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Increased biogas production in a wastewater treatment
plant by anaerobic co-digestion of fruit and vegetable
waste and sewer sludge – A full scale study
Nathan D. Park, Ronald W. Thring, Randy P. Garton, Michael P. Rutherford
and Steve S. Helle

ABSTRACT
Anaerobic digestion is a well established technology for the reduction of organic matter and
stabilization of wastewater. Biogas, a mixture of methane and carbon dioxide, is produced as a
useful by-product of the process. Current solid waste management at the city of Prince George is
focused on disposal of waste and not on energy recovery. Co-digestion of fresh fruit and vegetable
waste with sewer sludge can improve biogas yield by increasing the load of biodegradable material.
A six week full-scale project co-digesting almost 15,000 kg of supermarket waste was completed.
Average daily biogas production was found to be signiﬁcantly higher than in previous years. Digester
operation remained stable over the course of the study as indicated by the consistently low volatile
acids-to-alkalinity ratio. Undigested organic material was visible in centrifuged sludge suggesting that
the waste should have been added to the primary digester to prevent short circuiting and to increase
the hydraulic retention time of the freshly added waste.
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INTRODUCTION
An estimated 38% of solid food available for retail sale was
wasted by Canadians in 2007 (Statistics Canada a). The
majority of this organic waste was disposed of in landﬁlls.
Issues with landﬁll space, groundwater contamination,
resource sustainability, and greenhouse gas emissions have
sparked interest in diversion of waste from landﬁlls. Composting is the most widespread form of organic waste
diversion from landﬁlls. Approximately 1.7 million tonnes
of organic waste were composted in centralized facilities
in Canada in 2002 (Statistics Canada b). Composting
produces a valuable resource as a soil amendment, but is
an energy consuming process. Also, recent concerns over
energy sustainability, energy security, and anthropogenic climate change have sparked great interest in producing
energy from waste. Incineration is the most common form
of energy generation from waste. However, the high water
content in food waste limits its energy production potential.
Anaerobic digestion (AD) is a process in which bacteria
consume organic wastes, in the absence of oxygen, to produce
methane gas and carbon dioxide. Biogas, as the gas mixture is
doi: 10.2166/wst.2011.753
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termed, can be used as fuel like conventional natural gas. The
remaining stabilized solids, or biosolids, are beneﬁcial as a
nitrogen and phosphorous rich soil amendment. The AD process has been in use for decades to stabilize and reduce the
organic solids found in wastewaters. The biogas produced
can be used to supplement the energy demands of the wastewater treatment facility. Most AD systems are constructed
with excess capacity to account for future population growth
and have low organic loading rates due to the low solids content of incoming raw sludge. Total solids (TS) content of the
digester sludge at the Lansdowne wastewater treatment plant
(LWWTP) is approximately 1.5% and could be increased to
the 3–4% range without signiﬁcant plant modiﬁcations
(Garton ). Biogas yield could be improved, with minimal
capital investment, by adding biodegradable matter to increase
the digester loading. This process is also known as co-digestion.
Anaerobic digestion of organic wastes is a viable waste disposal method to reduce greenhouse gas emissions (Haight
). Due to the sealed and controlled nature of AD, volatile
gases are trapped, combusted, and reduced to carbon dioxide.
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Aerobic treatment of wastes, on the other hand, produces large
and uncontrolled emissions of volatile compounds, such as
ketones, aldehydes, ammonia and methane (Mata-Alvarez
et al. ). Methane is of signiﬁcant importance due to the
large amount formed during the decomposition of organic
wastes and its potent greenhouse gas warming potential.
Anaerobic digestion is therefore advantageous from an emissions standpoint by producing methane in a controlled
manner. This methane can then be burnt to produce carbon
neutral CO2 and offset emissions from energy production that
may have otherwise come from fossil fuels (Ward et al. ).
Co-digestion is the AD of two or more organic waste
streams. The beneﬁts of co-digestion include: the dilution of
toxic compounds, improved balance of nutrients, synergistic
effects of organisms, increased load of biodegradable
matter, and ultimately an increase in biogas yield (Sosnowski
et al. ). Much research has been conducted in the
laboratory on the co-digestion of various organic wastes
(Alatriste-Mondragon et al. ; Ward et al. ). Lab
scale experiments by Zhang et al. () have shown that
food waste is a highly desirable substrate for anaerobic digestion due to its high biodegradability and methane yield. Full
scale anaerobic co-digestion projects are less widely reported.
Zupancic et al. () increased the organic loading rate
(OLR) of digester inﬂuent by 25% using the organic fraction
of municipal solid waste (OFMSW) in a fully operational
wastewater treatment plant. Biogas quantity increased by
80%, electrical energy production increased by 130%, and
heat production increased by 55%. The increased volatile
solids load also improved degradation efﬁciency by 10%
and there was no signiﬁcant increase in digester efﬂuent
volatile solids content. Bolzonella et al. () have also
increased the OLR of a fully operational WWTP by as
much as 20% with the addition OFMSW and subsequently
increased gas production by 50%. Edelmann et al. ()
found an increase in biogas production of 27% when the
organic loading was increased by codigesting supermarket
waste in a relatively small sewer treatment plant.
The full scale study presented here was undertaken to
assess the feasibility of using local fruit and vegetable
waste to improve biogas production in the anaerobic digesters of the LWWTP in Prince George, British Columbia,
Canada. FVW was added to the secondary digester in
order to increase the loading of easily biodegradable
matter and potentially promote digestion of recalcitrant
sludge. The waste was collected from six supermarkets in
town; hand sorted, characterised, shredded, and pumped
into the secondary digester. Overall digester performance
was evaluated during the course of the study.
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METHODS
The LWWTP is a secondary wastewater treatment plant that
treats wastewater coming from the municipality of Prince
George, British Columbia, Canada. The plant is sized for
115,000 PE. Digesters are fed approximately 120 m3/day of
crude sludge (approximately 3.5–4% TS) from two primary
clariﬁers. The anaerobic digestion system is composed of
two digesters, operated in series, each with a maximum
volume of 2,986 m3. The digesters are operated at mesophilic
(36 ± 2 C) temperatures. The combined hydraulic retention
time of both digesters is approximately 35–40 days. After
the sludge has been stabilized it is dewatered by centrifugation to about 25% dry matter. Methane gas is used in a
boiler to produce heat, or cleaned of hydrogen sulphide and
siloxanes and combusted by as set of microturbines to produce electricity. The microturbines are used mainly in the
summertime when the heating requirements of the LWWTP
are low. All in-process measurements were performed by
the City of Prince George laboratory staff. Combined digester
biogas production was measured continuously and totalled
daily. Digester gas carbon dioxide concentration is measured
2–3 times per week using a Fyrite™ gas meter. Methane gas
concentration is assumed to make up the remaining balance.
Volatile acids and alkalinity of the digester sludge were determined twice per week by the method outlined by Dilallo &
Alberton (). Digester sludge pH was measured by standard methods (APHA ).
W

Fruit and vegetable waste (FVW) collection and addition
FVW’s were collected from Save-On Foods (four locations),
Shoppers Wholesale, and Old Town Country Market in
Prince George, B.C. Waste was collected every weekday
morning (excluding statutory holidays). FVW was then
spread out on to a clean concrete pad and visible impurities
were removed by hand. The ‘clean’ FVW was then shovelled
into a Vaughn™ ‘Veggie Chopper’ pump, mixed with water,
and shredded for a set time. The shredded waste was then
pumped into the sludge heating recirculation line of the secondary digester.

FVW laboratory analysis
Five to ten kilograms of FVW were selected by random shovelfuls and combined. Approximately 1 kg of roughly
chopped FVW was blended to a thick consistency (2–3 min)
using a Krups™ household blender. Blended waste was then
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stored at 4 C and analyzed within 48 h. Samples of waste
were frozen for COD analysis at the end of the study. The
mass of FVW waste inserted was recorded daily. TS, VS,
COD, pH, volatile acid concentration, and alkalinity were
analyzed in duplicate 3 times per week (randomly). TS, VS,
and pH were determined by standard methods (APHA
). Sewer sludge (SS) and FVW were diluted 5:1 and
25:1, respectively, with deionised water for COD measurements. COD was determined by the HACH™ colorimetric
method (Hach ). Volatile acids and alkalinity were determined by the method outlined Dilallo & Alberton ().
Statistical data treatment
Mean daily biogas production over the 6 week trial was compared using analysis of variance (ANOVA). When p was
signiﬁcant (<0.05), statistical differences among treatment
means were determined using Tukey-HSD test. JMP 8 statistical software (SAS, NC, USA 2010) was used to perform
statistical calculations. Microsoft Excel was used to produce
the graphs.

RESULTS AND DISCUSSION
Fruit and vegetable addition
The total mass of FVW inserted weekly is shown in Table 1.
Impurities were mainly plastic food wrapping, and other garbage. It was removed daily, by hand, and the wet mass was
recorded daily.
Supermarket waste proved to be a reliable and consistent waste stream. One cubic meter of waste weighed
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approximately 460 kg. The TS and VS of the collected
waste remained stable over the course of the experiment
(Table 1). Source sorted supermarket FVW was found to
be extremely low in impurities when compared to similar
waste streams. Kubler et al. () found food waste
originating from canteens to be considerably higher in
impurities, 5% by mass respectively.

FVW and SS characteristics
A comparison of the FVW and secondary digester SS
characteristics are shown in Table 2.
The high moisture content (MC), approximately
89.6%, of the FVW suggests sufﬁcient water for AD. The
high VS content (86% TS) imply a high level of biodegradability. TS and VS (Table 2) of the supermarket waste
were found to be similar to waste collected from similar
sources. Bouallagui et al. () reviewed the characteristics of a number of mixed fruit and vegetable wastes
and found it them to have a TS content between 8–10%,
a VS content of about 90%, and total COD around
104 g/L. More variable waste streams such as OFMSW
were found to be much higher in TS content, approximately 23–35%, and lower in VS, 57–70% when
compared to FVW (Kubler et al. ).The VS solids content of the FVW was approximately 20% higher than the
SS. This suggests that the FVW is more degradable than
the sewer sludge. The volatile acids concentration of the
FVW was quite high suggesting that the FVW may not
have had the buffering capacity to maintain optimal pH
if anaerobically digested alone (Ward et al. ). Codigestion with a buffering substrate such as sewer sludge
was therefore necessary.

Weekly mass of FVW added to digesters

Week

Mass of FVW (kg)

TS (%)

TS inserted (kg)

VS (% TS)

VS inserted (kg)

Impurities (kg)

Impurities (%)

July 12–16

1,990

12.5

249

90.0

224

5.1

0.26

July 19–23

2,166

12.2

264

89.0

234

1.6

0.07

July 26–30

2,801

9.6

270

79.9

215

2.5

0.09

Aug 3–6

2,391

11.6

277

86.7

240

6.3

0.26

Aug 9–13

2,215

13.0

288

89.7

259

3.6

0.16

Aug 16–20

3,036

9.7

296

81.7

242

6.1

0.20

Total

14,599

NA

1,644

NA

1,416

25.2

NA

Mean

2,433

11.4

274

86.2

236

4.2

0.17

SD

404

1.4

17

4.3

1

2

0.08
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Main characteristics of FVW and secondary SS

Parameter

FVW

SSa

TS (%)

11.5 ± 2.5

1.42 ± 0.21

VS (% TS)

86.2 ± 7.5

65.8 ± 1.4

4.6 ± 0.4

7.12 ± 0.07

pH
Volatile acids (mg/L)

2,477 ± 445

Alkalinity (mg/L)

979 ± 359

COD (g/L)

139 ± 39

a

171 ± 4
2,713 ± 52
12.8 ± 0.7b

Average values from July 1–August 31, 2009 (baverage COD determined from 1

sampling of SS).

Digester performance and response
Average daily biogas production for the study period under
investigation (July 12–August 20, 2010) was compared to the
historical biogas production during the same period
(Figure 1) and was found to be signiﬁcantly greater than
2008, 2007, and 2006, but not 2009. More stable gas production was observed during addition of FVW than in
previous years. Addition of co-digestate may have helped
to stabilize gas production by providing easily digestible
matter and possibly other trace nutrients that may have
been lacking in the secondary sewer sludge.
The average weekly biogas concentrations for 2010 were
8–17% higher than the historical weekly average. Not
enough FVW could have been added to account for all of
the increased biogas. Other factors may have contributed
to the increase in biogas production. Sosnowski et al.
() suggest that besides added biodegradable matter codigestion can improve biogas yield by dilution of toxic
compounds and improving the balance of nutrients inside
the digester. The most important parameter that contributes
to biogas production is the volume of crude sludge that ﬂows
into the digesters. Sludge volume ﬂow into the digesters,
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over the last year, was directly proportional to an increase
in biogas production (data not shown). The average daily
crude ﬂow of sludge into the plant was not signiﬁcantly
higher in 2010, during the study period, than any of the previous years (data not shown). Therefore, the increase in
biogas production in 2010 can not simply be accounted
for by an increase in sludge ﬂow alone.
Digester pH remained relatively stable over the course
of the study (data not shown). The secondary digester’s pH
declined slightly when compared to the primary digester.
This was most likely due to the addition of fresh organic
matter. Highly biodegradable matter such as FVW can
cause acidiﬁcation of the digester due to rapid hydrolysis,
acidogenisis, and subsequent increase in volatile acids concentration of the sludge (Ward et al. ). However, only
a small amount FVW was added and the strong buffering
capacity of the SS would have prevented any large shifts
in pH.
As seen in Figure 2, there is an increase in the secondary
digester carbon dioxide concentration after addition of FVW
to the digester. This increase may have been due to
the increased hydrolysis and acidogenisis occurring because
of the addition of fresh waste. Addition of FVW was
from Mondays to Friday; thus the drop in carbon dioxide
concentrations on the weekends.
Volatile acid concentration of the secondary digester
generally followed the trend of the primary, but was overall
lower. Alkalinity remained stable. Lower VS content of the
secondary digester decreases the formation of volatile acids
when compared to the primary digester. Digester health is
often determined by the ratio of volatile acids to total alkalinity. Ratios of 0.3–0.4 are indicative of digester upset.
(Water Environment Federation ). The volatile acids
to alkalinity ratio of both digesters remained stable (0.06–
0.08) throughout the study due to the high alkalinity and buffering capacity of the sewer sludge (Table 2). This suggests
that more waste could have been added without subsequent
digester acidiﬁcation.
Operation and maintenance

Figure 1

|

Average daily biogas production during the addition of FVW (July 12–August
20, 2010) compared to previous years without addition. (Means with the same
letter are not signiﬁcant at p < 0.05.)
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The only mechanical problem that arose was the clogging of
the hose that ran from the chopper pump to the sludge recirculation line. FVW often plugged this line. It then had to be
manually cleared. Increasing the pump chopping time,
decreasing the amount of waste per batch, as well as increasing the rinse cycle may have decreased clogging. Overall
there were no other mechanical problems with pumps or
clogging downstream from the waste addition. Edelmann
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Figure 2

|

Primary and secondary digester biogas carbon dioxide concentration over the course of the study (July 12–August 20, 2010). Dashed line represents carbon dioxide concentration. Solid line indicates the mass of FVW inserted.

Figure 3

|

(Left) Pre experiment biosolids and (Right) biosolids centrifuged during the course of the experiment.

et al. () also found no negative impact on mechanical
operation of anaerobic digesters at a sewer treatment plant
treating similar amounts of supermarket waste. The authors
did however notice accumulation of ﬁbrous scum build-up
near the ﬂoating roof of the digester. This was not noticeable
at the LWWTP. Most likely because the digester in this study
was much larger in volume (2,986 m3 compared to 240 m3)
and the study period was much shorter (6 weeks compared
to 14 months).
Biosolids quality
Biosolids collected during the study period were visibly
higher in impurities such as elastic bands, ‘twist ties’, and
other plastic (Figure 3). The British Columbia Ministry of
Environment () Land Application Guidelines for the
Organic Matter Recycling Regulation and Soil Amendment
Code of Practice suggest no more than 1% foreign material
in biosolids used for land application. Increased addition of
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FVW may cause regulatory problems with land application.
A more thorough pre-treatment process may be necessary to
reduce the addition impurities. Visible undigested organic
matter, possibly corn husks, were also found in dewatered
sludge. This undigested matter suggests that some of the
added waste passed through the secondary digester without
fully decomposing. Addition of waste to the primary digester
may have improved the digestion of more difﬁcult to digest
components by increasing the retention time and preventing
‘short-circuiting’ of waste when sludge was removed for
centrifugation.

CONCLUSIONS

•
•

FVW is a consistent, reliable, and clean organic waste
stream.
FVW can be disposed of in a fully operational WWTP
with no digester disruption.
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FVW contributed to an increase in biogas production.
Co-digestion may have been more complete if FVW was
inserted into primary digester instead of secondary.
Anaerobic co-digestion of organic waste and sewer sludge
is a possible alternative to landﬁlling.
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