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ABSTRACT: Biological wood oxidation (BWO) oﬀers great potential for sustainable
heat generation, and our previous work has shown that nutrient addition (especially
nitrogen; N) is necessary for fast BWO. To reduce the cost and environmental impacts
of chemical nutrients, human urine was chosen as a source of nutrient in this study. We
investigated the factors including urine dilution ratio, the types of urine (fresh urine and
synthetic urine), and urine readdition, by studying their eﬀects on oxygen consumption
and dry weight loss of the wood. After 42-day incubation, synthetic urine with ﬁve times
dilution (corresponding to 1.2 ‰ N dry basis of wood) showed the best performance;
it improved the oxygen consumption by 3.8 times and wood weight loss by 3.3 times
than that without urine addition (analysis of variance (ANOVA), P < 0.05). At the same
N level, fresh urine addition was able to enhance the BWO more eﬃciently than synthetic urine addition, further improving the
oxygen consumption by 64% and weight loss by 47% (ANOVA, P < 0.05). During the BWO process, the decrease in wood
degradation rate was possibly due to the decrease in nutrient availability. With the readdition of synthetic urine, the total oxygen
consumption and weight loss after 100-day incubation increased by more than 40% compared with the group without readdition.
However, readdition of only N-containing components did not increase the BWO, showing that elements (other than N) were
important. To this end, we demonstrated the feasibility of human urine as a waste-based nutrient source for fast BWO and the
possibility of long-term BWO operation via urine readdition.
KEYWORDS: Biological wood oxidation, Synthetic urine, Fresh urine, Oxygen consumption, Weight loss, Heat production
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wood combustion for heat production.13,14 The complete
BWO can be described as shown in eq 1:

INTRODUCTION

Wood waste is one of the main renewable resources that is
abundantly available in the world.1 Incineration is the most
common management method of wood waste.2 However,
wood incineration causes emission of harmful components,
such as SO2, CO, and NOX.3 To avoid these harmful
emissions, composting is proposed as an environment-friendly
method of wood waste management. Woody materials are
usually used as bulk agents to achieve a proper carbon-tonitrogen ratio in composting.4 However, in conventional
composting, wood degrades slowly in low-temperature phases
and relatively faster in high-temperature phases.5−7 As a result,
continuous thermophilic composting (CTC), which maintains
composting at high temperatures, has been proposed to
achieve a rapid decomposition of materials that are diﬃcult to
degrade at low temperatures.8−10 CTC has been applied for
dairy manure,11 municipal solid waste,9 and food waste;12
however, it has never been applied to wood waste. In addition,
the heat generated during CTC is usually ignored.
Biological wood oxidation (BWO) is a CTC method applied
to wood waste. BWO maintains wood degradation at an
elevated temperature (40−55 °C) for fast decomposition and
heat recovery. BWO is an environment-friendly disposal of
wood waste, and has been proposed as a clean alternative to
© 2020 American Chemical Society

CH1.5O0.7 + 1.03 O2 → CO2 + 0.734 H 2O + heat

(1)

BWO has been studied sparsely and there are still many
unknown factors. Caizán-Juanarena et al.13 investigated the
eﬀect of thermophilic and thermotolerant fungi addition on
BWO for heat production. The results showed that wood
degradation by natural biota in the wood was as eﬀective as
wood degradation by the added fungi.13 Fan et al.14 showed
that with ammonium chloride addition, the cumulative oxygen
consumption (COC) was enhanced by up to 2.6 times and dry
weight (DW) loss was enhanced 2.0 times. Nevertheless,
considering the high price and environmental impacts of
chemically synthesized nutrients, a more cost-eﬀective source
of nutrients is required in practice.
Urine is a potential nutrition source for BWO as it is cheap
and rich in nutrients, such as K and P.15−17 Although urine
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CH3COONH4, 5.4; NH4OH, 1.4; NH4HCO3, 22.1; Na2SO4, 1.2;
NaOH, 3.4; KCl, 0.3; K2HPO4, 4.2; MgCl2·6H2O, 0.8; CaCl2·2H2O,
0.4; and trace element solution, 1mL.41
At ﬁrst, experiments were conducted to study the diﬀerent dilution
ratios of SU. We prepared three dilution ratios (ﬁve times, 10 times,
and 20 times) of SU with demineralized water, labeled as SU-5x, SU10x, and SU-20x, respectively. Undiluted SU, labeled as SU-1x, was
also tested.
To further study the eﬀect of urine readdition, especially the eﬀect
of N, we made an additional simpliﬁed solution from SU. In this
solution, only N-containing components were included (in g/L):
NH4CH3COOH, 5.4; NH4OH, 1.4; and NH4HCO3, 22.1. This
simpliﬁed SU was labeled as SUN. After that, SUN was diluted ﬁve
times and labeled as SUN-5x for the nutrient readdition study.
Fresh Urine. To make a comparison between SU and FU, we
collected FU from a healthy male adult (28 years old, with no
medicine taken over 2 years). After collection, FU was diluted 8.5
times to reach the same total nitrogen (TN) concentration of SU-5x.
This diluted sample was labeled as FU-8.5x.
The main characteristics of SU, SUN, and FU were investigated
and are shown in Table S1.
Wood and Urine Addition. Preparation of Wood. The wood
used in this study was collected from an ash tree (Fraxinus) located in
Mirns, Friesland, Netherlands. Tree branches were cut into woodblocks using a cutting machine (BAS318, Metabo, Germany). Each
woodblock had a square cross-section (side length around 10 ± 2
mm), with a thickness of 5 ± 0.5 mm. Fresh woodblocks were
individually numbered and dried at 105 °C in an oven (E28, Binder,
Germany) to constant weight. After that, dry woodblocks were
weighed and distributed into diﬀerent experimental groups. Each
experimental group had 10 woodblocks with a total DW around 6.735
± 0.005 g.
Addition of SU and Fresh Urine. For the SU addition study,
woodblocks of the experimental groups were immersed in diﬀerent
SU solutions (with a volume of 500 mL) while the blank group was
immersed in demineralized water (with a volume of 500 mL). For the
FU addition study, woodblocks were immersed in 500 mL of FU-8.5x
solution. After 2 days, woodblocks were removed from the immersion
liquids then weighted for recording the moisture content and added
into the bottles. Approximately 8.4 ± 0.3 g of synthetic/fresh urine
solution or water was absorbed by each group of woodblocks (1.25 g/
g DW).
Readdition of SU. For the readdition study, woodblocks with SU5x addition were ﬁrst incubated in the experimental set-up. After 24
days, woodblocks with microorganism biomass were transferred to a
new bottle covered with 5 g dry vermiculite. Before that, 8.4 g of SU5x solution or 8.4 g of SUN-5x solution were readded to the
vermiculite, labeled as SU-R and SUN-R, respectively.
Microbial Inoculum. The microorganism sample was originally
obtained from a garden waste composting pile. The sampled
composting materials were incubated in a bottle at 40 °C for more
than 4 months. Oxygen, nutrients, and water were supplied regularly
during the incubation. To prepare the inoculum, well-decayed
woodblocks (fully covered with microorganism biomass) were taken
out from the bottle and immersed in demineralized water (150 mL of
water per woodblock). The mixture was then stirred for 5 min to get
the fungal spores and bacteria well suspended. After that the solution
was ﬁltered by glass-ﬁber membranes to remove the undissolved solid
impurities. The ﬁltrate was used as the inoculum and added to each
Schott bottle, with a weight around 8.4 g. The total moisture content
in the system was thereby 250% of DW.
Oxygen Measurement. An oxygen sensor (Sensor Spot SP-PSt
3, PreSens, Germany) and an oxygen meter (Fibox 4 trace, PreSens,
Germany) were used to track the oxygen concentration in the Schott
bottle. Once the oxygen level decreased below 10%, the bottles were
cooled to room temperature and opened in the ﬂow cabinet to refresh
the inside air. We did this to ensure the O2 level was not a limiting
factor in the BWO. Demineralized water was added to compensate for
the water lost during refreshing. Once the oxygen returned to

only makes up about 1% of the total domestic wastewater, it
contributes 79% of nitrogen, 47% of phosphorus, and 71% of
potassium.17−19 Human urine is considered as a favorable
source of nutrients because it is produced by every human
being in society, even in the poorest areas.20 So far, human
urine has been extensively used in conventional composting
and agriculture;21−25 however, it has never been studied in
BWO to the authors’ best knowledge.
Given the chemical complexity of urine, large uncertainties
remain about its eﬀect on BWO. First of all, real human urine
is not stable because the urea can be hydrolyzed to ammonia,
ammonium, carbonate, and bicarbonate.19,26 This makes the
forms of urine-N dynamic and heavily dependent on the
collection and storage process, e.g., urea dominates in fresh
human urine (FU) and ammonia in stored human urine.27,28
Another change caused by urea hydrolysis is the shift in
pH.29−31 Fresh urine often has an initial pH between 5.5 to 6.5
and the pH shifts to alkaline during the collection and storage
process, which could potentially aﬀect the microbial activity.32
Second, the concentration of N addition should be in a proper
range. Too little N addition shows insigniﬁcant enhancement
on wood degradation while too much N inhibits some
microbes, especially wood decaying fungi.29,33−40 Finally,
there is little information about the relationship between
nutrient availability and the wood degradation rate. Our
previous work has shown that the biological degradation rates
gradually dropped during the BWO process and never returned
to the previous peak thereafter.13,14 It is unknown whether the
decrease is related to nutrient availability.
This study aims at investigating the feasibility of urine as a
nutrition source for the BWO process. Hereby we studied
three variables: (1) the dilution ratio of synthetic urine (SU),
as it determines the nutrient concentration in BWO; (2) FU
addition at the optimal dilution ratio of SU, as they diﬀer in N
forms and pH; and (3) the eﬀect of urine readdition during the
BWO for designing a long-term BWO process. We also
investigated the relationship between the wood degradation
rate and nutrient availability. Since BWO is an aerobic process,
we assessed the performance of BWO by measuring the oxygen
consumption and DW loss of the wood.14

■
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MATERIALS AND METHODOLOGY

Experimental Setup. The setup of the experiment is shown in
Figure 1. BWO was performed in a glass bottle (Schott, Germany).

Figure 1. Schematic representation of the experimental setup.
The bottom of the bottle was completely covered with 5 g dry
vermiculite to maintain the moisture content.13 Each bottle contained
10 pretreated woodblocks as one group. Bottles with closed lids and
septa were placed in an incubator (Elbanton, Netherlands), at a
constant temperature of 40 °C.
Urine Samples. Synthetic Urine. To simulate urine in which urea
is completely hydrolyzed to NH4+-N, we prepared a SU solution
containing the following components (in g/L or otherwise speciﬁed):
17080
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atmosphere levels, we moved the bottles to an incubator to continue
the experiment.
Weight Loss. DW of woodblocks was determined by drying at
105 °C for 24 h in an oven (E28, Binder, Germany). The weight loss
was determined on the basis of initial DW and ﬁnal DW, as shown in
eq 2:
weight loss (%) =

initial dry weight − final dry weight
× 100
initial dry weight

(2)
Theoretical Heat Production and Theoretical Heat Production Rate. The theoretical heat production (H), in kJ/kg DW, was
calculated via the measured oxygen consumption, as shown in eq 3:

H=

ΔO2 × h
× 1000
m

(3)

where ΔO2 is the accumulative oxygen consumption (mol), m is the
initial DW of woodblocks (g), and h is the heat released by
microorganisms expressed as kilo joule per mol of oxygen consumed
(kJ/mol). h was ﬁxed at 467.5 kJ/mol O2 and was maintained
constant throughout the process.13
The theoretical heat production rate (W), in W/kg DM, was
calculated via eq 4:

W=

H
× 1000
t

(4)

Here, H is the theoretical heat production (kJ/kg DW) and t is the
incubation time (s).
Determination of Nutrient Availability and pH Values. In
our study, it was hard to measure the nutrient availability during the
BWO process. Thus, we chose the most important and the richest
urine componentN, as an indicator of nutrient availability. The
amount of TN was positively related to nutrient availability. Once the
TN in the BWO was depleted, the nutrient availability was considered
as insuﬃcient. It is not possible to directly measure the TN amount of
BWO, we therefore used the water extraction method.42 Woodblocks
were ﬁrst immersed in demineralized water (100 mL of water per one
group of woodblocks) for 3 days. To avoid the TN consumption
caused by microorganisms during the immersion process, we added 1
mL of 1% (w/w) NaN3. Then, the solution was ﬁltered with a glassﬁber membrane (0.22 μm). After that we used a spectrophotometer
(DR 3900, Hach, USA) and TN kits (LCK138, Hach, USA) to
determine the TN concentration of the liquids. To know the N
fractions better, we also used kits to measure the diﬀerent N fractions:
NH4+-N (LCK304, Hach, USA), NO3−-N (LCK339, Hach, USA),
and NO2−-N (LCK341, Hach, USA). N excluding NH4+-N, NO2−-N,
and NO3−-N was considered as organic N. The average N recovery
eﬃciency by this extraction method was 87.6 ± 3%. Moreover, we
also measured the pH value of extracted liquids using a standard pH
meter (PHM210, Radiometer, France).29,43
Statistical Analysis. All data were analyzed using IBM SPSS
Statistic 23 (IBM, USA) for Microsoft Windows. Diﬀerences were
compared statistically using analysis of variance (ANOVA) testing at
the 5% level of signiﬁcance. Diﬀerences between values at P greater
than 0.05 were considered as not signiﬁcantly diﬀerent.

Figure 2. Eﬀect of diﬀerent SU additions and FU-8.5x addition on (a)
COC and (b) weight loss. Average and standard deviation were
calculated for ﬁve replicates.

SU-5x (ANOVA, P < 0.05). All SU additions signiﬁcantly
improved the COC and weight loss of BWO after 42 days
(ANOVA, P < 0.05). For diﬀerent SU additions, SU with ﬁve
times dilution (SU-5x) exhibited the highest COC (4.5 mol/kg
DM) and weight loss (13.4%) while undiluted SU (SU-1x) had
the lowest COC (1.5 mol/kg DM) and weight loss (4.8%). In
addition, increased dilution ratios resulted in lower BWO
performances. All oxygen consumption and weight loss
increased rapidly in the ﬁrst 7 days, and gradually slowed
down thereafter, except for SU-5x. The theoretical maximum
oxygen consumption caused by oxidation of undiluted SU was
only 0.15 mol/kg DW, and this number was even lower in
diluted SUs, which could be ignored compared with the COC
in the experimental groups (e.g., 4.49 mol/kg DW for SU-5x).
Changes in TN amount with SU additions are shown in
Figure 3a, the changes in pH with diﬀerent urine additions are
shown in Figure 3b, and the distribution of N fractions treated
by SU-1x and SU-5x are shown in Figure S2. All TN
remarkably decreased during the BWO process with most of
the TN (58−98%) being consumed in the ﬁrst week. The
residual TN of SU-10x and SU-20x was almost depleted after 7
days, while for SU-1x, the consumption rate of TN gradually
decreased, and the TN did not further decrease after 24 days.
There was 25% (10.7 mg) of initially added TN left unutilized
in SU-1x at the end.

■

RESULTS AND DISCUSSION
Five Times was the Best Dilution Ratio of SU. Oxygen
consumption and weight loss are two important factors for
assessing BWO performance. The COC of diﬀerent SU
additions is shown in Figure 2a, and the weight loss is shown in
Figure 2b. The oxygen consumption rate (OCR), displaying
similar information as that of COC, is shown in Figure S1.
As shown in Figure 2, all diﬀerent SU additions and FU-8.5x
addition signiﬁcantly increased the oxygen consumption and
weight loss at 40 °C (ANOVA, P < 0.05). SU-5x exhibited the
highest COC and weight loss among all SU additions. FU-8.5x
displayed higher oxygen consumption and weight loss than
17081

https://dx.doi.org/10.1021/acssuschemeng.0c04896
ACS Sustainable Chem. Eng. 2020, 8, 17079−17087

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

COC and weight loss than the blank (Figure 2a,b). However,
the enhancement was diﬀerent, with the largest wood
degradation occurring at the SU-5x (corresponded to 1.2 ‰
N). Other researchers also reported similar N levels for
optimal wood oxidation,49,54−58 e.g., 1.2 ‰ reported by Yang
et al.59 and 1.0 ‰ reported by Allison et al.54 SU-1x did not
improve the BWO as much as SU-5x. The reason could be the
alkaline environment in the SU-1x group during the entire
BWO process (Figure 3b). This alkaline environment might
inhibit the growth of wood decaying fungi (Figure S3) because
many fungi species are not able to grow at high pH.38,44,60
Although the initial pH of SU-5x was 8.52, it dropped quickly
below 7 in 7 days, which was good for the growth of wood
decaying fungi.44 Moreover, it is reported that excessive N
could suppress the production of lignocellulase.36,61 For
example, Phanerochaete chrysosporium only produces the
RNA of manganese peroxidases (MnP) under depleted N
conditions.62 N in the SU-1x addition experiment was never
depleted, and the residual N inhibited the wood degradation
during the BWO process.52,63
Fresh Urine was More Eﬀective than SU at 1.2 ‰ N.
The fresh urine was diluted 8.5 times (FU-8.5x) to reach the
same TN concentration of SU-5x (1.2 ‰ N dry basis of
wood), which was the best-performing dilution ratio. The
COC of FU-8.5x is shown in Figure 2a, the weight loss is
shown in Figure 2b and the OCR is shown in Figure S1.
Compared with SU-5x, FU-8.5x signiﬁcantly enhanced the
COC by 64% and weight loss by 47% after 42 days (ANOVA,
P < 0.05). The theoretical maximum oxygen consumed by
oxidation of FU-8.5x was 0.12 mol/kg DW, which could be
ignored compared with the COC in the FU-8.5x group (7.36
mol/kg DW).
Changes in N fractions of FU-8.5x addition is shown in
Figure 4. The TN in FU-8.5x was consumed quickly in the ﬁrst

Figure 3. (a) Changes in the TN amount treated by SU additions;
(b) changes in pH with diﬀerent urine additions. Average and
standard deviation were calculated for ﬁve measurements.

The initial pH values of woodblocks treated with diﬀerent
SU solutions were higher than 7; the lower the dilution ratio,
the higher the initial pH. This was because of diﬀerent NH4+-N
and OH− contents in diﬀerent SU solutions. The pH of SU-5x,
SU-10x, and SU-20x decreased rapidly in the ﬁrst 7 days and
became stable in the next 35 days. This was possibly due to the
quick consumption of NH4+-N and fatty acid production
(malonate, lactate, and oxalate) during the BWO process,9,29,44−47 while the pH in SU-1x stayed stable at around
8.7 to 8.9 for the entire 42 days.
Wood is inherently low in the content of many macro- and
microelements that are essential for microbial activity.14,48,49
Urine, on the other hand, supplies some nutrients that are low
in wood. Among these nutrients, the most important one is N,
as N is the major nutrient required by fungi and bacteria to
assimilate the carbon source.21,50 Wood contains only 0.3−
1‰ N by DW.21,51 Without SU addition, wood decaying
microorganisms, mainly fungi, can only obtain N from wood
for their growth, resulting in slow growth of microorganisms
and slow BWO. With urine addition, wood decaying
microorganisms can obtain easily available N sources such as
NH4+-N from urine,52 causing the quick decrease of TN. The
addition of SU solutions, from SU-1x (corresponded to 6‰
N) to SU-20x (corresponded to 0.3‰ N), could stimulate the
oxygen consumption and weight loss during the BWO
process.53 As a result, all the experimental setups have higher

Figure 4. Changes in N fractions treated by FU-8.5x addition.
Average and standard deviation were calculated for ﬁve measurements.

7 days and the consumption rate gradually decreased in the
next 35 days, with only 3% of initially added TN left unutilized
after 42 days. Not only N consumption but also N
transformation occurred in the BWO process. In the ﬁrst 7
days, the organic N (mainly urea) decreased rapidly from 7.8
to 2.7 mg, accompanied with a NH4+-N increase from 0.5 to
17082
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0.9 mg and a NO3−-N increase from 0 to 1.0 mg. In the next 35
days, both N sources were consumed gradually and nearly
depleted on day 42. The pH change of FU-8.5x is shown in
Figure 3b. The initial pH of woodblocks treated by FU-8.5x
was acidic and the pH increased slightly from 6.29 to 6.80 and
remained stable.
Urea is a toxic agent to microbes because the volatile NH3
produced by bacterial ureolytic activity in an alkaline
environment can signiﬁcantly reduce the microbial activity.29,38,40 However, in an acidic environment, there was no
volatile NH3 generated from urea hydrolysis.64 In our study,
the pH of FU-8.5x was acidic in 42 days because of the
relatively low urea addition amount. The NH4+-N generated
from urea hydrolysis was consumed quickly and never got
overaccumulated. As a result, the FU-8.5x addition did not
inhibit the BWO.
The FU-8.5x addition exhibited higher oxygen consumption
and weight loss than SU-5x addition during the BWO process.
We hypothesized two explanations: (1) the initially acidic pH
helped FU-8.5x obtain a higher level of fungal growth than SU
additions (Figure S3);44 (2) the easily degradable organic
matters in FU, such as amino acid, sugars, and organic acid,65
could enhance the BWO to some extent. For example, the
presence of amino acids and vitamin in FU-8.5x could
stimulate the ligninolytic enzyme production generated by
white-rot fungi.66
Nutrients Other than N were Necessary for Sustaining BWO. As shown in Figures 2−4, the OCR was higher at
relatively high nutrient levels, and decreased when the
nutrients were gradually consumed. We suspected that the
decline of the OCR was due to the decrease in nutrient
availability. To test this, we readded SU-5x (SU-R) and SUN5x (SUN-R) after 24 days and continued the incubation to 100
days. The COC of the readdition study is shown in Figure 5,
the OCR is shown in Figure S4 while the changes in TN
availability are shown in Figure S5.
Compared with the control group, the overall eﬀect of SU-R
on oxygen consumption was shown to be positive, while the
SUN-R did not result in a higher COC. The ﬁnal weight loss of
the control group, SU-R, and SUN-R was 21.4, 31.3, and
17.5%, respectively, showing the same trend as the COC.

Research Article

There was a lag phase of COC after readdition. This could
be due to the sudden increase of TN (mainly NH4+-N). The
inhibition lasted for 24 days (day 24−48) for SU-R until the
TN concentration was consumed to a proper level. Totally, the
SU-R exhibited a COC increase of 8.7 mol/kg DW, 71%
higher than the control group without readdition. This
indicates that the depletion of nutrient availability might
slow down the BWO, and nutrient readdition could stimulate
the BWO in longer durations, with an OCR peak lasting from
day 65 to day 80 (Figure S4). Once again, the OCR of SU-R
decreased (from day 80 to 100) when the nutrients became
limited (Figure S5). It was expected that more nutrients were
needed further for fast BWO, as the highest weight loss of
woodblocks was 31.3%. However, SUN-R exhibited a COC
increase of 3.9 mol/kg (76% of the control group) only,
showing that elements other than N also mattered in BWO.
These elements could be important in two aspects. First of all,
they are necessary for microbial N uptake. Despite the quick
TN decrease from 9.0 to 2.7 mg between day 25 to 48, TN of
SUN-R did not show a signiﬁcant drop further, with only 0.4
mg consumed between day 48 to 100 (Figure S5). This might
be because of the depletion of these other elements. The TN
consumption (mainly NH4+-N) of AUN-R after 100 days was
13.8 mg, which was much lower than the TN consumption of
SU-1x in the ﬁrst week (30.87 mg). This indicates that the
deﬁciency of other elements led to a low TN consumption. It
has been reported that phosphorus can help fungi to uptake
N.67,68 In addition, the ionic strength and dissolved amino
acids could also aﬀect the N uptake by bacteria.69,70 Second,
the elements other than N could aﬀect the function of
lignocellulosic enzymes. For example, manganese (Mn2+) is
crucial for the production and expression of manganese
peroxidase,71 which is the most common lignin-modifying
enzyme produced by wood-colonizing fungi.72 Ions including
Cu2+ and Cd2+ can enhance the synthesis of laccase and MnP
generated by some fungal species.73,74 Moreover, interactions
between ions (e.g., Mg2+, PO43−, Na+, Ca2+, SO42−, Cl−, and
K+) and organic acids can aﬀect the wood degradation, though
the mechanisms remain unknown.75
Heat Production Potential in BWO. There was a strong
linear relationship between weight loss and COC (Figure S6),
showing that the oxygen consumption can be linearly linked to
the molar loss of the wood. The theoretical heat production,
proportional to oxygen consumption, was therefore mainly due
to the wood degradation. In our studies, the highest theoretical
heat production (obtained by FU-8.5x) after 42-day incubation
was 3441 kJ/kg DW (0.95 W/kg), which was almost doubled
than heat production reported by Caizán-Juanarena et al. (0.47
W/kg after 36 days).13 The theoretical heat production of SUR was 5535 kJ/kg DW (0.64 W/kg DW after 100 days), which
was comparable to our previous study with NH4Cl and
nutrient addition (0.63 W/kg DW after 95 days).14 This
indicates that urine could be a better alternative to chemical
nutrient source because of the higher performance and lower
cost.
A limited number of studies investigated the heat production
during composting of waste materials,76−80 but the results are
as diverse as the compost materials, the contexts, the
experimental scales, and the heat determination methods,
making the comparison hard. Alkoaik and Ghaly81 reported
that 1400 kJ/kg DM heat production was generated from
tomato plant residue composting mixed with wood shavings.
Hogan et al.82 reported that around 2400 kJ/kg DM heat was

Figure 5. Eﬀect of nutrient readdition on COC. Average and standard
deviation were calculated for ﬁve replicates.
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generated from rice hulls and ﬂour composting. Smith el al.83
summarized 45 cases of composting and reported that the
average heat recovery is 1159 kJ/kg DM for lab-scale systems,
4302 kJ/kg DM for pilot-scale systems, and 7084 kJ/kg DM
for commercial systems. Taking these as a reference, BWO
with urine addition has great potential for scaled-up
applications.
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OUTLOOK
In reality, human urine is naturally diluted by ﬂushing, with a
dilution ratio of 5−10 times, dependent on the water volume
used per ﬂushing time.84,85 This is similar to the best dilution
ratio in our study (the best SU dilution ratio was 5 times, and
the dilution ratio for fresh urine was 8.5 times), implying that
the source-diverted urine can be ready-to-use for BWO
without extensive further dilution. For sustainable BWO,
urine readdition is necessary to get a high weight loss of wood
waste. Our results show that each addition of SU-5x and FU8.5x could support the nutrient demand of BWO for at least 24
days. Taking this as a reference, one adult can produce 1.5 kg/
d urine averagely,86 which could continuously support the
nutrient demand of a 0.24 ton BWO system. Considering the
population of human beings (>7 billion),87 human urine could
be a promising and sustainable nutrient source for BWO.
Combining human urine with BWO can also reduce the
burden on waste water treatment plants, since the amount of
urine waste will be reduced.
Our work has proven that human urine, fresh or synthetic, is
a good alternative to chemical nutrient source for BWO,
considering the cost and environmental impacts. The heat
produced during BWO can be recovered and used for building
applications, such as room heating and hot water service.88
Some challenges, however, still need further research. First of
all, studies regarding the eﬀect of single urine composition on
BWO are rare at this moment. Second, the nonsterile
condition during urine storage and transportation enables
bacterial growth and urea hydrolysis, which may further lead to
nutrient loss (such as NH3 loss) and the possibility of bacterial
contamination.89 Therefore, the system design needs to be
optimized to control the quality and quantity of urine addition.
Finally, more attention should be paid on increasing the weight
loss and heat production of BWO to reach industrial interest.
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■

CONCLUSIONS
The present study conﬁrmed the positive eﬀect of urine
addition on the oxygen consumption and weight loss of BWO.
We showed that the addition of both fresh urine and SU could
enhance BWO (ANOVA, P < 0.05). SU with ﬁve times
dilution (corresponded to 1.2 ‰ N) showed the highest
oxygen consumption (4.5 mol/kg DW) and weight loss (13%)
after 42 day incubation. At this TN level, the fresh urine
signiﬁcantly enhanced the oxygen consumption by 64% and
weight loss by 47% after 42day incubation compared with the
SU with ﬁve times dilution (ANOVA, P < 0.05). The initially
added nutrients could help enhance the BWO, however, this
enhancement decreased with the nutrient consumption. Urine
readdition signiﬁcantly improved the performance of BWO in
the long run (ANOVA, P < 0.05), achieving 71% higher
oxygen consumption and 46% higher weight loss compared
without urine readdition. However, readdition of only N
inhibited the BWO signiﬁcantly (ANOVA, P < 0.05), showing
that other elements excluding N were important.
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