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Abstract
Food waste (FW) storage influences its physical–chemical characteristics and anaerobic digestion (AD) performance. In this 
work we present the results of two weeks long experiment where two types of FW were stored in dedicated cells (10 L and 
300 L). Air was evenly flushed on the top surface of the substrates and then analyzed to identify and quantify possible gase-
ous emissions. Solid and liquid fractions were also periodically sampled and analyzed for total solid, volatile solid, ammonia 
and VFA contents. Results showed that storage initiated a hydrolysis process that modified the physical structure of FW, 
leading to the production of gases  (CH4,  CO2 and ethanol) and a partly liquefied FW. Depending on experimental conditions, 
a fraction between 61 and 70% of the initial substrate remained solid at the end of the storage period. In the liquid phase, a 
large proportion of lactic acid was measured with maximum contents of 5.9 and 14.8 g/kgvs for the small-scale experiments 
with two different FW types and 3.0 g/kgvs for the large-scale experiment, leading to inhibition of the biomethane potential 
(BMP) tests. In conclusion, this work showed that when storage of FW is needed before AD, the optimal time recommended 
to keep a high methane yield is one week.
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Statement of Novelty

Studies about anaerobic digestion of food waste are increas-
ing. However, most of them did not consider the effect of 
storage step (rarely avoidable) on the quality of the sub-
strate. Thus, this study proposes to assess the influence of 
storage on food waste characteristics, including biomethane 
potential.

Introduction

In 2015, about 45% of municipal solid waste (MSW) gener-
ated in the European Union (EU) was recycled. By 2030, 
the objective is to reach 65% of MSW recycling and prepa-
ration for reuse [1]. Depending on the country, the amount 

of food waste (FW) generated by households represents 22 
to 33% of the MSW produced [2] i.e. about 47 million tons 
[3]. Because it is an important source of organic matter and 
nutrients, this biomass can be recycled through many pro-
cesses to produce added-value compounds such as bioetha-
nol, enzymes, compost, biodegradable plastics or biogas 
through anaerobic digestion (AD) [4–6].

AD is a particularly interesting technology as it shows 
better environmental performance compared to the main 
current biowaste management i.e. landfilling, incineration, 
or even compared to composting, especially when focusing 
on global warming potential [7–9]. Indeed, this technology 
allows renewable energy production while greenhouse gas 
emissions are largely avoided. Taking advantage of these 
characteristics, several companies developed large scale cen-
tralized AD processes able to valorize the organic fraction 
of MSW [10–12]. More recently, micro-scale AD processes 
were developed and are being tested to locally valorize urban 
biowaste, including food waste [13, 14].

However, regardless of the AD technology used, FW 
has first to be collected from production sites before being 
valorized. In Europe, three main FW collection strategies 
exist: (i) the door-to-door model, corresponding to all 
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systems with collection devices such as buckets, bins, bags 
or containers belonging to one single building or house; 
(ii) the bring point model, equivalent to the door-to-door 
model by using the same kind of collection devices but 
accessible for several buildings and houses; and (iii) the 
civic amenity sites model, where citizens bring the waste 
to enclosed sites operated by qualified staff [15]. The lat-
ter is quite rare for the disposal of FW, but few cases were 
identified in Belgium [15]. The collection frequency of 
these systems ranges between once a day to twice a month 
depending on the city considered [15, 16] implying a non-
avoidable storage period of the FW. After being delivered 
to the treatment plant FW is usually stored on site before 
AD for a time ranging between few hours and ten days 
[17]. Therefore, several storage steps occur from FW gen-
eration to valorization, and the spontaneous degradation 
of the initial waste [5] may affect the AD process.

Recent studies investigated the effect of storage on AD 
performance. Nilsson Påledal et al. [16] tested the effect of 
temperature (6 or 22 °C), collection method (use of plastic 
or paper bags) and storage time (0–21 days) on biometh-
ane potential (BMP) of source separated household FW. 
They found that after 21 days of storage, all conditions 
led to a slight decrease of BMP values. The worst situa-
tion was observed with the use of paper bags at a storage 
temperature of 22 °C. In this case, BMP value decreased 
from 135 to 75 NmLCH4/g of fresh FW, a trend that was 
linked to the loss of water and volatile solid contents dur-
ing storage. Lü et al. [17] also studied the effect of storage 
time (0–12 days) on BMP performances with FW stored 
at 35 °C in small polystyrene centrifuge tubes (50 mL), 
without bags nor lids, but covered by perforated Parafilm 
to mimic anoxic conditions. In this study, a significant 
increase in BMP values was observed after 12 days of 
storage (from 285 NmLCH4/g-VSadded for unstored FW to 
639 NmLCH4/g-VSadded). However, results showed that 
during the first week of storage BMP values were very 
unstable. Another work, performed by Fisgativa et al. [18], 
studied the effect of FW storage on the performance of a 
pilot-scale solid-state anaerobic digester (10 L) with lea-
chate recirculation. Results showed that when using FW 
stored during 2 days before AD, the process was com-
pletely inhibited after 4 days of digestion. After 2 weeks 

of inhibition, the anaerobic digestion started over again 
without any external intervention.

These results demonstrate that FW storage influences AD 
performance. However, no clear correlation between physi-
cal–chemical characteristics of the stored FW and methane 
production were highlighted. The aim of this work was thus 
to study the variations of physical structure (i.e. density) 
and chemical characteristics of FW during storage to better 
understand the degradation mechanisms that could influence 
the performance of FW anaerobic digestion afterwards.

Materials and Methods

Variation of food waste characteristics during storage was 
studied during two weeks at two different scales to mimic 
the storage practices of different FW producers. For practi-
cal reasons, each scale was studied independently and two 
different trials were set-up.

Trial 1

First trial aimed at reproducing storage conditions at house-
hold scale (small-scale), with a door-to-door collection 
system.

The experimental device, developed by Portejoie et al. 
[19], consists in six independent storage cells of 10 L where 
ambient air was evenly flushed on top (Fig. 1). Before enter-
ing one of the six cells (denoted 2 in Fig. 1), ambient air 
is humidified with a water trap (1) to avoid unnatural and 
excessive water evaporation of the sample. Inside the cell, 
gaseous emissions due to sample degradation are captured in 
the air. When exiting the cell, the air passes through an acid 
solution ((3)–50 mL of 2N sulfuric acid) where ammonia 
compounds are trapped. Then, the air is dried with a silica 
gel column (4) and its volume recorded with a gas meter (5). 
Finally, the flow rate is controlled (6) before leaving the sys-
tem through the pump (7). Periodically, some air is automati-
cally sampled between the cell (2) and the ammonia trap (3) 
and analyzed for  CO2,  N2O and  CH4 contents with combined 
infrared and photoacoustic gas analyzer (INNOVA 1412). 
Every two days, acid traps were replaced with fresh  H2SO4 
and ammonia content was measured.

Fig. 1  Schematic diagram of 
the experimental device used to 
reproduce storage conditions. 
1-Distilled water; 2-Storage 
cell; 3-Trapping solution; 4- 
Silica gel column; 5-Gas meter; 
6-Air flow meter; 7-Pump [19]
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For the experiment purpose, 3 kg of fresh FW sampled 
in a collective restaurant were loaded in each of the six cells 
without any pretreatment. A grid, placed at the bottom of 
the cell, efficiently separated the solid FW from the leach-
ing liquid that was produced during the two weeks storage 
period. Every two or three days, one cell was stopped to 
perform the physical–chemical analysis. The atmospheric 
conditions of the experimental room were recorded all 
along the experiment to control the effect of temperature 
on FW degradation.

Trial 2

Second trial consisted in a scale-up of the first experi-
ment to mimic the bring point and civic amenity sites col-
lection models, where the amount of stored FW is much 
higher than in the door-to-door model. For this part, two 
large-scale reactors (300 L) were filled with about 150 kg 
of mixed FW from four different producers: 3 canteens (1 
school, 2 traditional restaurants) and a central kitchen that 
provides food for several school restaurants. Compared to 
the 10 L-cells used during the first trial, the 300 L-cells 
had, proportionally, a smaller compartment dedicated to 
the storage of the leaching liquid. Thus, when necessary, 
the liquid phases of the large-scale trials were unloaded 
over the course of the experiment to avoid possible mix-
ing of the different fractions. Physical–chemical analyses 
of the liquid were performed after its discharge. The solid 
fractions, on the other hand, remained in the two storage 
cells until the end of the experiment to avoid process dis-
turbance. Physical–chemical analyses were done only at the 
final stage of the storage period. In addition to atmospheric 
conditions of the experimental room, the temperature inside 
the 300 L-cells was recorded. The gaseous phase was ana-
lyzed with the INNOVA 1412 with an additional filter that 
also allowed the detection of ethanol while  N2O emissions 
were not recorded during this trial.

As the trials 1 and 2 were not performed at the same 
period of the year and with the same FW, three additional 
10 L-cells were conducted in parallel to trial 2 as a con-
trol to compare the influence of FW type on storage perfor-
mances. In this case, all reactors were stopped at the end of 
the experiment and physical–chemical analyses were only 
done at this time.

Density Measurements

For each storage cell, the height between the grid and the 
top of the reactor was measured and denoted htot . At the 
beginning and at the end of the storage period, the height hi
between the top surface of the waste and the top of the reac-
tor was measured in four different points: one in the middle 

of FW’s surface and three in the border of FW’s surface that 
were spaced 120° apart. The average height was calculated 
and denoted hi . The density of one sample was then calcu-
lated as follow:

where, d is the density of the sample (kg/L); m is the mass 
of FW (kg) at the beginning or the end of the storage period; 
r is the cell’s radius (dm); htot is the height between the grid 
and the top of the cell (dm); hi is the average height between 
FW’s surface and the top of the cell (dm).

Biomethane Potential Measurements

The biochemical methane potential (BMP) of samples 
were measured in triplicate using hermetically closed 
572 mL-bottles. Each replicate was filled with inocu-
lum, water and 3–5 g of ground sample (2 mm) to reach 
a total volume of 140 mL and an inoculum to substrate 
ratio 1:1 of volatile solid (VS) content. The inoculum was 
obtained from a well-established anaerobic pilot digester 
(87 L) acclimated to degrade pig slurry supplemented 
with horse feed. Before their incubation at 38  °C for 
40 days, bottles were flushed with  N2 to ensure anaero-
bic conditions. Internal pressure of bottles was measured 
daily to quantify biogas production. This biogas was peri-
odically sampled to determine methane content by gas 
chromatography.

To avoid possible measurement variation due to inoc-
ulum differences, each grounded sample was stored at 
− 20  °C prior to BMP test and all BMP measurement 
were performed at the same time. Freezing can affect BMP 
values. However, because all samples were prepared fol-
lowing the same method, the possible artifact is equally 
transmitted to samples, making the comparison between 
samples possible. Moreover, this method was already 
tested on FW [20] and showed consistent results compared 
to the average BMP values of 460 L/kgVS calculated world-
wide [21].

Analytical Methods

Total solids (TS) and volatile solids (VS) were measured 
using standard methods [22]. TKN and total ammonia 
nitrogen concentrations were determined by distillation 
(TKN after mineralization) on wet and grounded samples 
[23]. Total carbon of solids was measured on finely ground 
dried samples by elemental analysis according to the man-
ufacturer’s instructions (Thermoflash 2000, Thermoscien-
tific®). On liquid samples, total carbon was measured on 

(1)
d =

m

� × r2 ×
(

htot − hi

)
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the raw material using a Shimadzu TOC-L analyzer fol-
lowing the manufacturer’s instructions. The volatile fatty 
acid (VFA) contents and assimilated (acetate, propionate, 
butyrate, isobutyrate, isovalerate, lactate and succinate) of 
the liquids were analyzed by high performance liquid chro-
matography (HPLC) [24]. The average values of initial 
FW physical–chemical characteristics are given in Table 1.

Calculation of Hydrolyzed Nitrogen Accumulation

The accumulation of hydrolyzed nitrogen gives useful 
information about protein hydrolysis during storage. It was 
calculated according to the following equation:

where, 
[

NH
3

]

t
 is the amount of ammonia at a defined period 

of storage; 
[

NH
3

]

t0
 is the amount of ammonia initially pre-

sent in the fraction considered (equals to 
[

NH
3

]

i
 for the solid 

fraction and 0 for the liquid fraction); 
[

NH
3

]

i
 is the total 

nitrogen content initially loaded in the reactor cell.

Statistical Method

Analysis of variance (ANOVA) method was used to set 
the significance of physical–chemical variations along 
experiments. In this test, the null hypothesis  H0 is that all 
sample means are equal and the alternative hypothesis is 
that at least one mean is different. If the probability value 
(p-value) of  H0 is less than 0.05, the samples are consid-
ered as significantly different. That p-value depends on 
the degree of freedom between and within samples. The 
degree of freedom between groups of samples (i.e. num-
ber of samples assessed minus one) is denoted Df1 and 
the degree of freedom within groups of samples (i.e. total 
number of values measured minus the number of sam-
ples) is denoted Df2. The results of ANOVA are presented 
between brackets in the results section using the following 
annotation: F (Df1, Df2) = F-value, p < 0.05.

(2)%Nhydrolyzed =

[

NH
3

]

t
−
[

NH
3

]

t0
[

NH
3

]

i

Table 1  General chemical characterization of initial FW

FW1 Food Waste of the first trial
FW2 Food Waste of the second trial

Substrate pH TS (g/kgww) VS (g/kgww) TC (gC/kgww) NH4 (gN/kgww) TKN (gN/kgww) BMP (NL/kgww) Density (kg/L)

FW1 4.69 178 ± 18 153 90.2 ± 0.9 0.04 ± 0.00 4.5 ± 0.5 62 ± 1 0.717
FW2 4.91 170 ± 14 138 78.6 ± 2.3 0.05 ± 0.01 5.7 ± 0.2 57 ± 4 0.771

Fig. 2  Dynamic evolution of gas emissions (A), liquid production (B) 
and solid loss (C) during FW storage
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Results and Discussion

Physical Variations

During storage, the physical structure of FW changed from 
a completely solid product (wet but without free water) to a 
three-phase one, with the production of liquid and gaseous 
fractions. Depending on the experiment, between 31 and 
39% of the initial solid mass was transformed into liquid and 
gas, and was potentially lost (Fig. 2A).

The degradation of FW started with a rapid liquefaction 
of the substrate during the first days of storage (Fig. 2B). In 
the first trial (10 L—FW1), 10% of the initial FW mass was 
transformed into liquid within the first 3 days of storage and 
only 5% during the rest of the experiment. The increase of 
liquid proportion at day 10 was probably due to the hetero-
geneity of the substrate. Indeed, in trial 1, cells were loaded 
with FW from the same initial pool but, due to the normal 
heterogeneity of FW, the substrate loaded can slightly differ 
from one cell to the others, leading to different degrada-
tion behaviors. In the case of the large-scale storage method 
(300 L —FW2), the rapid liquefaction occurred within the 
first two days, where 15% of the initial mass became liq-
uid, while only 5% more was transformed until the end of 
the storage. The dynamic liquid production of the control 
(10 L—FW2) cannot be discussed as it was not monitored 
along the experiment. However, it showed a much higher 
total liquid production than the two other trials with a total 
of 27% of the initial FW mass transformed compared to 15 
and 20% for the 10 L—FW1 and the 300 L—FW2 experi-
ments, respectively (Table 2). These results show that FW 
degradation depends on both FW characteristics and col-
lection system.

The rest of the total mass loss was assumed to be due to 
gaseous emissions. These assumed losses through gaseous 
emissions significantly started after two days of storage, i.e. 
after the rapid liquefaction step (Fig. 2C). Between day 0 and 
2, 0.6 and 0.7% of the initial substrate mass was lost as gases 
in the small scale (10 L—FW1) and the large scale (300 L—
FW2) storage, respectively. These gaseous losses attained 
15 and 12% at the end of the experiment. The total gaseous 
emissions of the control (10 L—FW2) were equivalent to the 

large-scale ones, with a recorded proportion of 12% at the 
end of the experiment.

The temperature of the substrate inside the large scale 
reactors progressively increased during the first 3 days of 
the experiment (Fig. 3), starting at 13 °C and increasing 
until 32 °C. After having peaked, the temperature slightly 
decreased and stabilized at 27 ± 1.3 °C after day 5, while 
the ambient temperature was about 22 ± 3.3 °C. This raise 
in temperature is typically observed during the first stages 
of composting and is directly linked to the microbial activity 
and degradation of rapidly biodegradable compounds [25, 
26]. The temperature increase also correlates with the rapid 
liquefaction of FW. This latter is thus probably due to the 
degradation of the rapidly biodegradable fraction of FW dur-
ing the first 2–3 days of storage and the growth of aerobic 
microorganisms. The temperature inside the small-scale 
reactors was not measured. However, considering the vol-
ume occupied by the FW at small-scale compared to large-
scale (about 4.5 L and 177 L, respectively), it is assumed 
that the temperature of FW inside the 10 L-cells follows the 
ambient air temperature variations.

Density of the FW did not show the same trend of varia-
tion in the two trials and was affected by the size of the reac-
tors. No significant change in density was observed during 
the storage at small-scales: the initial densities of trials 1 and 
2 were 0.717 and 0.771 kg/L respectively and the final ones 
were 0.658 and 0.770 kg/L (Table 4). Conversely, at large-
scale the density of the substrate almost doubled, starting 
at 0.771 and ending at 1.340 kg/L. This difference is prob-
ably due to the weight of the large-scale FW pile combined 
with the leaching phenomena that must have weakened the 
physical structure of FW, leading to the compaction of the 
substrate.

Table 2  Distribution of initial FW mass among solid, liquid and gas 
fractions after a 2 weeks storage period

Trial % Gas % Solid % Liquid

10 L—FW1 15.5 69.4 15.1
10 L—FW2 11.8 61.3 26.9
300 L—FW2 11.7 67.9 20.4

Fig. 3  Temperature variations of large scale reactors and ambient air 
during storage
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Gaseous Emissions

Three main carbon-based compounds were detected during 
the storage: carbon dioxide, methane and ethanol.

In the first trial (10 L—FW1), a peak of methane was 
observed between day 1 and day 3 with a maximum meth-
ane production rate of 4.1 mgC/kgVS/d on day 2 (Fig. 4B). 
After that, the production of methane was steady and 

close to 0.1 mgC/kgVS/d. While methane emission was 
very punctual,  CO2 emissions were observed all along 
the experiment. During the first day,  CO2 production rate 
was about 3.8 mgC/kgVS/d and rapidly increased to reach 
a maximum value of 25.5 mgC/kgVS/d at day 2. Then the 
production rate progressively decreased until the end 
of the experiment to reach a value of 7.6 mgC/kgVS/d 
(Fig. 4A). This behavior typically indicates strong aero-
bic microbial activity: the exponential increase of carbon 
dioxide production rate during the first days corresponds 
to the degradation of the easily biodegradable fraction of 
the substrate and to the aerobic growth of microorganism. 
Then the production rate of carbon dioxide decreases pro-
portionally to the degradability of the remaining organic 
matter and environmental conditions (i.e. temperature and 
moisture). This emission trend thus confirms that storage 
occurs under aerobic and anoxic conditions.

For the two scales of trial 2, peaks of methane and ethanol 
were observed simultaneously at the beginning of storage 
(Fig. 4B, C). At its maximum (day 1), methane production 
rate was about 10.1 and 1.2 mgC/kgVS/d for the small and 
the large scale, respectively, while ethanol production rate 
was about 0.35 and 0.05 mgC/kgVS/d, respectively. After 
day 2, each production rate decreased down to values lower 
than 0.1 mgC/kgVS/d. Compared to methane and ethanol, 
carbon dioxide production was quite low during the first 
day of storage with an average production rate of 3.7 and 
0.6 mgC/kgVS/d for the small and the large scale, respec-
tively (Fig. 4A). During the second day of storage,  CO2 pro-
duction rate rapidly increased to reach 13.9 and 1.9 mgC/
kgVS/d at day 3. Similarly to the first trial, after the initial 
rapid increase the carbon dioxide production rate slowly 
decreased to reach 3.8 and 0.9 mgC/kgVS/d at day 10. Gas-
eous emissions profiles of trial 2 were not recorded after 
10 days because of power shut down during the week-end. 
However it is assumed that the gas concentration did not 
peak during the last 4 days of storage.

The carbon dioxide production rate profiles confirm the 
first observations done on the physical evolution. Indeed, 
the raise in internal temperature of the large scale reactor 
follows the raise of carbon dioxide content which is also 
directly linked to the microbial activity inside the substrate. 
However, it was also found that the ratio of emitted gases 
par kg of organic matter initially put in the storage cell was 
lower at large-scale compared to small-scale pilot. Such 
deviation could be due to differences in specific exchange 
surfaces applied in each scale. The specific exchange sur-
face is calculated as the ratio between the top surface of 
FW that is in contact with the air flushed in the storage cell 
and the volume of FW initially introduced in the cell. Then, 
the large-scale cell has much lower specific exchange sur-
face than the small-scale with a value of 2.1 m2/m3

FW com-
pared to 29.5 m2/m3

FW, respectively. This means that in the 

Fig. 4  Evolution of gaseous emissions composition during FW stor-
age
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large-scale pilot the air, and as a consequence oxygen, avail-
able in the middle or at the bottom of the FW pile is limited 
which may lower the degradation of FW.

The presence of methane during the first two days of 
storage shows that anaerobic conditions settled inside stor-
age cell for a short interval. With anaerobic conditions, an 
alcoholic fermentation also started inside the storage cells 
and led to the production of ethanol with the degradation of 
easily degradable sugars present in FW [27]. Since air was 
continuously flushed in the reactors aerobic conditions may 
have settled back allowing the growing of aerobic microor-
ganisms and the production of carbon dioxide.

The overall carbon content lost by gaseous emissions was 
calculated and is summarized in Table 3. Depending on the 
experiment, the amount of volatilized carbon ranged from 
0.5 to 2.1 gC/kgww with the lowest value found for the large-
scale pilot. These values are very low compared to those 
usually measured on manure for the same storage period 
(42.5 gC/kgWW [28]) and represent about 0.7 and 2.3% of 
carbon initially introduced in the storage cell. According 
to these results, most of the initial carbon present in FW 
remained in the liquid or solid fraction of the substrate after 
two weeks of storage, and should be available for a possi-
ble anaerobic digestion process. It also means that the mass 
losses that were considered to be due to gaseous emissions 
(Fig. 2C) are composed of other components than carbona-
ceous gases, as water. For the trial “10 L—FW1” for exam-
ple, 15.5% of the total solid mass was lost as gases and from 
these 15.5%, only 0.9% of the total solid mass were emitted 
as carbon-based compounds.

The nitrogen-based emissions, such as ammonia and 
nitrous oxide, were also monitored during the storage period 
in Trial 1. However, nitrogen was only found as traces of 
ammonia in acid traps without any  N2O emissions detected, 
which was thus not analyzed in Trial 2.The total nitrogen 
content loss was below 0.02 mgN during the entire storage 
period, regardless to the considered trial, proving that it can 
be neglected.

The assessment of gaseous emissions during FW storage 
highlighted the start of organic matter degradation through 
aerobic and anoxic conditions. In the following part, chemi-
cal evolution of the solid and liquid phases will be discussed 

to better understand the mechanisms of organic matter 
change during storage.

Chemical Variations

Solid Phase

Variations of total solid amounts contained in the solid frac-
tion are presented in Fig. 5A. In the first trial (10 L—FW1) 
TS amount drastically decreased during the first week of 
storage and stabilized during the second week. At the end 
of storage, about 34 w% (w% = % of the initial wet weight) 
of the initial TS introduced in the reactor was lost. Similar 
behavior was observed for VS amount variations (data not 
shown) with a final VS loss of 33 w%. In the second trial 
and at small scale (10 L—FW2), the proportion of TS and 
VS losses were equivalent to the first trial with values of 32 
and 30 w%, respectively. As a negligible part of carbon was 
transformed into gases (cf. results on gaseous emissions), it 
was assumed that the lost TS and VS amounts were trans-
ferred in the liquid fraction. At large-scale (300 L—FW2), 
about 21 and 23 w% of the initial TS and VS were lost, 
respectively, which is less than results observed at small-
scale. This shows a limited hydrolysis performance probably 
due to the limited aerobic activity at large-scale (compared 
to small-scale) as it was previously demonstrated with gase-
ous emissions results.

Nevertheless, no significant differences in TS contents 
were observed neither over the course of the experiments 
nor at the end of the storage periods at small-scale with 
average values and standard deviations of 169 ± 10 g/kgww 
for  FW1 and 178 ± 11 g/kgww for  FW2 (Fig. 5B). It means 
that for each experiment, the ratio between the total mass 
loss that contains both water and total solid (Fig. 2A) and 
TS amount loss (Fig. 5A) kept constant over the course of 
the experiment. At large-scale, on the other hand, storage 
significantly affected TS content (F(1, 7) = 11.41, p < 0.05) 
and a raise in TS content value was observed from 170 g/
kgww at the beginning of the experiment to 192 g/kgww after 
15 days of storage (Tables 1, 4). In this case, the total mass 
loss recorded (32 w%) was much higher than the sole TS 
loss (21 w%) traducing a high loss of water and leading to an 

Table 3  Amount of initial carbon transformed into gaseous ethanol, carbon dioxide and methane during storage

a Not determined

Trial Initial C con-
tent (gC/kgww)

Loss as 
 C2H5OH (gC/
kgww)

Loss as 
 CO2 (gC/kgww)

Loss as  CH4 (gC/
kgww)

Total C losses through 
gases

Initial mass loss 
through C-gases

(gC/kgww) (%Cinitial) (%mi)

10 L—FW1 90.2 –a 1.9 0.2 2.1 2.3 0.9
10 L—FW2 78.6 < 0.1 1.2 0.1 1.4 1.7 0.6
300 L—FW2 78.6 < 0.1 0.5 < 0.1 0.5 0.7 0.3
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increase of TS content. This drying of the solid phase is in 
agreement with a higher temperature increase and a higher 
compaction. In the same way, even though VS amounts 
decreased over the course of the experiment, instantaneous 
VS concentration did not significantly varied during storage 
and remained constant at small and large-scale. The aver-
age values and standard deviations were 148 ± 9, 157 ± 11 
and 159 ± 12 g/kgww for trials 10 L—FW1, 10 L—FW2 and 
300 L—FW2, respectively. Lü et al. [17] observed differ-
ent results when studying FW storage. After 12 days, TS 
and VS contents were significantly higher than at the begin-
ning of the experiment with respective values of 241.3 and 
212.9 g/kgww initially and 281.5 and 249.0 g/kgww at the end 
of the experiment. In their experiment, the combination of 
storage room temperature (35 °C) and the shredding of the 
substrate prior to storage may have eased the degradation of 
FW and consequently favored water evaporation and concen-
trating dry and organic matter. When using paper bags for 

FW disposal at 22 °C and after 3 weeks of storage, Nilsson 
Påledal et al. [16] showed a drastic increase of TS content 
while it remained stable when using plastic bags. The paper 
bags may have facilitated water evaporation while it was not 
the case in plastic bags.

Ammonia content in the solid fraction of FW was also 
monitored for each trial as it gives useful information on the 
protein hydrolysis proportion during storage. The accumula-
tion of hydrolyzed nitrogen was calculated over the course 
of the experiments and is given in Fig. 5C for each trial. 
At the beginning of the experiments, FW samples showed 
similar and low ammonia content with values of 0.04 and 
0.05 gN/kgww for  FW1 and  FW2, respectively. During the 
first three days of storage (trial 1, 10 L—FW1), the accu-
mulated proportion of hydrolyzed nitrogen remained stable 
and quite low with an average value of 0%. After that, pro-
tein hydrolysis proportion progressively and significantly 
increased to reach 9%. These results must be interpreted 

Fig. 5  Evolution of TS content (A), VS amount (B), protein hydrolysis (C) and pH (D) of the solid fraction during FW storage

Table 4  Solid fraction characteristics of FW after two weeks of storage

Trial pH TS (g/kgww) VS (g/kgww) TC (gC/kgww) NH4 (gN/kgww) BMP (NL/kgww) Density (kg/L)

10 L—FW1 4.50 167 ± 12 146 83.1 ± 1.0 0.69 ± 0.17 59 ± 3 0.658
10 L—FW2 4.40 186 ± 26 165 91.2 ± 10.0 0.55 ± 0.07 71 ± 4 0.770
300 L—FW2 3.81 192 ± 11 167 91.2 ± 2.5 0.26 ± 0.03 77 ± 8 1.340
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in the light of carbon dioxide profiles. Indeed, during the 
first days of storage, microbial activity was exponentially 
increasing (Fig. 4A) and thus microorganisms needed nitro-
gen to grow. The soluble nitrogen, i.e. ammonia produced 
with the protein hydrolysis, was then rapidly consumed by 
microorganisms resulting in steady ammonia content in the 
solid. At day 3, microbial activity reached its maximum and 
started to progressively decrease until the end of the experi-
ment. Hydrolyzed nitrogen then started to accumulate in 
the solid as microorganisms consumed less and less soluble 
nitrogen showing a higher nitrogen hydrolysis proportion. At 
the end of the second trial, hydrolysis efficiency was about 
5 and 2% for the small-scale (10 L—FW2) and the large-
scale (300 L—FW2) experiments, respectively. The lower 
proportion of hydrolyzed proteins in the larger scale con-
firms the hypothesis of limited hydrolysis of organic matter 
in the 300 L-cells.

Regardless to the scale, pH of the solid fraction was 
lower than 5 during the entire storage period (Fig. 5D), 
which explains the absence of ammonia in the gaseous 
fraction. Indeed, the pKa of  NH4

+/NH3 is 9.2 and most of 
the ammonia content was on its soluble and acidic form 
 (NH4

+) at pH < 5. However, pH was not stable along the 
experiments. During the first trial, pH of FW started at 
4.69 and decreased during the first three days to reach 
a value of 3.88 indicating a production of organic acids 

because of FW hydrolysis. During the rest of the experi-
ment, pH progressively increased to reach a value of 4.49 
which could be due to the consumption of the organic 
acids previously produced. Because of sample heteroge-
neity (see section ‘physical variations’), the sample at day 
10 was probably slightly different from the others as it 
showed a pH value much higher than the others and was 
not taken into account to discuss the pH variation dynam-
ics. The second small-scale trial (10 L—FW2) showed 
similar acidic condition at the end of the storage period 
than in the first experiment (10 L—FW1) with a final pH 
of 4.41. Compared with the latter, large-scale process had 
a much lower final pH value (3.81) than the two other 
experiments with probably more organic acid concentra-
tion after 2 weeks of storage due to a lower microbial 
activity.

Liquid Phase

The chemical characteristics of the liquid fractions produced 
during storage were also monitored all along the experi-
ment. In the first trial (10 L—FW1), TS amount slightly 
increased during the first three days of storage (Fig. 6A). 
At day 1, about 2% of the initial TS amount of the FW was 
accumulated in the liquid fraction and 3% at day 3. From 
day 3 until day 8, TS amount remained stable and finally 

Fig. 6  Evolution of TS content (A), VS amount (B), protein hydrolysis (C) and pH (D) of the liquid fraction during FW storage
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dropped to 2% at the end of the experiment. VS amounts 
followed the same trend along the storage (data not shown). 
The decrease in TS and VS amounts in the liquid fraction 
indicates a consumption of organic matter during the second 
week of storage. Trial 2, on the other hand, showed different 
trends. At small-scale (10 L—FW2), the final TS and VS 
amounts of the liquid fraction represented 7 and 8% of the 
initial dry weight loaded in the storage cells, respectively. 
These values are much higher than those recorded during the 
first trial, confirming that degradation of FW during storage 
strongly depends on the initial composition of FW. A previ-
ous work showed that geographical origin, source separation 
and seasonality significantly influences physical–chemical 
characteristics of FW [21]. Consequently, storage may dif-
ferently affect physical–chemical characteristics of FW from 
different origins. These results cannot be compared to the 
large-scale values as the experimental sampling was differ-
ent. Because leachate was periodically removed from the 
reactor at large-scale, organic matter was not subjected to 
possible consumption mechanisms. Indeed, the instantane-
ous TS amount in the liquid fraction at large-scale did not 
significantly varied as values ranged from 1.5 to 0.4% of the 
initial TS amount, and reached a final value of 0.9%. This 
indicates that the mass of TS leaching out the storage reactor 
was stable along the experiment. After two weeks of storage, 
about 6% of the initial dry weight loaded in the storage cells 
leached out the solid.

In terms of concentration (Fig. 6B), TS content of the 
liquid fraction decreased progressively from 78 to 22 g/kgww 
during the first trial (10 L—FW1). As the total solid mass 
was stable during the first storage week, this decrease in con-
centration is mostly due to a dilution phenomenon because 
of water leaching. During the second week, the decrease in 
TS mass highlighted the consumption of the organic matter 
present in the liquid fraction that intensified the decrease in 
TS concentration. In the case of trial 2 and at small-scale 
(10 L—FW2), the final TS content was 42 g/kgww which 
was higher than trial 1 confirming the importance of FW 
composition on the storage behavior.

Part of the organic matter present in the liquid fraction 
was composed of volatile fatty acids and assimilated, mainly 
acetic, propionic, malic and lactic acids. In the first trial, 
total VFA content progressively increased to reach 16 g/
kg of initial VS (i.e. g/kgVSin) at day 6 and then started to 
decrease and reached 3 g/kgVSin at the end of the experiment 
(Fig. 7A). The accumulation of VFA during the first week of 
storage confirmed the start of FW hydrolysis and acidifica-
tion. In the light of VS amounts results, VFA were probably 
consumed by adapted microorganisms during the second 
week of storage. Depending on the scale, trial 2 showed 
very different trends with the highest VFA content recorded 
for the small-scale at a value of 29.4 g/kgVSin at the end of 
the experiment. In this case, FW hydrolysis seemed more 

efficient than in the first trial probably because of FW initial 
composition. At large scale (300 L—FW2), FW hydrolysis 
started similarly to the first trial (10 L—FW1) until day 2, 
but was rapidly stopped probably because of limited aerobic 
conditions that slowed down the development of hydrolytic 
microorganisms.

A special attention was paid to the variation of lactic acid 
content during storage as it is proven to be inhibitory for 
anaerobic digestion when reaching concentrations of 6–8 g/L 
[29, 30]. Overall, lactic acid content variations were similar 
to total VFA contents. The highest concentration recorded 
for the first trial (10 L—FW1) was 5.9 g/kgVSin at day 6, 
14.8 g/kgVSin at day 13 for the experiment 2 at small-scale 
(10 L—FW2) and 3.0 g/kgVSin at day 2. The production of 
lactic acid during storage of FW is due to the initial presence 
of lactic acid bacteria (LAB) in the substrate [31] and was 
already reported in several studies [5, 30, 32]. This suggests 
that lactic acid and VFA are also present in the solid fraction 
of stored FW, which is consistent with low pH of the solid 
content measured at the end of all experiments. Moreover, 
a comparison between the pH of the solid fraction, VFA 

Fig. 7  Variation of VFA (A) and lactic acid (B) content in the liquid 
fraction based on the initial VS amount of FW introduced in storage 
cells
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and lactic acid profiles in the liquid fractions indicated that 
the organic acids of the solid most likely followed the same 
trend as organic acids of the liquid fraction. Wang et al. [32] 
reported trends similar to what was found during the first 
trial for what concerns the lactic acid production during FW 
storage, with a maximum concentration of 19 g/L found at 
day 8 considering at 2 weeks storage period. Zhao et al. [30] 
reported a maximum concentration of 10 g/L after 1.5 days 
of storage for a total storage period of 2 days. Comparatively, 
raw maximum lactic acid concentration were 7.4 g/L at day 
6, 7.4 g/L at day 14 and 4.6 g/L at day 9 for experiments 
10 L—FW1, 10 L—FW2 and 300 L—FW2, respectively. 
The lower range of concentration recorded is probably due 
to differences in pre-treatment. Indeed, Wang et al. [32] and 
Zhao et al. [30] worked on 500 g and 100 g of shredded 
FW respectively, which might have eased the organic mat-
ter degradation process compared to FW without shredding 
pretreatment (i.e. as in our study). However, the raw con-
centrations of lactic acid at small-scale are considered as 
potentially inhibitory for AD if the ratio substrate/inoculum 
is not adapted [29, 30].

At small-scale, the variations of VFA contents directly 
impacted pH of the liquid fractions. For the first trial (10 L—
FW1), pH rapidly dropped at day 1 with a value of 3.80 com-
pared to the initial pH of the FW that was 4.69 (Tables 4, 5). 
After 5 stable days, pH increased at day 6 when VFA content 
started to decrease and reached a final value of 5.44. The 
small-scale second trial (10 L—FW2), had the lowest pH at 
the end of the experiment (3.83) and also the highest VFA 
content. On the other hand, the large-scale experiment did 
not show a clear correlation between pH and VFA content 
as VFA content was at its minimum level at day 9 while 
pH was also at is minimum (3.99). This was probably due 
to the presence of other organic acids that were not moni-
tored in this study, such as malonic and oxalic acids that are 
produced during FW composting, i.e. under aerobic condi-
tions [33]. However, at the end of the storage period, pH 

increased and reached a value of 4.81 (Table 5), indicating 
the probable consumption of the acidic compounds in the 
liquid fraction.

In terms of total carbon, the compounds included in the 
liquid fraction corresponded to 2.3, 6.3 and 0.8% of the car-
bon initially introduced in the storage cells for trial 10 L—
FW1, trial 10 L—FW2 and trail 300 L—FW2, respectively 
(Table 5). In total (gas + liquid), the carbon loss represented 
4.6, 8.0 and 1.5% of the carbon initially stored. According 
to these results, storage led to a carbon loss that represents 
less than 10% of the initial amount available for valoriza-
tion, regardless of the scale and type of FW used. However, 
the carbon mass balance (Table 6) showed a lack of carbon 
recovery ranging between 18 and 30%, depending on the 
experiment. One reason is probably correlated to the com-
position of FW at the end of the storage. Considering the 
low pH values recorded, it is assumed that the solid fraction 
contained a large amount of VFA that might have volatilized 
during samples drying before VS content measurement. As 
the VFA content of the solid was not directly measured in 
the solid, they were estimated according to VFA content in 
the liquid fraction. Results showed that VFA volatilization 
in the solid fraction represent about 2% of the mass balance 
gap. The remaining gap is partly attributed to measurements 
uncertainties that represent about 12% of this gap.

Accumulations of hydrolyzed nitrogen were also calcu-
lated for the liquid fraction as defined in Eq. (2). Regardless 
to the experiment, ammonia content was lower in the liquid 
fractions than in solid fractions (Tables 4, 5). The proportion 
of accumulated hydrolyzed nitrogen (resulting from protein 
hydrolysis) that leached out the solid represented less than 
1% (Fig. 6C). The lowest value corresponded to the large-
scale experiment (300 L—FW2), with a final accumulation 
of hydrolyzed nitrogen less than 0.1%. Such low percentage 
is consistent with the hypothesis of low hydrolysis efficiency 
of the FW at large-scale compared to small-scale. Indeed, at 
small-scale the accumulation of hydrolyzed nitrogen were 

Table 5  Liquid fraction 
characteristics of FW after 
two weeks of storage

Trial pH TS (g/kgww) VS (g/kgww) TC (gC/kgww) NH4 (gN/kgww) Total 
C loss 
(%Cinitial)

10 L—FW1 5.44 22 16 12.6 0.10 2.3
10 L—FW2 3.83 42 34 18.5 0.18 6.3
300 L—FW2 4.81 71 63 3.7 0.13 0.8

Table 6  Carbon distribution of 
the different fractions of FW 
after storage

Trial Initial C in 
FW (gC)

Final C in 
solid (gC)

Final C in  
liquid (gC)

Final C in  
gas (gC)

Mass balance 
%

10 L—FW1 272 176 6 6 70
10 L—FW2 244 178 19 4 81
300 L—FW2 11,720 9451 93 75 82
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0.3 and 0.9% for trial 1 (10 L—FW1) and trial 2 (10 L—
FW2), respectively.

The chemical assessment of solid and liquid fractions 
showed significant differences that were correlated with the 
initial composition of FW or with the scale of storage. The 
last part of this work consisted in studying the impact of 
physical–chemical variations of the samples on biomethane 
potentials.

Biomethane Potentials

According to the previous results, the amount of organic 
matter in the liquid fraction after two weeks of storage rep-
resents less than 10% of the organic matter contained in the 
FW before storage. For this reason, BMP tests were per-
formed only on the solid fraction of FW.

In the first trial (10 L—FW1), BMP values varied depend-
ing on the storage duration applied (Fig. 8A). Initially, 
BMP value and standard deviation of  FW1 was 62 ± 1 NL/
kgww (Table 1). During the first 3 days, BMP significantly 
decreased to reach a value of 50 ±  NL/kgww (F (1, 4) = 82.31, 
p < 0.05) and increased again until day 8 to 72 ± 6 NL/kgww 

(F (1, 4) = 149.77, p < 0.05). During the last week, BMP 
values slowly and significantly decreased to 59 ± 3 NL/kgww 
(F (1, 4) = 129.53, p < 0.05). It can be seen that the standard 
deviation on BMP results varied from 2 to 26%. The high 
values recorded are probably due to the heterogeneity of the 
samples inside a given storage cell. Because the mass of 
substrate used to perform BMP test is quite low (3–5 g), and 
even if samples were ground to 2 mm, the perfect homogene-
ity of the sample is not guaranteed. However, the variations 
of standard deviations reflect how anaerobic digestion can 
be affected by the intrinsic heterogeneity of the substrate. 
On the other hand, the variations of the BMP values along 
storage are strongly correlated to the VFA and lactic acid 
contents in the liquid fraction. Indeed, between days 3 and 
6, the VFA and lactic acid contents recorded were at their 
highest level and corresponded to low levels of BMP. At day 
8, VFA and lactic acid contents started to decrease while 
BMP value was at its highest level. The methane production 
was probably partially inhibited by the presence of VFA 
and, especially, lactic acid [5, 30, 32] that are assumed to be 
present in the solid. During the second week, data were not 
correlated anymore as VFA and lactic acid contents were 
very low (> 3 g/kgVS) and BMP did not increase as it did 
during the first week. According to Fig. 5B, the VS amount 
of the solid fraction was stable during the second week of 
the storage period suggesting that the decrease in BMP is not 
correlated to a loss of VS, probably because only the slowly 
biodegradable material of the FW remained at the end of 
the experiment. In the second trial, regardless to the scale, 
BMP values significantly increased during storage starting at 
57 ± 4 NL/kgww and ending at 71 ± 4 NL/kgww and 77 ± 8 NL/
kgww at small (10 L—FW2) and large-scale (300 L—FW2), 
respectively (F (1, 7) = 26.88, p < 0.05 and F (1, 7) = 15.24, 
p < 0.05). At small-scale, the difference between final BMP 
values confirmed that the hydrolysis of  FW2 was more effi-
cient than in the case of  FW1 leading to the presence of more 
easily biodegradable compounds.

Compared to Nilsson Påledal et al. [16] and Lü et al. 
[17], the effect of storage on BMP was quite different. In 
the case of Nilsson Påledal et al. [16], BMP values of stored 
FW remained stable along the experiment when the storage 
occurred in plastic bags or at 6 °C. The results observed at 
6 °C are related to the low biological activity at low tem-
peratures that reduced organic matter degradation. At 22 °C 
in plastic bags, and according to the authors, the stability 
of BMP can be explained by a “pre-hydrolysis” step occur-
ring in anaerobic conditions that led to a decrease in pH 
and an increase in VFA and preserved organic matter con-
tent. The phenomenon is close to silage mechanisms used 
in agriculture to conserve organic matter content of cereals 
[34]. At 22 °C, for FW stored in paper bags, BMP values 
significantly decreased from 135 to 75 NmLCH4/g of fresh 
FW. This trend is due to a loss of water and VS content in 

Fig. 8  Variation of A  BMP during storage and B  real volume of 
methane potentially produced after storage
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samples because of the high permeability of water for paper 
(compared to plastics or glass) which eased water evapora-
tion during storage. Lü et al. [17], on the other hand, found 
that storage increased BMP values from 61 to 159 NmLCH4/g 
of fresh FW. Because their experiment was performed in 
small-scale reactors (50 mL centrifuge tube) with grinded 
FW, the results are hardly comparable to the present study 
and differences are attributed to the scaling. Storage of FW 
at equivalent scale was studied by Fisgativa et al. [20] and 
showed consistent results with the present study. In this case, 
FW was stored during 4 days at room temperature at four 
different oxygen concentrations (0, 5, 10 and 20%) and BMP 
values significantly decreased of 7% after 4 days of storage.

However, even if storage seemed to have improved BMP 
values, the loss of solid mass during storage has induced a 
loss in the initial maximum volume of methane that could 
have been produced. Figure 8B represents the real propor-
tion of methane volumes that would have been produced if 
the solid fraction of stored FW had been digested without 
mass adjustment (conversely to BMP tests where the same 
mass is applied in each trial). Results showed that for the 
first trial (10 L—FW1) the lowest volume of methane would 
be produced with FW stored for 3 days and 2 weeks as only 
69 and 68% of the initial methane volume would have been 
produced. After one week of storage, 90% of the maximum 
volume of methane could be produced with the correspond-
ing FW. In the light of standard-deviations values, the opti-
mum storage period prior to AD is between 6 and 10 days. 
The small-scale experiment of the second trial (10 L—FW2) 
showed that about 75% of the initial methane volume pos-
sibly available could be produced after two weeks of stor-
age. The large-scale experiment (300 L—FW2) showed a 
methane recovery yield of 95% after storage which was not 
significantly different from the volume of methane poten-
tially available initially (F (1, 7) = 0.30, p > 0.05). This trial 
also displayed the lowest loss of initial carbon because of 
a low hydrolysis performance compared to the small-scale 
experiments. These results confirmed that small-scale FW 
storage leads to higher levels of aerobic degradation.

Conclusions

Storage significantly influenced the physical–chemical char-
acteristics of FW due to the spontaneous hydrolysis of the 
substrate. During the storage, an aerobic biological activity 
was recorded. Such aerobic activity triggered the fast lique-
faction of the FW, the release of gaseous compounds and sup-
ported the production of organic acids including lactic acid.

Depending on the substrate and the scale of storage, the 
hydrolysis was more or less effective and part of the initial 
carbon present in the FW was lost. Overall, the loss of ini-
tial carbon was less than 7% (Table 5) and attained lowest 

values in the case of large-scale storage, with a total loss of 
0.7%. The limited loss observed at large-scale was caused 
by raise in temperature, which dried out the FW and limited 
the microbial activity. Nevertheless, considering the gap in 
mass balances and measurement uncertainties, an accept-
able carbon loss value during storage should be around 10%.

The change in physical–chemical characteristics also 
influenced the BMP because of the presence of lactic acid 
that is inhibitory for methane production. If impossible to 
avoid, one week represents, in the condition tested in this 
study, an optimal storage time as the increase in BMP value 
compensates the loss of organic matter. Large-scale storage 
methods, such as the bring point model, are recommended 
as they exhibit lower loss of subsequent methane volume 
potential compared to small-scale storage.

Beyond the impact of different storage methods on anaer-
obic digestion that was studied in this article, the data of 
gaseous emission collected could be of valuable interest to 
study the environmental impact of biowaste collection sys-
tems using the life cycle assessment (LCA) method.
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