 0.6
when the plant is present and 1.0 when it is not [26].

Coincidentally, the experiments that were used to determine the decomposability were all incubated at
a constant temperature of 28°C and maintained 60% of the field capacity of the soil, giving rate
modifiers of a = 4.41 and b = 0.79. Because there are no plants included in the incubations, the plant
cover rate modifier, ¢, was set to 1.0 [26].

Similarly, the proportion of C in the HUM pool, Cyum (t ha'1) that within the timestep is lost by
decomposition as CO,-C, Cyymjoss (t ha'1) is given by

—_ CHUM Joss

ahe k t
PHUM Joss = M

=1—e

CHum (5)
where the rate constant, kyyy, for decomposition of the HUM pool is 0.02 y’1 [26].

Assuming that all of the C in the incorporated organic residue can be described as C in either the



DPM or HUM pools, the measured percentage loss of incorporated organic residue, P,ss (%), can be
related to the proportions of C in the DPM and HUM pools lost by decomposition

Pz = ':i'-:'I:IFM.I::F.'i + i'-;'H...'\I'I.I:::'..'i}I % Pinpat

(6)

Substituting the equations for pppmoss; PHuMoss @Nd Pinput iNto the above equation and rearranging
allows the proportion of DPM and HUM in the incorporated organic residue (pppm and pyum) to be
determined

P i
Poppm = POPM Joss ~PHUM Joss
(7)
and
oM = 1 — oppm
(8)

The DPM/HUM ratios are obtained from "™ /pwn and are presented in Table 2.

The 140 day incubations of Bernal et al. [17] provide a much higher DPM/HUM ratio for untreated
residue (>18) than for compost (0.04 — 0.11), indicating a higher proportion of decomposable plant
material and a more rapid decomposition rate in the untreated compost. For shorter incubations (30
days), the DPM/HUM ratio obtained from Bernal et al. [17] are significantly lower (0.28-1.90) than in
the 140 day incubations (18-96), indicating that, in the initial phases of the incubation of the untreated
residue, a higher proportion of DPM is being decomposed. Similar results to Bernal et al.’s [17] 30 day
incubation are obtained from 49 day incubations of untreated residue provided by Marcato et al. [75]
(DPM/HUM = 0.2), suggesting that the experiments of Marcato et al. [75] and Bernal et al. [17] are
comparable. The 49 day incubations of composted residue from Marcato et al. [75] show comparable
ratios to 140 day incubations of compost from Bernal et al. [17] (DPM/HUM = 0.13 compared to 0.04-
0.11). This suggests that, unlike the untreated residue, the decomposition of compost already
accesses all pools of organic matter after 49 days and so the ratio obtained is likely to reflect the
actual proportions of DPM and HUM in the compost. The DPM/HUM ratios obtained from the data of
Marcato et al. [75] for bioslurry and compost were very similar (0.14 and 0.13 respectively),
suggesting the decomposability of compost and bioslurry can be treated similarly. Using the data
provided by Bruun et al. [68], the DPM/HUM ratios for biochar are slightly lower than for compost and
bioslurry (0.004 — 0.11). Foereid et al. [55] suggested that biochar is composed of labile and stable
pools, and used decomposition rate constants of 0.0038 d’ (equivalent to 1.387 y"1) and 1.37 x 10° d"
! (equivalent to 0.0005 y"1) respectively. This assumption is compatible with the approach suggested
here, and can simulate the data of Bruun et al. [68] using a ratio of the labile/stable pools of 0.036-
0.16. However, the chemical characterization of biochar provided by Bruun et al. [68] suggests that
biochar should be represented as 3-12% highly labile material, the remainder being highly stabilized
or inert. If this is the case, an alternative representation of biochar is needed in RothC that assumes
88-97% of the added biochar is inert organic material (IOM), and the remainder as highly labile similar
to untreated organic residue (DPM/HUM >18).

To illustrate the impact of incorporating different types of organic residues on the potential C
sequestration in different soils and climates, a single factor sensitivity analysis was completed for the
input variables average annual air temperature, average annual soil water content and percent clay
content. The starting values of all input variables are arbitrarily selected typical conditions for SSA and
are given in Table 3. The simulations were continued until a steady state was achieved or for 300
years. One input variable at a time was adjusted between -50% and +50% of the starting value while
holding all other input variables constant. This was done for untreated and treated organic residues,
assuming annual C inputs and DPM/HUM ratios as shown in Table 4. These were selected from the
reviewed values given in Tables 1 and 2

Table 3 here

Table 4 here



The results of the sensitivity analysis applying 1 t ha™ y'1 of C in differently treated organic residues
are shown in Fig. 1, 2 and 3. The results show that under all conditions of temperature, soil moisture
and clay content, incorporating 1 t ha™ y'1 of C as treated residue results in significantly higher C
sequestration than incorporating 1 t ha™ y'1 of C as untreated residue. The impacts of incorporating
compost or bioslurry on C sequestration are very similar. The impact of incorporating 1 t ha™ y'1 of C
as biochar depends on the nature of the biochar. If, as suggested by Foereid et al. [55], the biochar is
composed of labile and stabilized organic matter (biochar (a)), C sequestered is very similar to the
amount sequestered by applying compost or bioslurry. If, however, as suggested might be the case by
Bruun et al. [68] and Nguyen et al. [54], the biochar contains a high percentage of IOM (biochar (b)),
C sequestration is significantly increased by incorporating the organic residue as biochar, especially
at the higher average air temperatures as found in SSA. Whether the C incorporated as biochar is
chemically and biologically inert, or just highly stabilized has a profound impact on the C sequestered
in the soil and merits further research.

Fig.1 here
Fig.2 here
Fig.3 here

This accounts for the changes in the decomposability of the organic residue, but does not account for
the losses in soil C during the treatment process. The results of the sensitivity analysis applying
differently treated organic residues derived from 1t ha™ y'1 of C as fresh organic residue are shown in
Fig. 4, 5 and 6. Now a very different picture is seen. Because a higher proportion of the fresh organic
residue has been assumed to be lost during anaerobic digestion (74%) than during aerobic
composting or pyrolysis (63% and 65% respectively), all results show C sequestration for
incorporation of bioslurry is now not significantly higher than C sequestered if fresh residue were
incorporated. This is further illustrated by the calculation of C sequestered for the default soil and
climatic conditions given in Table 3 and using the range of values obtained from the literature
describing organic residue quality (DPM:HUM ratio and proportion of IOM) and the proportion of C
lost on treatment given in Table 2. These simulations provide an estimate of the uncertainty in the
calculation (as shown by the error bars in Fig. 7), and illustrate that while there is a clear difference
between the C sequestered by applying fresh residue compared to compost or biochar, when losses
in C during treatment are accounted for there is no significant difference in applying fresh residue
compared to bioslurry. Fig. 8 shows the uncertainty associated with the different inputs, expressed as
the percentage change in the C sequestered at the average input value (Tables 3 and 4) using the
range of inputs values given in Table 4. The amount of C lost during treatment introduces greater
uncertainty in the estimates of C sequestered by applying bioslurry (50%) compared to the DPM:HUM
ratio (13%). The uncertainty in C sequestered by incorporating biochar is very high, ranging from C
sequestration that is not significantly different to the value obtained for compost, to a result that is
nearly 9 times that (Fig. 7). This is mainly due to uncertainties in the proportion of IOM and C lost
during treatment (introducing 151% and 71% uncertainty, respectively).

Fig. 4 here
Fig. 5 here
Fig. 6 here
Fig. 7 here
Fig. 8 here
The above results provide an estimate of the potential for C sequestration if applications of organic
residues were continued until steady state conditions were achieved. In reality, incorporation of
organic residues is unlikely to continue for so long, and it is perhaps unreasonable to plan for more
than 10-20 years into the future. In this case, the rate of C sequestration becomes more important. As
shown in Fig. 9, for simulations using the input variables given in Table 3, the highest rate of C

sequestration over the first 20 years is observed for incorporation of biochar and compost. The
greatest difference is seen in the results after organic residue incorporation has ceased. Unless a



significant proportion of IOM is present in the biochar, all treatments return to close to the initial C
content by 100 years, and very little difference in observed in the C contents of soils receiving the
different types of organic residues after this time. The C sequestration should be considered a
temporary measure. However, the period with extra soil organic matter may result in a positive
feedback of higher plant inputs that then permanently maintains the soil at a higher C content.
However, if the biochar contains IOM, the soil C content remains close to the higher level over the
duration of the simulation.

Fig. 9 here
6. Discussion

Data in the literature provides information about the rate of C loss during treatment of organic
residues, and the decomposability of the differently treated organic residues when incorporated into
soils. Using this information to drive simple dynamic simulations of C turnover in soils allows the
impact of the different treatments on C sequestration to be estimated. This approach uses a simple
incubation method to determine the size of organic matter pools in incorporated organic residues.
Because these are only short term measurements, there is potential for the impact of the more
recalcitrant pools to have been neglected. This was seen, for example, in the different DPM/HUM
ratios obtained for the same untreated organic residue after 30 days and 140 days; the 30 day
incubation has a much lower DPM/HUM ratio than the 140 day incubation because only part of the
DPM fraction had been accessed after the shorter period (Table 2). Incomplete access to the different
organic matter pools by the soil micro-organisms might especially introduce error for organic residues
with more recalcitrant organic pools, such as biochar. This suggests the need for evaluation of the
results against short, medium and long term experimental data. Having used the method presented
here to provide an initial estimate for the DPM/HUM ratio, the value can be adjusted against long term
experimental data to provide a more accurate estimate of long term C sequestration, which can then
be re-evaluated against independent data.

The impact of organic amendments on the activity of the micro-organisms in the soil is not explicitly
described in the RothC model. Therefore, the impact of differently treated organic residues on
microbial activity cannot be explicitly quantified through this approach. However, this is implicitly
included in the incubation measurements used to obtain the parameters for the different types of
organic residues. Therefore, the results do implicitly account for any differences in microbial activity
that may occur following application of differently treated organic residues.

The simulations presented above suggest that if the loss of C during treatment of organic residues is
not accounted for, incorporating any of the treated organic residues will sequester more C than
incorporating the same quantity of organic residue before treatment. However, when C loss during
treatment is accounted for, incorporating bioslurry sequesters only approximately the same amount of
C as if the organic residue had been left untreated. By contrast, incorporating compost and biochar
sequesters significantly more C than incorporating the untreated organic residue. The numbers
presented here suggest that the low C sequestration associated with bioslurry is due to the highly
efficient anaerobic decomposition process, which converts a high proportion of the C in the organic
residue into CHy, resulting in a large proportion of the C being lost from the remaining organic residue.
Treatment by composting and pyrolysis lose a lower proportion of the C than treatment by anaerobic
digestion, resulting in higher C sequestration when incorporated in the soil. Measurements of C
losses during treatment are highly dependent on the conditions of the treatment, and trends in C
sequestered by the different methods could easily be reversed if the conditions of treatment were
changed. This suggests the need for further research to optimize the potential for C sequestration
from different treatments, although any adaptation to retain more C in the bioslurry is likely to reduce
the yield of methane, and so would be counterproductive.

There is also a high degree of uncertainty around the stability of the organic material remaining in
biochar. If a high proportion of the organic matter in the biochar is inert, incorporating biochar has
potential to sequester significantly more C than incorporating either compost, bioslurry or untreated
residue, and to retain C after incorporation of organic residues has stopped, whereas if a very low
proportion of the organic matter is inert, incorporated biochar behaves very similarly to incorporated
compost. This could suggest that the best way to sequester C originating from organic residues in the
soil is to incorporate biochar. However, organic residues also provide nutrients, impacting crop



productivity. This can in turn significantly affect inputs of C to the soil from plant residues. Smith et al.
[10] suggest that the process of pyrolysis burns off a high proportion of the nutrients in organic
residues, so reducing the positive impact on crop production in a nutrient limited soil, the optimum
return of nutrients being achieved through incorporation of compost or bioslurry. Further research is
needed to provide a better understanding of the stability of organic material remaining in biochar as
this has a profound impact on the efficacy of C sequestration.

7. Conclusions

Incorporating compost sequesters more C than incorporating bioslurry, as well as providing similar
returns of nutrients. However, composting does not provide an easily captured source of household
energy, so a major benefit of recycling organic residues will be missed by composting alone.
Incorporating biochar sequesters more C than bioslurry, as well as providing household energy, but
the nutrients in the organic residue may be burnt off, so reducing the availability of much needed
nutrients to the crop. Perhaps the optimum management of organic residues for C sequestration and
energy production involves a combination of anaerobic digestion and pyrolysis. Anaerobic digestion
can provide a quick release source of nutrients, which can improve crop productivity and maintain C
inputs from plant residues [10]. If the conditions of pyrolysis are correctly optimized, the process can
retain a high proportion of the C in the organic residue in a highly stabilized or inert form, so providing
long term C sequestration in the soil. Different types of organic residues are better suited to anaerobic
digestion and pyrolysis; the anaerobic digestion process requiring wet residues with a combined C:N
ratio of around 25 [59,87], whereas pyrolysis requires dry C rich residues. Therefore a combined
approach allows a wider range of organic residues to be recycled. This also provides two different
forms of energy to the household; these may be better suited to different cooking requirements and
one form of energy provides backup when the other runs short. We therefore recommend that
optimum management of organic residues for carbon sequestration should include a combination of
pyrolysis of dry, C rich materials to maximize C sequestration from the organic residues, together with
anaerobic digestion of wet, nutrient rich material to retain the nutrients needed for crop production, so
increasing C sequestration from plant residues.
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1 — Temperature sensitivity of carbon sequestration following incorporation of 1 t ha™ y'1 of carbon
in differently treated organic residues. Assumes annual incorporation continues until steady
state is reached (300 years)

2 — Moisture sensitivity of carbon sequestration following incorporation of 1 t ha™ y'1 of carbon in
differently treated organic residues. Assumes annual incorporation continues until steady
state is reached (300 years)

3 — Sensitivity of carbon sequestration to percent clay following incorporation of 1 t ha™ y'1 of
carbon in differently treated organic residues. Assumes annual incorporation continues until
steady state is reached (300 years)

4 — Temperature sensitivity of carbon sequestration following incorporation of differently treated
organic residues derived from 1 t ha™ y'1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)

5 — Moisture sensitivity of carbon sequestration following incorporation of differently treated
organic residues derived from 1 t ha™ y'1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)

6 — Sensitivity of carbon sequestration to percent clay following incorporation of differently treated
organic residues derived from 1 t ha™ y'1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)

7 — Uncertainty in carbon sequestration for differently treated organic residues derived from 1 t
ha’ y'1 of carbon in fresh residue

8 — Uncertainty in carbon sequestration introduced by inputs describing quality of material and
the impacts of treatment for differently treated organic residues

9 — Rate of carbon sequestration for aPpIication continued over 20 years of differently treated
organic residues derived from 1t ha’ y'1 of carbon in fresh residue



Fig. 1 — Temperature sensitivity of carbon sequestration following incorporation of 1 t ha™ y'1 of Cin
differently treated organic residues. Assumes annual incorporation continues until steady state is
reached (300 years)
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Fig. 2 — Moisture sensitivity of carbon sequestration following incorporation of 1 t ha™ y'1 of carbon in
differently treated organic residues. Assumes annual incorporation continues until steady
state is reached (300 years)
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Fig. 3 — Sensitivity of carbon sequestration to percent clay following incorporation of 1 t ha™ y'1 of
carbon in differently treated organic residues. Assumes annual incorporation continues until
steady state is reached (300 years)
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Fig. 4 — Temperature sensitivity of carbon sequestration following incorporation of differently treated
organic residues derived from 1 t ha™ y’1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)
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Fig. 5 — Moisture sensitivity of carbon sequestration following incorporation of differently treated
organic residues derived from 1 t ha™ y’1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)
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Fig. 6 — Sensitivity of carbon sequestration to percent clay following incorporation of differently treated
organic residues derived from 1 t ha™ y’1 of carbon in fresh residue. Assumes annual
incorporation continues until steady state is reached (300 years)
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Fig. 7 — Uncertainty in carbon sequestration for differently treated organic residues derived from 1 t
ha” y" of carbon in fresh residue
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Fig. 8 — Uncertainty in carbon sequestration introduced by inputs describing quality of material and
the impacts of treatment for differently treated organic residues
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Fig. 9 — Rate of carbon sequestration for aPpIication continued over 20 years of differently treated
organic residues derived from 1t ha’ y'1 of carbon in fresh residue
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Table 1 - Relative inputs of treated and untreated organic residues used in example simulations of C
sequestration in soil

Annual C inputs as a
Organic residue C loss during treatment (%) percent of the untreated
organic residue (%)

Untreated 0% 100%
Compost [17]
Mean 63% 37%
Minimum 74% 26%
Maximum 52% 48%
Bioslurry [59]
Mean 75% 26%
Minimum 80% 20%
Maximum 69% 31%
Biochar [68]
Mean 65% 35%
Minimum 80% 20%

Maximum 50% 50%




Table 2 — The decomposability of treated and untreated organic residues at 28 °C and with water content maintained at 60% of field capacity

Proportion of  Proportion of

0
/0 Duration of  #Proportion of C in b Proportion of Cin  Cinorganic  C in organic

Organic residue ?ég%rgg incubation DPM lost during HUM lost during residue as residue as Dp'r\g/tEUM
st (days) incubation (t t') incubation (t t*) DPM HUM
(tt) (tt)
Untreated [17]
Mean 97 140 1.00 0.03 0.97 0.03 31.45
Minimum 95 140 1.00 0.03 0.95 0.05 18.47
Maximum 99 140 1.00 0.03 0.99 0.01 96.37
Untreated [17]
Mean 415 30 0.94 0.01 0.44 0.56 0.77
Minimum 21 30 0.94 0.01 0.22 0.78 0.28
Maximum 62 30 0.94 0.01 0.66 0.34 1.90
Compost [17]
Mean 9 140 1.00 0.03 0.07 0.93 0.07
Minimum 6 140 1.00 0.03 0.03 0.97 0.04
Maximum 12 140 1.00 0.03 0.10 0.90 0.11
Untreated [75]
Mean 17.6 49 0.99 0.01 0.17 0.83 0.20
Compost [75]
Mean 12 49 0.99 0.01 0.11 0.89 0.13
Bioslurry [75]
Mean 12 28 0.93 0.01 0.12 0.88 0.14
Biochar [68]
Mean 7.5 140 1.00 0.03 0.05 0.95 0.05
Minimum 3 140 1.00 0.03 0.00 1.00 0.00
Maximum 12 140 1.00 0.03 0.10 0.90 0.11
Notes: % Rate constant for decomposition of DPM [26] 10 y*

-1
® Rate constant for decomposition of HUM [26] 0.02 y
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Table 3 — Input values used in simulation of C sequestered by incorporation of differently treated

organic residues using the RothC model

Input variable

Value

Average annual air temperature (°C)

Average soil water content in 25 cm soil (mm)
Mass fraction of clay (g kg™ of dry soil)

Field capacity in 25cm depth of soil (mm)
Wilting point in 25cm depth of soil (mm)

Soil pH

Soil salinity (EC 1:5)

Extra organic input of C (t ha™ y™!)

Average DPM:RPM ratio of plant inputs

20
50
200
80
20

30



© 00

10
11
12
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Table 4 — Description of different classes of treated and untreated organic residue used in RothC

simulations

Annual C inputs as a percent Inert oraanic matter in
Organic of the untreated organic g idue (% DPM/HUM ratio
residue residue (%) organic residue (%)

Minimum Average Maximum Minimum Average Maximum | Minimum Average Maximum

Fresh 100 100 100 0 0 0 18 32 96

residue
Compost 26 37 48 0 0 0 0.05 0.10 0.15
Bioslurry 20 26 31 0 0 0 0.05 0.10 0.15
B|c2§;1ar 20 35 50 0 0 0 0.004 0.057  0.11
B"zg;‘ar 20 35 50 5 50 95 18 32 9

31



14 Highlights

15

16 e Application of bioslurry from biogas digesters is compared to other uses

17 e Applying bioslurry directly sequesters less carbon than applying biochar or compost
18 e Indirect carbon sequestration through plant inputs may be higher for bioslurry

19 e Use pyrolysis of dry, carbon rich waste to maximize direct carbon sequestration

20 e Use anaerobic digestion of wet, nutrient rich waste to sequester carbon from plants
21

32



