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Carbon flows and biochar stability during co-
pyrolysis of human faeces with wood biomass†

M. E. Koulouri, * M. Qiu, M. R. Templeton and G. D. Fowler

As non-sewered toilets are now the most commonly used sanitation facilities, the faecal sludge

management (FSM) sector is starting to be recognised as an important actor for global carbon

management. The development of systematic strategies to calculate avoided emissions and carbon storage

opportunities is currently constrained by a lack of understanding of carbon flows during faecal sludge

treatment. This study investigated carbon sequestration potential for faecal sludge treatment systems that

involve co-pyrolysis of human faeces (HF) and wood biomass (WB) at different blending ratios HF :WB

(100 :0, 75 : 25, 50 : 50, 25 : 75, 0 : 100) and temperatures (450, 550, 650 °C). The systematic investigation of

analytical biochar stability parameters and the quantification of carbon flows among pyrolysis products

were carried out for the first time in the context of faecal sludge. The stability of the produced biochars

was assessed based on their remaining volatility, carbon structure (H/C and O/C ratios, SEM and FTIR

analyses) and oxidation resistance (chemical oxidation by H2O2 and thermal degradation by

thermogravimetric analysis [R50 index]). Overall, co-pyrolysis of HF and WB improved carbon fixation and

biochar stability, enhancing carbon sequestration potential compared to pyrolysis of pure faecal feedstocks.

Biochars produced from 50 : 50 HF :WB blends at 550 °C had the highest carbon retention (41.1%); this

feedstock blending ratio corresponds to ∼30 g dry wood added in toilets as a cover material (per user per

day), based on the expected daily excretion quantities. For these conditions, the H/C, O/C ratios, H2O2

oxidation and R50 index values suggest that the produced biochars have developed an aromatic structure

and are suitable for long-term carbon storage. The biochar characteristics were found to be more

dependent on feedstock composition than pyrolysis temperature – provided that the temperature reached

was sufficient to ensure completion of the main pyrolytic reactions (≥500 °C) – while carbon flows to the

bio-oil and non-condensable gas fractions were significantly influenced by pyrolysis operational parameters

(retention time and inert gas flow rate). The formation of CaCO3 was observed via SEM/EDX and can be

further investigated as a potential additional carbon storage mechanism in FSM. The findings of this

research can be used to create a methodological dataset to inform carbon assessments and future

modelling applications, paving the way towards the establishment of carbon-negative FSM.

1. Introduction

On-site non-sewered toilets have become the most commonly
used sanitation systems globally and the amount of faecal
sludge (FS) generated from these facilities is expected to

increase over the coming decades.1 The management of FS is
not only essential to maintain environmental and public
health safety, but also creates opportunities for resource
recovery and climate change mitigation, via avoided carbon
emissions and carbon storage, during containment and
treatment of human waste.2,3 Although there are currently
very limited studies on the quantification and systematic
assessment of carbon flows along the sanitation chain,4 a
new paradigm is starting to be established whereby on-site
sanitation is being recognised as an important sector for
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Water impact

Globally, more people use on-site sanitation than sewered connections. This sector emits ∼6% of global CH4, but knowledge on carbon flows along the
sanitation chain is very limited. This article introduces a systematic methodology to calculate carbon flows and storage potential when co-pyrolysing human
excreta with wood cover materials. Results can be used directly by WASH practitioners and for future research.
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carbon management, estimated to contribute to up to 6% of
global CH4 emissions.5 Container-based sanitation (CBS) in
particular is garnering interest as an emerging technology
with significant opportunities for carbon benefits.6

Container-based systems provide a service-based approach to
sanitation provision and offer regular collection services to
households that contribute to avoided greenhouse gas
emissions from traditional long-term containment facilities
like pit latrines and septic tanks.7 Efforts to quantify these
benefits are ongoing and carbon credit schemes are starting
to be established as a viable revenue stream for CBS business
models.8

Less is known about the flow of carbon after collection of
human waste (i.e., during treatment and end-uses of
recovered products), as well as on the effect of FS
composition on carbon dynamics.9 Notably, dry toilets such
as CBS that do not use water for flushing are usually urine
diverting and involve the addition of a cover material to the
faecal stream, to prevent odour and insects and to facilitate
on-site treatment.10,11 Often this cover material is some form
of wood biomass, like sawdust, while agricultural waste (incl.
coconut shells, rice husk, coffee husk, etc.) are also used,
depending on local availability.12 The addition of these
biomass feedstocks alters the material balance in FS
treatment, but there is currently limited understanding and
control of the relative quantities of materials in sanitation
facilities.13 The organic composition of human faeces is
different to that of lignocellulosic biomass sources such as
wood, and therefore, the systematic addition of these
materials can be expected to alter the behaviour of carbon
within FS management (FSM) systems.14

This is particularly true for pyrolysis technologies, as their
process operation and end-product characteristics are highly
dependent on feedstock decomposition behaviour and
system carbon dynamics.14 Pyrolysis is a mature technology
for the treatment of several carbonaceous materials, such as
wood or agricultural waste. Although it has not been widely
applied for excreta-based sludges, it is emerging as a
technology of interest among researchers and practitioners,
as it ensures pathogen sterilisation and offers several
resource recovery opportunities.15 Pyrolysis encompasses the
thermal decomposition of carbonaceous materials in the
absence of oxygen, producing a solid output known as
biochar, as well as bio-oil and non-condensable gases
(NCG).16 Recent studies on FS pyrolysis have focused on the
uses of the produced biochar, particularly as a soil
amendment or as a solid fuel.17,18

Agricultural applications of biochar can be used as a soil-
based carbon sequestration strategy because biochar is an
aromatic form of carbon that can potentially remain stable
for hundreds or thousands of years.19 In that context, FS
pyrolysis can be deployed when aiming to establish carbon-
neutral (or carbon-negative) FS treatment systems, especially
for developing countries that have largely agriculture-centred
economies and abundant FS and biomass waste sources.20

Traditional FS pyrolysis applications that do not require

electricity to operate (e.g., using biomass-based fuels)16 are
currently being used in several developing countries (Uganda,
Rwanda, etc.). Still, very little is known about carbon flows
during FS pyrolysis and the impact that different blending
ratios of cover materials have on carbon stability and
sequestration potential, for different operational conditions.

This study aims to assess carbon sequestration potential
for FS pyrolysis systems that involve co-pyrolysis of human
faeces with a wood-based cover material at different blending
ratios and treatment temperatures by: 1) investigating
thermal behaviour and end-product characteristics; 2)
quantifying carbon retention and stability in the biochar; and
3) for the first time, mapping the distribution of carbon flows
among pyrolysis products. This research can be used to
assess the carbon footprint of FS pyrolysis systems during
their life cycle and to inform sustainability decision-making
in sanitation and FSM chains. The research methods
presented in this paper can be used for the development of
protocols to comprehensively assess FS stability and carbon
sequestration potential. Supporting sustainability claims with
transparent and systematically documented technical
knowledge is crucial to understand and maximise carbon
benefits, as well as overcome scepticism around climate
finance schemes.21

2. Materials & methods
2.1 Sample collection

Samples of source-separated human faeces (HF) were
collected from 12 volunteers in the UK according to the
protocol described by Koulouri et al.22 The HF samples were
dried at 105 °C to constant weight, subsequently dry-
sterilised at 150 °C for 150 min as suggested by Krueger
et al.,23 and were mechanically homogenised and ground into
particle sizes <10 mm before pyrolysis experiments. Wood
biomass (WB) (willow wood) was also locally collected, dried,
and ground homogeneously to the same particle size. HF and
WB were blended at ratios of 25 : 75, 50 : 50 and 75 : 25 (dry w/
w%), corresponding to sample names HF25, HF50 and HF75
respectively.

2.2 Pyrolysis experiments

Pyrolysis experiments were conducted using a Carbolite HTR
11/75 rotary furnace fitted with a quartz reactor connected to
an oil trap and condenser (ESI† Fig. S1). A 20 g sample aliquot
was placed in the reactor and N2 was purged through the
vessel to ensure that an inert atmosphere was maintained.
The biochar characterisation experiments were performed for
three prescribed temperatures (450, 550, 650 °C) with a
heating rate of 10 °C min−1 and a 2 h retention time at the
highest heating temperature (HHT). For the investigation of
carbon flows among pyrolysis products, several retention
times (0.5, 1, 2 h) and inert gas flow rates (0.5, 1, 1.5 L min−1)
were tested. Pyrolysis conditions were chosen based on
preliminary findings and previously published studies.22,24,25

Biochar samples are named B-HF, B-HF25, B-HF50, B-HF75
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and B-WB corresponding to the feedstock types defined in
section 2.1. For the carbon flow assessment, a “FS pyrolysis
system” is defined based on the boundaries of the pyrolysis
treatment unit; i.e., from the (dry) feedstock entering the
pyrolysis furnace, to the final products (biochar, bio-oil, NCG)
collected after treatment.

2.3 Biochar stability assessment

There is currently very little knowledge on the stability and
carbon sequestration potential of biochars produced from
human excreta and FS, as well as on the effect of co-pyrolysis
with other types of waste biomass. Existing research on
biochars produced from other biomass sources, such as wood
or various agricultural wastes, indicates that both feedstock
composition and operational conditions can have a
significant effect on the stability and carbon sequestration
potential of biomass pyrolysis applications.26–28 Methods to
evaluate biochar stability have been categorised as: a) carbon
structure analysis (qualitative and quantitative); b) oxidation
resistance analysis (thermal and chemical degradation); and
c) biochar persistence analysis (incubation and modelling).29

Although interest in carbon sequestration via FS pyrolysis is
increasing rapidly, these technical parameters of biochar
stability have not been systematically investigated for FS.

In this study, the stability of biochars produced from co-
pyrolysis of HF and WB was assessed for the first time, using
previously established methods for carbon structure and
oxidation resistance analysis, and for the different HF :WB
ratios and pyrolysis temperatures tested. Proximate analysis
and extractable dissolved organic carbon (DOC) content
measurements were carried out as preliminary screenings to
test the volatile carbon content of biochars produced at
different temperatures and assess their suitability for carbon
storage applications (section 3.2.1). For the carbon structure
analysis, results include the H/C and O/C ratios, scanning
electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR) analyses (section 3.2.2). For the oxidation
resistance of the biochars, H2O2 was used to assess chemical
oxidation potential, and the recalcitrance index (R50) method
by thermogravimetric analysis (TGA) was implemented to
study thermal degradation (section 3.2.3).30,31

2.4 Analytical methods

Thermal analysis was conducted using a PL Thermal
Sciences Simultaneous Thermal Analyser (PL-STA 1500) to
obtain the TGA and derivative thermogravimetry (DTG)
curves (under N2 flow, 50 ml min−1). Proximate analysis was
also conducted by TGA to determine the volatile matter,
fixed carbon and ash content, based on ASTM D7582-1532

as adapted by Krueger et al.23 The surface morphology of
the biochars was analysed under field-emission SEM with
energy dispersive X-ray spectroscopy (EDX) on a TM4000
Tabletop Microscope (Hitachi, Japan). FTIR spectra were
collected based on ASTM E1252-98,33 on a Nicolet 6700
FTIR Spectrometer (Thermo Fisher Scientific USA) over the

wavenumber range 4000–500 cm−1, using a diamond ATR-
crystal. CHNS analysiswas performedon aThermoScientific Flash
Smart Elemental Analyzer according to BS EN ISO 16948:2015.34

Carbon flows among pyrolysis products (biochar, bio-oil, NCG)
were calculated based on eqn (1)–(3):

Carbon biochar %½ � ¼ CBiochar

CFeedstock
× Ybiochar (1)

Carbon bio oil %½ � ¼ COil

CFeedstock
× Ybio‐Oil (2)

Carbon_NCG [%] = 100 − Carbon_bio_oil [%]
− Carbon_biochar [%] (3)

where Carbon_biochar, Carbon_bio_oil and Carbon_NCG are
the carbon flows to the biochar, bio-oil and NCG streams,
respectively. Cbiochar, Coil, and Cfeedstock are the C content
values (w/w%) for the biochar, bio-oil and feedstock samples.
Ybiochar and Ybio-oil (w/w%) are the values of the product yields
for biochar and bio-oil production, respectively. For the yield
calculations, residues on the surface of the reactor with
negligible fixed carbon content were attributed to bio-oil
formation. The biochar yield was calculated based on the
total weight of recoverable solids.

For the DOC analysis, biochar samples were mixed with
deionised water (1 : 50 g :mL ratio) and shaken on a
reciprocal shaker at 150 rpm for 16 h at room temperature
(method modified from Tang et al.35 and Wang et al.36).
Samples were then centrifuged and the supernatant was
analysed in a total organic carbon (TOC) analyser (Shimadzu,
TOC-V WS). The carbon chemical stability of the biochars
was determined by H2O2 oxidation, indicating the oxidation
resistance in natural soils.30,37 Briefly, 40 mL 5% H2O2 was
added to 0.1 g biochar and left in a thermostatic water bath
at 60 °C for 24 h as suggested by Han et al.38 The C stability
was then determined based on eqn (4). The recalcitrance
index method proposed by Harvey et al.31 (R50) was applied to
illustrate the relative thermal stability of the biochar
compared to that of graphite. TGA was performed under an
air atmosphere, heating from room temperature to 900 °C at
20 °C min−1. The R50 value was calculated using eqn (5) after
correcting for the moisture and ash content of the biochar.31

Cstability %½ � ¼ C2 × M2

C1 × M1
× 100% (4)

where Cstability defines the proportion of stable carbon, M1 (g)
and C1 (%) represent the mass and carbon content of the
initially added biochar, respectively, and M2 (g) and C2 (%)
represent the mass and carbon content of the remaining
biochar after oxidation, respectively.

R50 —½ � ¼ T50;biochar

T50;graphite
(5)

where R50 is the recalcitrance index value, and T50,biochar and
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T50,graphite (°C) are the temperatures representing 50% weight
loss for biochar and graphite, respectively. The T50,graphite
value was 886 °C.

Samples were ground to <500 μm before all analytical
procedures. All analyses were performed in triplicate and
results are presented as mean values. Standard deviation
values are presented in brackets. Results were statistically
analysed by ANOVA tests to investigate the influence of the
different HF :WB ratios and pyrolysis operational parameters
on output variables, at the 0.05 significance level. Multiple
comparison tests were used to localise the impact among
factor levels, where a significant influence was detected.

3. Results & discussion
3.1 Feedstock characteristics

The chemical bonds and organic constituents present in HF,
HF50 and WB samples, as qualitatively investigated via FTIR
analysis, are shown in Fig. 1. The carbon content and
proximate analysis for all feedstock combinations are shown
in Fig. 2 (ANOVA results in Table S1†).

Differences in the temperature and intensity of peak
decomposition rates during pyrolysis can be expected due to
differences in the organic composition of HF compared to
the purely lignocellulosic composition of WB.39,40 Typical
peaks of aliphatic C–H bonds (2920, 2850 cm−1) and CO
stretching (∼1750 cm−1) were more intense for feedstock
blends containing more HF, due to the presence of fat and
lipids (Fig. 1).41 All the samples exhibited strong peaks in the
1750–1450 cm−1 range but several differences in the
vibrational frequency are observed, as both protein (more
prevalent in HF) and lignin (more prevalent in WB) have
characteristic peaks in that range. These different organic
constituents are expected to have an effect on the yield
distribution of pyrolysis products (biochar, bio-oil, NCG) and
the composition of evolved gases.42,43 For example, fatty
constituents contribute to the bio-oil yield during pyrolysis,
while protein and lignin contribute to biochar formation.44,45

Proximate analysis results (Fig. 2) confirm that adding WB
in higher ratios increased fixed carbon content (from 14.6%
to 20.5% for HF and HF25, respectively) and decreased ash
content (from 12.9% to 7.9% for HF and HF25, respectively)
in HF :WB blends. These trends indicate the different carbon
retention and stability potential of the materials, suggesting
that carbon flows between process end-products are expected
to be different due to WB addition, despite the feedstocks
having almost identical initial total C contents. Therefore,
total C is not an appropriate indicator of the feedstock's
carbon retention potential and does not provide sufficient
information to optimise feedstock composition from a
carbon management perspective.

The nature of the carbon in the feedstock material(s),
which is dependent on the organic composition and has an
influence on decomposition behaviour and biochar
characteristics, needs to be understood – both quantitatively
and qualitatively – to optimise carbon flows in pyrolysis.
Previous research by Somorin et al.43 on the
thermogravimetric analysis of these materials provided
baseline information on their expected behaviour during
pyrolysis. The authors found that co-pyrolysis of HF and WB
had synergistic effects and enhanced the degradation of HF
regardless of the mixing ratio.43 For the present study, the
thermal decomposition behaviour of samples HF, HF50 and
WB is depicted in the TGA and DTG curves shown in the
ESI† (Fig. S2).

3.2 Biochar stability and carbon storage

3.2.1 Preliminary temperature screening. Thermal
properties of the produced biochars are shown in Fig. 3 and
relevant statistical analysis results are included in the ESI†
(Table S2). The extractable dissolved organic carbon (DOC)
(Fig. 3a) was used as a preliminary assessment simulating
the oxidative nature of biochars applied to the environment.
Results suggest that biochars produced at 450 °C may release

Fig. 1 Fourier-transform infrared spectroscopy (FTIR) for HF, HF50
and WB samples.

Fig. 2 Carbon and proximate analysis results for HF, HF75, HF50, HF25
and WB samples (on a dry basis). VM = volatile matter; FC = fixed carbon.
Error bars note the standard deviation ofmeasured values (n = 3).
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labile organic carbon as the DOC is still significantly higher
compared to the other temperatures tested irrespective of
HF :WB ratio.46 Biochars produced at 450 °C also had
consistently high remaining volatile matter (VM) content
(>20%) (Fig. 3b), indicating potentially incomplete
carbonisation at temperatures below 500 °C.22,47 Therefore,
pyrolysis of HF, WB and HF :WB blends at 450 °C was
considered unsuitable for carbon storage applications, as it
cannot be safely assumed that carbon would remain stable
in the long-term, while the high VM content may also have
negative effects on soil properties and environmental
safety.48 At 550 °C and 650 °C, the remaining DOC dropped
to <1 mg g−1 for all feedstock blending ratios and no
statistically significant differences were observed between
these temperatures. The low DOC and VM values are
indicative of the completion of main pyrolysis reactions
after 500 °C, similar to previously reported results for
biomass- and manure-derived biochars.49,50

The WB fraction had a dual beneficial influence upon the
ash and fixed carbon content (Fig. 3c and d). Ash generally
increased with temperature, due to the concentration of
minerals in the biochar fraction, and decreased with higher
WB content, in line with the relative ash content of the

feedstock materials (Fig. 2). The fixed carbon content, which
is positively correlated to the presence of aromatic, stable
forms of carbon,51 increased with WB addition and was
maximised at a pyrolysis temperature of 550 °C. Based on
these results, wood addition in sanitation facilities can
realistically be investigated as a method to increase the
carbon-fixing capacity of FS pyrolysis systems, as long as the
minimum temperature for complete carbonisation is
reached, in this case >500 °C.

3.2.2 Carbon structure analysis. For the samples prepared
at temperatures producing stable biochars (550–650 °C), the
CHN(S)O content and H/C, O/C molar ratios are shown in
Fig. 4 (the measured S values were ≤0.2% for all the samples
and are not shown). According to the International Biochar
Initiative (IBI) and European Biochar Certificate (EBC), ratios
of H/C < 0.7 and O/C < 0.4 confirm the production of stable,
fully pyrolysed biochars.52,53 These criteria are met for all
biochars produced at these temperatures regardless of the
feedstock type. According to Spokas,54 O/C ratios lower than
0.2 indicate at least 1000 year half-life and are associated
with the most stable biochars. This threshold was achieved
for WB and all HF :WB biochars, regardless of the blending
ratio, but not for pure HF biochars. These findings confirm

Fig. 3 Dissolved organic carbon (DOC) (a) and proximate analysis results (volatile matter (b), ash (c) and fixed carbon (d)) for biochars B-HF, B-
HF75, B-HF50, B-HF25 and B-WB produced at 450 °C, 550 °C, 650 °C (on a dry basis). Error bars note the standard deviation of measured values
(n = 3).
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the added-value of biomass addition in sanitation systems.
Nevertheless, these values are based on the total carbon
content that does not necessarily reflect the aromatic
structure associated with carbon stability, and therefore,
should be complemented with further structural and
oxidative assessments.29,55

The change in the nature of carbon present for different
HF :WB blending ratios was also observed via SEM analysis
(Fig. 5). Biochars containing more HF than WB have a sheet-
like texture that is characteristic of the HF-based carbon
matrix (B-HF; Fig. 5a), with distinctive mineral constituents
that appear as brighter areas, due to compositional contrast
(B-HF75; Fig. 5b).22 Biochars made from HF50 and HF25
(Fig. 5c and d) exhibited an ordered honeycomb structure
with longitudinal cracking that is characteristic of
lignocellulosic WB-derived biochars.36,56 For HF :WB
mixtures, the presence of CaCO3 on the carbon structure was
further observed (B-HF50; Fig. 5c) and confirmed by
simultaneous EDX analysis. The formation of CaCO3 in faecal
biochars can occur spontaneously for Ca-rich biochars during
cooling (i.e., when the biochar enters an oxygen-containing
atmosphere) based on the reactions shown in eqn (6) and (7)
or following an intermediate hydration step, as shown in eqn
(8) and (9).22,57 These findings suggest that the high Ca
content in HF can enable a supplementary carbon storage
mechanism in FS pyrolysis, while the porous structure of WB
provides a suitable matrix for the combination of organic
and inorganic forms of carbon.22,58

2Ca + O2 → 2CaO (6)

CaO + CO2 → CaCO3 (7)

CaO + H2O → Ca(OH)2 (8)

Ca(OH)2 + CO2 → CaCO3 + H2O (9)

FTIR can also be used as a quick method to assess the
qualitative changes in chemical bonds and identify the
footprints of different constituents.42 Results are included
in the ESI† (Fig. S3) and show that CC stretching (1600–
1500 cm−1) and C–H bending vibrations (∼900–700 cm−1),
which are indicative of lignin and aromatic carbon, were
stronger for samples containing more WB.59 On the
contrary, strong peaks at 1040–1020 cm−1 and 550 cm−1,
which have been associated with carbohydrates and
phosphates, were more intense for the biochars containing
more HF and almost eliminated for B-HF25.42,60 The
presence of carbonates, which was previously validated via
SEM analysis, was also confirmed by identified FTIR peaks
(∼1030 cm−1, 870 cm−1 and vibrations at 1500–1300 cm−1).61

3.2.3 Oxidation resistance analysis. In terms of the carbon
chemical stability of the biochars, H2O2 oxidation was
investigated as an accepted proxy of carbon degradation in
natural soils.30,37 Overall, findings presented in Fig. 6a
suggest that higher pyrolysis temperature generated biochar
with stronger resistance to H2O2 oxidation, indicating higher
stability due to the release of volatiles and the formation of
aromatic C structures.26,36 However, the difference in carbon
stability between the two temperatures tested (550, 650 °C)
narrowed with more WB in the feedstock and was negligible
between HF50, HF25 and WB, suggesting that synergistic
effects take place during HF :WB co-pyrolysis, in terms of
carbon stability. Therefore, 50% WB content is deemed
sufficient to alter carbon dynamics and enhance carbon
stability, while maximising the quantity of faecal matter
safely treated and minimising the required treatment
temperature to reach stability.

Another established method to assess biochar stability is
by investigating its thermal degradation potential in
comparison to that of graphite, after applying corrections for
moisture and ash content. The recalcitrance index (R50)
method to assess the stability of plant-derived biochars was
proposed by Harvey et al.,31 and has since been used and
modified by other studies.28,62 According to Harvey et al.31

biochars with R50 ≥ 0.7 (class A) have carbon sequestration
potential comparable to graphite, biochars with R50 < 0.5 are
comparable to uncharred plant biomass and those with 0.7 >

R50 ≥ 0.5 are considered to have intermediate carbon
sequestration potential.

Results (Fig. 6b) suggest that biochars produced from
HF50, HF25 and WB had R50 ≥ 0.5 for both treatment
temperatures (550, 650 °C), while all biochars with <50% WB
content did not meet the R50 = 0.5 threshold for adequate
stability. Contrary to previous research by Somorin et al.43

reporting that the observed HF :WB synergy is independent
of the blending ratio, these findings suggest that significant
stability synergy takes place when a minimum of 50% WB is
included in the feedstock mix.

A strong linear correlation was observed between R50 and
H2O2 oxidation results (eqn (10)) (R2 = 0.86) and all the

Fig. 4 CHN(S)O results, and calculated H/C and O/C molar ratios for
biochars B-HF, B-HF75, B-HF50, B-HF25 and B-WB produced at 550,
650 °C (on a dry basis). The measured S values were ≤0.2% for all the
samples and are not shown at this scale. Error bars note the standard
deviation of measured values (n = 3).
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samples with R50 ≥ 0.5 had H2O2 stability ≥90%, indicating
that the threshold suggested by Harvey et al.31 can be
potentially translated into an oxidation stability threshold
value that may be more useful for excreta-derived biochars.
The chemical oxidation method showed a significantly wider
range of values for different temperatures and feedstock
types, with clear statistical significance, while the R50 method
had a small range of values, potentially due to the applied
correction factors to account for high ash and moisture
content in faecal biochars, that may hinder the observation
of statistically significant differences (ESI† Table S3). These
findings can be useful for at-scale stability assessments or for
comparisons among studies, although the correlation
relationship should be verified by research with larger
sample sizes.

R50 = 0.0017 × CS [%] + 0.3483 (R2 = 0.86) (10)

where: R50 = recalcitrance index, CS = chemical stability by
H2O2 oxidation.

3.2.4 Carbon storage potential. Although all the feedstock
blends had similar total C content (Fig. 2), the relative
proportion in the biochars increased with WB addition (from
50% for B-HF to 70% for B-HF25, produced at 550 °C)
(Fig. 4). The measurement of carbon content is a
fundamental requirement to calculate carbon mass balances,
but relevant analytical methods can be time consuming and
require specialised instruments that may not be available in
low-income settings. Correlation analyses can provide further
information on alternative quick measurements that can be
used on-site to estimate biochar carbon content and compare
biochar samples. The ash content, which is a quick and
inexpensive measurement, was suggested by Krueger et al.23

to predict thermally relevant properties of uncharred FS. For
this study, correlations were investigated for the HF :WB
biochar samples, and showed that both carbon and fixed
carbon values are well predicted based on the ash content of
(fully carbonised) biochars, within the 95% confidence
interval (R2 > 0.95) (Fig. 7a and eqn (11)–(13)). Therefore, the
high-level estimation of carbon storage benefits when using

Fig. 5 Characteristic scanning electron microscopy (SEM) images for biochars B-HF (a), B-HF75 (b), B-HF50 (c) and B-HF25 (d) produced at 550
°C. CaCO3 precipitates identified via energy dispersive X-ray spectroscopy (EDX).
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FS biochars can be achievable even for low-cost applications,
for example to screen between different feedstock types or
operational parameters.

A more meaningful metric than total C content (Fig. 4) is
the C retention% based on eqn (1) (Fig. 7b), that also takes
the biochar yield (ESI† Fig. S4) and feedstock C content
(Fig. 2) into consideration, and therefore represents the
carbon retention in the whole FS pyrolysis system. The
biochar yield during pyrolysis decreased with increasing WB
content and temperature, from 32% for B-HF (450 °C) to
24.3% for B-HF25 (650 °C), due to the change in ash
content and organic composition and the release of volatile
compounds.14 Based on these data, the B-HF50 biochar
produced at 550 °C had the highest carbon retention
(41.1%) compared to all the HF :WB blends (Fig. 7b),
despite the higher absolute C concentration in B-HF25
(Fig. 4). In practice, for HF50 more carbon is retained in
the system per mass of feedstock treated, while for HF25

more carbon can be stored per mass of biochar applied by
the end-user, assuming that the biochar is used for
agricultural applications or other non-volatilising uses (i.e.,
not as a fuel). From a systematic perspective, HF50 blends
had the best performance in terms of carbon retention
benefits.

For all the blends, more C is retained in the biochar at
550 °C compared to 650 °C, indicating that prolonged
carbonisation past the temperature where the initial char
stability is reached (in this case between 450–550 °C) does
not offer further carbon retention benefits and leads to
further carbon loss due to secondary decomposition
(carbonisation) reactions.63 These findings highlight the
importance of presenting comprehensive carbon
management data that also consider operational parameters,
biochar yield and feedstock characteristics. The biochar C
content can be a misleading figure if used out-of-context, as
biochars with higher C concentrations may be produced by

Fig. 7 Correlation between carbon and ash content (%) (a); and carbon retention (%) results (b) for biochars B-HF, B-HF75, B-HF50 and B-HF25.
Carbon retention results calculated based on eqn (1). Error bars note the standard deviation of measured values (n = 3).

Fig. 6 Carbon stability (%) (H2O2 oxidation method) for biochars B-HF, B-HF75, B-HF50, B-HF25 and B-WB produced at 550 °C, 650 °C (a); and
correlation with the results of the R50 recalcitrance index method (b). Error bars note the standard deviation of measured values (n = 3).
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systems that have emitted more C per mass of feedstock
treated.

Overall, the biochar produced at 550 °C by co-pyrolysing
HF and WB at a 50 : 50 ratio had the best performance in
terms of both retention and stability of carbon. From a
practical perspective, this corresponds to approximately 30 g
dry wood being added daily to a toilet as a cover material by
each user, according to the expected daily faecal excretion
mass per person.40

C [%] = −0.9946 × ASH [%] + 85.857 (R2 = 0.96) (11)

FC [%] = −1.1075 × ASH [%] + 88.224 (R2 = 0.98) (12)

C [%] = 0.9035 × FC [%] + 6.298 (R2 = 0.99) (13)

where: FC = fixed carbon (%), C = carbon content (%), ASH =
ash content (%).

3.3 Carbon flow distribution during pyrolysis

The distribution of carbon flows among pyrolysis products
(biochar, bio-oil, NCG) is shown in Fig. 8 for HF, HF50 and
WB samples, and for different pyrolysis retention times (0.5,
2 h) and N2 gas flow rates used (0.5, 1.5 L min−1). Preliminary
tests showed no significant differences between 1–2 h
retention time and 1–1.5 L min−1 N2 gas flow rate, hence
results for intermediate factor levels are not shown. The

chosen HF :WB blend ratio (50 : 50) and temperature (550 °C)
for this analysis were based on previous findings (section
3.2), in order to study the change in carbon flow distribution
when aiming to maximise carbon stability and retention in
the biochar. Further statistical analysis data are included in
the ESI† (Tables S4–S9).

The addition of WB to faecal samples increased C
retention in the biochar fraction regardless of the process
operational parameters, due to the increase of lignin content
in the feedstock mix and the dilution of the fat and protein
content of HF which suppressed bio-oil and NCG
formation.42,44,64 In terms of operational parameters, the
biochar carbon yield reached its maximum values (∼40%)
when using a low inert gas flow rate (0.5 L min−1) that
encouraged the recondensation of volatiles on the char
fraction, while the retention time did not have a significant
influence on solid carbon retention.

Synergy during HF and WB co-pyrolysis was evident in
terms of solid carbon retention effects, as there were no
significant differences between HF50 and WB for any of the
operational parameters tested (ESI† Tables S4 and S5) (i.e.,
the relationship between the HF :WB ratio and the carbon
retention % is not linear). In a theoretical system where no
synergistic reactions take place, considering the scenario
shown in Fig. 8a where HF and WB biochars contain 32%
and 42% of the total feedstock C respectively, HF50 would
contain 37% of the total C. In reality, 41% of the
feedstocks' C was retained in the B-HF50 fraction,

Fig. 8 Distribution of carbon flows to biochar, bio-oil and non-condensable gas (NCG) streams expressed as the % of the total carbon content in
the feedstock (for HF, HF50 and WB) (pyrolysis experiments at 550 °C). Results for different combinations of retention time (RT) and N2 gas flow
rate: (a) RT = 0.5 h, N2 = 0.5 L min−1; (b) RT = 2 h, N2 = 0.5 L min−1; and (c) RT = 2 h, N2 = 1.5 L min−1. The reported values are calculated based on
eqn (1)–(3), following total C analysis on a CHNS elemental analyser (see section 2.4).
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confirming the synergistic effect when co-pyrolysing HF and
WB.

In terms of oil and gas products, the carbon in the bio-oil
fraction increased with decreasing retention time and inert
gas flow rate, while the carbon in NCG followed the opposite
trend. Therefore, for traditional pyrolysis applications that
may not recover gases for energy/heat recovery, the minimum
retention time and inert gas flow to achieve full
carbonisation and efficient volatile release are preferable to
minimise C gas emissions. This is achieved by minimising
the solid retention time in the reactor (i.e., short hold time
preventing prolonged carbonisation of the formed char) and
maximising volatile retention time in the bio-oil
condensation system (i.e., slow inert gas flow rate
encouraging bio-oil formation from condensable
volatiles).27,65 The bio-oil can then be exploited for its energy
value as it contains the majority of volatile compounds with
higher calorific values.66 Interestingly, the bio-oil produced
from HF50 contained more C compared to pure WB bio-oil,
due to the increased bio-oil yield when co-pyrolysing with a
feedstock high in fat (i.e., HF). There was therefore a dual
benefit of HF :WB co-pyrolysis, as the WB and HF fractions
increase the relative C flows to the biochar and bio-oil
products respectively.

For an alternative scenario where the produced gases are
exploited for energy or heat recovery, maximising the calorific
value of the NCG fraction may be the preferable objective.
Ultimately, the optimum choice of operational parameters
needs to be considered on a case-specific basis, also
depending on the site location and type of kiln used. ANOVA
results (ESI† Tables S4–S6) suggest that the C in the biochar
fraction is mainly influenced by feedstock composition, while
the bio-oil and NCG fractions are greatly influenced by
operational parameters. Findings confirm the influence of
chosen operational parameters upon the carbon distribution
among FS pyrolysis products (biochar, bio-oil, NCG); this
information should be considered when optimising process
operation or when comparing the performance of different
treatment systems with varying process controls.

For the context of developing countries where traditional
kilns are used with minimal operational control, the critical
aspects to achieve carbon stability and storage benefits are
pyrolysis temperature and feedstock composition
respectively.67,68 In terms of stability, operators seeking to
achieve carbon credit accreditation need to ensure that a
minimum temperature of ∼500 °C is reached to produce
stable biochars. For carbon retention, additional biomass
sources, such as wood or agricultural waste, can be used for
co-pyrolysis (50 : 50 ratio recommended) to maximise the
amount of carbon contributing to biochar formation.
Ultimately, findings suggest that having a condensation
system in place to separate bio-oils (to be used for energy
generation or heat recovery – subject to further research)
and/or exploiting NCG for energy/heat generation and
controlling emissions are also critical aspects towards
achieving carbon-negative FS pyrolysis systems.69,70 Efforts to

incorporate condensation systems and emission controls into
low-cost pyrolysis solutions, such as drum kilns, should be
investigated by further research, while also considering
suitable methods for handling corrosive bio-oils and
combustible gases within low-income settings.71

4. Conclusions

This study assessed different blending ratios of HF and WB
during pyrolysis at three prescribed temperatures (450, 550,
650 °C) for their carbon sequestration potential. Key findings
are:

• Co-pyrolysis of HF and WB improved carbon fixation
and stability in produced biochars, enhancing carbon
sequestration potential compared to pyrolysis of pure faecal
feedstocks. Findings suggest that synergistic effects take
place during HF :WB co-pyrolysis, both in terms of carbon
stability and carbon storage benefits.

• Biochars produced from 50 : 50 HF :WB blends at 550 °C
had the highest carbon retention (41.1%). Pyrolysing at a
higher temperature (650 °C) did not show any benefits in
terms of carbon retention, while biochars produced at 450 °C
showed potential to release labile organic carbon.

• A 50% WB content was found to be sufficient to alter
carbon dynamics and enhance carbon stability. From a
practical perspective, this corresponds to each user adding
approximately 30 g dry wood to a toilet as a cover material
daily.

• The H/C, O/C ratios, R50 index and H2O2 oxidation
values at 550 °C and 650 °C suggest a high aromatic structure
of the HF :WB biochars containing ≥50% WB.

• The formation of CaCO3 during pyrolysis of HF (pure or
mixed with other biomass) should be further investigated as
a potential additional carbon storage mechanism in FSM.

• Biochar characteristics overall were more dependent on
the feedstock type and blending ratios rather than pyrolysis
temperature, provided that the temperature reached was
sufficient to ensure completion of the main pyrolytic
reactions (≥500 °C according to thermal analysis results).

• The C flows to the biochar fraction were mainly
dependent on the feedstock composition, while the bio-oil
and NCG fractions were influenced by pyrolysis operational
parameters (retention time and inert gas flow rate). Absolute
values of C flows should be treated as system-specific but the
identified statistically significant trends related to specific
operational parameters and wood addition ratio can be used
for technical and high-level decision making related to
carbon management in sanitation systems.

5. Practical recommendations

The findings of this research set the tone for sustainable
FSM concepts and further techno-economic assessments of
carbon management in sanitation businesses, that could
introduce a new sustainability paradigm in non-sewered
sanitation. While climate change impact assessments for
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FSM are still mostly based on the use of global databases
that include several assumptions and simplifications,72

simple carbon mass flow calculations and carbon stability
tests provide a methodology for more robust, transparent
and context-specific assessments. When incorporated into
wider methodologies for sanitation carbon assessments
during containment, collection and transport,8 this
approach can provide a systematic way to measure and
analyse carbon offsetting opportunities for sanitation
business models.

This study focused on the carbon stability and mass
balance for a pyrolysis FS system where wood is used as a
cover material, but the concepts and methods applied can be
used for other biomass materials or alternative treatment
systems where biochar is used in conjunction with other
technologies (e.g., biochar used in composting or as a urine
treatment medium).73,74 Additional methods for carbon
sequestration investigation, including emerging technologies
such as hydro-pyrolysis, can be investigated by further
research for wider contexts. Ultimately, high-level carbon
mass balance calculations can be a good starting point to
minimise the – currently unmanaged – carbon footprint of a
diverse global sanitation sector. While the retention and
recalcitrance of the biochar are important indicators to
determine its long-term sequestration potential, soil
interactions and the influence of environmental conditions,
such as temperature, also need to be considered in a case-
specific context.46,75

The proposed methods for carbon mass balance
calculations can therefore be used to create a library of data
based on real measurements for human excreta and faecal
sludge to inform and support carbon assessments and future
modelling applications. These can be supplemented with
data for other parts of the FSM chain, for example avoided
emissions when using the produced biochars as fertilisers or
meeting energy requirements for drying, hence enabling
comprehensive climate change assessments. For the
calculation of the overall energy balance of a pyrolysis
system, the heating source of the process also needs to be
considered. For example, if electricity is used, the energy mix
(i.e., renewable vs. non-renewable sources) needs to be
known, while for the case of developing countries, solid fuels
are often used as the heating source for traditional kilns (e.g.,
wood, charcoal, biochar or briquettes).

For detailed emission calculations, the composition of
emitted gases should be accounted for, as varied C forms will
have significantly different climate change potential. For
human faeces, CO2 and CH4 have been identified as the main
gaseous emissions at mid-scale pyrolysis temperatures.76

While CO2 emissions from biomass are considered as
biogenic,3,77 several studies suggest that at least part of the
emissions from FS should be included in assessments as
non-biogenic due to potential contamination and additional
waste discarded in toilets.2 Nitrogen-containing evolved gases
also need to be considered for wider climate change
assessments, as both urine diversion and biomass addition

are expected to reduce nitrous oxide emissions during FS
containment and treatment.

Overall, the results of this research demonstrate that both
feedstock composition and treatment conditions can
significantly influence the overall carbon balance of FS
pyrolysis, providing useful information towards the
establishment of carbon-negative sanitation systems.
Container-based sanitation business models are particularly
relevant to the context of this research, as they provide a
service-based approach with frequent maintenance, collection
and treatment services, allowing interventions along the
entire FSM chain. Nevertheless, several institutional,
operational and financial challenges need to be overcome
before rapid upscaling is feasible.78 Quantifying the added
value of resource recovery and climate change mitigation can
provide meaningful incentives for operators and governments
to maintain proper use and collection services for on-site
sanitation systems.
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