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In a wet digestion process, it is necessary to dilute high solid content feedstocks, such as grass silage.
However, grass silage tends to be a problematic feedstock for wet digestion due to its tendency to float, to
wrap aroundmoving parts, and to cause inhibition to themicrobial process due to production of ammonia.
Grass silage may be better suited to batch digestion. However, in a batch process, half the feedstock is left
behind after each cycle to provide innoculum for the next batch of feedstock. This reduces the effective
reactor volume and increases capital costs. A solution is to combine the leach beds with a high-rate reactor.
The system employed in this paper is termed a SLBR-UASB and is a two-phase process. The leach beds
are the conduit for hydrolysis, and themethane production takes place in theUASB.The leach bedsmaybe
emptied at each cycle, reducing the size requirement of the leach beds to 67% of a pure batch system. This
paper documents the problems in designing and commissioning a small pilot-scale SLBR-UASB system.
The SLBR-UASB showed itself to be a reliable system when the commissioning was completed. A batch
test suggested the upper limit for methane production of 350 L CH4 kg

-1 VS added. The recorded gas
production when the system was operated as designed was 305 L CH4 kg-1 VS added (87% of gas
production from batch test) at a retention time of 42 days, effecting a volatile solid reduction of 68%. The
first 5 days of the 7-day cycle resulted in 86% of CH4 production.

1. Introduction

1.1. Significance of Digester Design.Design criteria for an
anerobic digester includes for biological, technical, economic,
and environmental criteria. Different disciplines empha-
size different aspects of the design. Scientists (biologists
and biochemists) are concerned with the rate, stability, and
completion of the biochemical reactions. An engineer, on the
other hand, is preoccupied with the retention time, the path
taken by the feedstock, the separation of liquid and solid
streams, and process concerns (such as wear and tear of
machine parts and the maintenance of electromechanical
devices). The developer is concerned about finance; he is
willing to take risk with money but is risk averse to the
technology. He expects stable operation with maximum
energy production. The environmentalist places the empha-
sis on energy and greenhouse gas balance.1

The substrate and its properties are an essential design
input to the digester design.What onemay consider to be the
same substrate can vary greatly from country to country,
from season to season, from farm to farm, and from site to
site. For example, grass silage can vary in dry solids content
from 20% to over 40%. The water-soluble content is maxi-
mized in an afternoon cut, the lignin content increases

with the season, and the potential to float in a wet digester
increases with increased particle size.2

The digester design must also be robust and allow for
expansion and flexibility. The potential to maximize profit
and provide sustainable employment benefits is based upon
the ability to seizeuponopportunities.Canadigester designed
for monodigestion of grass silage allow for codigestion with
other feedstocks that bring a gate fee and a high specific
methanogenic capacity?

A good reactor seeks to emulate the digestive system of the
bovine: efficient, stable digestion with high loading rates and
short retention times. The components of a good digester
could mimic the bovine and encompass an acid-phase diges-
ter (stomach), a methane-phase digester (intestine), and a
process control system (brain).

1.2. Monodigestion of Grass Silage. Grass, due to its
specific gravity, tends to float on the digester fluid surface,3

forming sods of undigested grass that do not digest and trap
any produced gas within the liquor. Grass, due to its fibrous
nature, tends to wrap around moving devices.4 Thus, grass
silage as a monosubstrate causes abrasion5 and leads to the
failure of the biological process particularly in wet digestion
systems. A well-designed stirring system is essential for wet
monodigestion of grass silage. Prochnow et al.5 stated that
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the technical and biological problems associated with using
grass silage for anaerobic digestion processes are not ad-
dressed in the scientific literature. Recently, articles have
appeared on this topic; Thamsiriroj andMurphy6 addressed
the difficulties in commissioning a wet two-stage digester
operating with grass silage as the sole feedstock.

1.3. Dry Batch Process. The dry batch process is particu-
larly suitable for grass digestion because of its ability to take
a high solid content (up to 50%). However, there are not
many facilities operating on grass silage.2 The dry batch
process overcomes the problems of grass flotation and the
specific need for an effective mixing mechanism. Moreover,
ammonia inhibition, which may be problematic in mono-
digestion of grass silage in a wet process,7 is not reported in
the dry batch process. Dry digestion offers simplicity in
operation with little pretreatment, minimal dilution, and
reduced energy inputs.2 Feeding is also relatively simple.
Half of the substrate is left behind in the digester on first
unloading as an innoculum. Thus, for example, a cycle time
between opening and closing the batch digester of 30 days
corresponds to a retention time of 45 days. With a single
batch, the gas production starts, increases, peaks, decreases,
and ceases. To overcome this normal curve production
of gas, a number of digesters are required, which are fed
sequentially to get a relatively constant supply of biogas
production.2

1.4. Sequentially Fed Leach Bed Reactor Complete with

Upflow Anaerobic Sludge Blanket. In the history of AD
technologies, one of the most notable developments is the
upflow anaerobic sludge blanket (UASB) reactor.8 There are
now more than 1000 UASB units in operation all over the
world.9 The distinguishing phenomenon of the UASB over
other high-rate reactors is the formation of granular
sludge.10,11 The potential loading rate of the UASB is of
the order of 20 kg soluble chemical oxygen demand (COD)
m-3 reactor d-1. This is of the order of 10 times higher than a
wet system.2 By coupling the UASB to a dry batch system,
the batch system is converted to a leaching/hydrolysis system
providing COD for the UASB, which converts the COD to
methane.12 Thus, in operation of the batch system, it is
possible to empty the whole batch reactor and thus reduce
the retention time by 33% (from 45 to 30 days in the previous
example). All biogas is generated in the UASB.

1.5. Need for Process Control System. Commercial-scale
anaerobic digesters may not achieve their optimum loading
rates if the frequency of monitoring of the digestion activity

is limited.13,14 Esteves et al.15,16 stressed the importance of
measuring parameters, such as temperature, pH, liquid flow
rates, and gas production, in a combined control system. The
control system can allow a digester system to be loaded to the
maximum of its ability, optimizing reactor size and energy
production. The control systemmay consist of online closed-
loop monitoring facilitated by sensory devices, data-reading
software, and automated control, all of which is recorded,
logged, and stored.2

1.6. Focus of the Paper. The paper deals with designing,
commissioning, and the start-up of a small pilot-scale se-
quentially fed leach bed reactor complete with an upflow
anaerobic sludge blanket (SLBR-UASB). The emphasis of
this paper is on the design and commissioning of the reactor
system rather than the optimal biological performance over
time. This paper is in the domain of the engineering designer.
The paper outlines in detail the numerous issues that led to
problems in the effective operation of the designed system.
The numerous modifications that were required to bring the
system to operational stability are described in detail. The
paper is concerned with scale-up and with engineering de-
sign; however, the loading regime required to bring to steady
biological stability is also described.

2. Design of the Digester System

2.1. Characteristics of the Grass Silage. Baled grass silage
prepared by the Irish Agricultural Institute “Teagasc” was
used in this study (Table 1). The silage consists of homo-
geneous perennial ryegrass. The silage was the first cut of the

Table 1. Characteristics of Grass Silage in the Study

lactic acid (g kg-1 DS) 26.95
ethanol (g kg-1 DS) 11.54
acetic acid (g kg-1 DS) 3.93
propionic acid (g kg-1 DS) 0.25
butyric acid (g kg-1 DS) 1.43
VFA (g kg-1 DS) 5.61
ammonia (g kg-1 N) 46.18
WSC (g kg-1 DS) 49.83
pH 4.3
protein (% DS) 9.5
ME (MJ kg-1 DS) 10
DMD or D-value (% DS or D-value) 64
silage intake or palatability (g kg-1 W0.75) 89
PAL (meq kg-1 DS) 821
NDF (% DS) 59
FME (MJ kg-1 DS) 8.2
FME/ME ratio 0.81
oil (% DS) 3.3
C (% DS) 43.03
H (% DS) 5.82
N (% DS) 1.61
DS (%) 30.66
VS (%) 92.46

(6) Thamsiriroj, T.; Murphy, J. D. Difficulties associated with mono-
digestion of grass as exemplified by commissioning a pilot-scale digester.
Energy Fuels 2010, 24, 4459–4469.
(7) Thamsiriroj, T.;Murphy, J.D.Modellingmono-digestion of grass

silage in a 2 stage CSTR using ADM1. Bioresour. Technol. 2010, 102,
948-959.
(8) Paravira,W.;Murto,M.; Zvanya, R.;Mattiason, B. Comparative

performance of a UASB reactor and an anaerobic packed-bed reactor
when treating potato waste leachate. Renewable Energy 2006, 31, 893–
903.
(9) Tiwari, M. K.; Saumyen, G.; Harendranath, C. S.; Shweta, T.

Influence of extrinsic factor on granulation in UASB reactor. Appl.
Microbiol. Biotechnol. 2006, 71, 145–154.
(10) Sayed, S. Z.; Lettinga, W. Anaerobic treatment of slaughter

house waste using a flocculent sludge UASB reactor. Agric. Wastes
1984, 11, 197–226.
(11) Gooden, J.; Finlayson, M.; Low, E. W. A further study of the

anaerobic bio-treatment of malt whisky distillery Potale using anUASB
system. Bioresour. Technol. 2001, 78, 155–160.
(12) Nizami, A. S.; Thamsiriroj, T.; Singh, A.; Murphy, J. D. Role of

leaching and hydrolysis in a two-phase grass digestion system. Energy
Fuels 2010, 24, 4549–4559.

(13) Ward,A. J.;Hobbs, P. J.;Holliman,P. J.; Jones,D.L.Optimisation
of the anaerobic digestion of agricultural resources. Bioresour. Technol.
2008, 99, 7928–7940.

(14) Nizami, A. S.; Korres, N. E.; Murphy, J. D. A review of the
integrated process for the production of grass biomethane. Environ. Sci.
Technol. 2009, 43, 8496–8508.

(15) Esteves, S. R. R.; Wilcox, S. J.; O’Neill, C.; Hawkes, F. R.;
Hawkes, D. L. On-lineMonitoring of Anaerobic-Aerobic Biotreatment
of a Simulated Textile Effluent for Selection of Control Parameters.
Environ. Technol. 2000, 21, 927–936.

(16) Esteves, S. R. R.; Wilcox, S. J.; Hawkes, D. L.; O’Neill, C.;
Hawkes, F. R. The development of a neural network based monitoring
& control system for biological wastewater treatment systems. Int. Jnl. of
Condition Monitoring and Diagnostic Engineering Management 2001, 4,
22–28.
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year at an early mature stage of the grass. The herbage was
field wilted for 24 h prior to baling. Polythene stretch-film
was used to wrap the bales, which were initially stored for
five weeks. Subsequently, small square bales were prepared
at a suitable scale for experimental use.

2.2. Design of UASB Reactor. The system (Figure 1) is
similar in concept to a system tested by Lehtom€aki et al.,17

who combined leach beds with a high-rate anaerobic filter at
lab scale. This system differs as it is at a small pilot scale,
which introduces engineering complexity. It also differs in
that it employs a UASB. A UASB was chosen because it can
tolerate loading up to 20 kg COD m-3 d-1 while effecting a
90%destruction of COD.Nizami et al.14 showed that 1 kg of
volatile solids (VS) destroyed generates 1.4 kg of COD and 1
kg of COD destroyed produces 350 L of CH4. Therefore,
each kilogram of VS destroyed can generate 441 L of CH4 if
theUASB effects 90%destruction of COD. The relationship
between COD, biogas, and methane for this experimental
process are outlined in Table 2. An upflow velocity of less
than 0.1 m h-1 is a crucial operating parameter in UASB
design.18,19 If the upflow velocity criterion is not met,
operational problems will occur. These include sludge bed
flotation, foaming in the gas-liquid interface, and under-
graded ingredients, which reduce the efficiencies of the
UASB.20 The other design criteria include hydraulic load,

superficial biogas velocity, sludge retention time (SRT),
temperature of the reactor,21 and influent COD concen-
tration.22,23 Table 3 outlines the capacity of theUASB reactor.

2.3. Digester Scheme.Grass silage is loaded on a substrate
holding cage within a cylindrical chamber (leach bed).
Water/leachate is sprayed onto the grass silage beds and
leaches organic material from the grass silage to the liquid.
The leachate contains high amounts of organic matter
(COD) and volatile fatty acids (VFAs). The leachate collects
in a leachate tank from where it will be pumped either to a
UASB reactor or back to the leach beds to increase the COD
content. The COD in the leachate is converted to CH4 in the
UASB reactor. Biogas is collected over theUASB; gas flow is
measured by a gas flowmeter. The collected biogas is further
tested for CH4 concentration. The treated leachate is recir-
culated back over the leach beds. Leach bed reactors are
arranged in parallel so that the leachate obtained is uniform
in COD concentration.

2.4. Digester Components. 2.4.1. Leach Beds.There are six
leach beds (Figure 2a) of similar diameter (400 mm) and
height (400 mm). Each leach bed consists of a substrate
holding cage that is positioned on a sieve plate. The capacity
of the substrate holding cage (depth of 150 mm) is 16 L. On
average, the cage accepts 3.5 kg of silage (220 kg m-3). The
total volume of each leach bed is 50 L. Sixteen liters is left as a
head space to provide for effective sprinkling over the
substrate; a further 16 L is also provided under each leach
bed for the collection of the leachate.

2.4.2. Leachate Tank.A common horizontal leachate tank
(Figure 2b) with a volume of 40 L serves as the collection
chamber for leachate generated in the leach beds. This
leachate may either be recirculated back to the leachate

Figure 1. Schematic of sequencing leach bed reactor complete with UASB (SLBR-UASB) indicating views of photographs indicated in the
figures in this paper (for example, 2a refers to the photo in Figure 2a).

(17) Lehtom€aki, A.; Huttunen, S.; Lehtinen, T. M.; Rintala, J. A.
Anaerobic digestion of grass silage in batch leach bed processes for
methane production. Bioresour. Technol. 2008, 99, 3267–3278.
(18) GonCalves, R. F.; Cha Lier, A. C.; Sammut, F. Primary fermen-

tation of soluble and particulate organic matter for waste water treat-
ment. Water Sci. Technol. 1994, 30, 53–62.
(19) Mahmoud, N.; Zeeman, G.; Gijzen, H.; Lettinga, G. Solids

removal in upflow anaerobic reactors, a review. Bioresour. Technol.
2003, 90, 1–9.
(20) Kosaric, N.; Blaszczyk, R.; Orphan, L. Factors influencing

formation and maintenance of granules in upflow anaerobic sludge
blanket reactors (UASBR). Water Sci. Technol. 1990, 22, 275–282.
(21) Wiegant,W.M. Experience and potential of anaerobic treatment

in tropical regions.Water Sci. Technol. 2001, 44, 107–113.

(22) Vieira, S. M. M.; Gracia, A. D., Jr. Sewage treatment by UASB-
reactor. Operation results and recommendations for design and utiliza-
tion. Water Sci. Technol. 1992, 25, 143–157.

(23) Souza, M. E. Criteria for the utilization, design and operation of
UASB reactors. Water Sci. Technol. 1986, 18, 55–69.

http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-000.jpg&w=391&h=251
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holding cups or be pumped up into the UASB. A sampling
point and connection valve for the leachate tank, located
before the pump, facilitates analytical analysis and flow
control.

2.4.3. Water/Leachate Holding Cups. A suitable starting
point in this recirculation system is the highest point. The
leachate is held in six water/leachate holding cups with a
holding capacity of 1.5 L per cup (Figure 2c). These cups fill
to a similar level before a valve allows the simultaneous
release of the leachate over the leach beds below.

2.4.4. UASB Reactor. The UASB reactor (Figure 2d) is
250 mm in diameter and 750 mm in height. The total volume
of theUASB reactor is 37 Lwith aworking volume of 31.4 L.
The sampling points and connecting valves at both ends of
the reactor allow analysis of experimental data and control
of the flow of leachate. A wet gas flow meter is connected to
the top of the UASB to measure the flow of biogas.

2.5. System Operation. 2.5.1. Feeding Substrate. The sub-
strate/feedstock is placed in the holding cage fitted inside
each leach bed (Figure 3a). The leach bed is closed with a
sealed lid. Water is sprinkled from the leachate holding
cups through the spray nozzle onto the substrate in the
leach bed.

2.5.2. Variable-SpeedPump.Apumpwith variable speed is
connected to recirculate the leachate around the system,
from the leachate tank to the UASB, or to the leachate
holding cups and back to the leach bed and leachate tank
(Figure 3b). High sprinkling rates ensure good hydrolysis
and efficient conversion of volatile solids to COD.

2.5.3. Sprinkling System.The sprinkling system consists of
the aforementioned pump (Figure 3b), six leachate holding
cups (Figure 2c), pipes, and leachate discharge nozzles
(Figure 3c). Each leachate holding cup is connected at the
bottom level to the next leachate holding cup to ensure the
filling regime results in a similar level of leachate in each cup.
The valve that releases the leachate from the cups is set to
function when a sufficient quantity of leachate is stored.
Small holes in the leachate discharge nozzle together with the

quick discharge of the leachate from the full holding cups
ensure amaximum spread of leachate over the substrate. The
six cups are connected with a pipe at the top of the cups to
discharge the leachate in case of overflow. This pipe also
serves to prevent excessive suction pressures and allows the
leachate to be sprinkled over the substrate (Figure 2c).

2.5.4. Percolation System. A sieving system is in place
within the bioreactor to ensure that particulate matter does
not clog moving parts. Different filters and sieve plates are
positioned for this purpose. Within the leach beds, coarse
particles are filtered by 4 mm diameter holes at the center of
the holding cage (Figure 3a). The sieve plate (Figure 3d)
beneath the leach bed has 1.5 mm diameter holes. The
leachate is further filtered for fine particles through a 1 mm
diameter size filter, when the leachate is conveyed from the
leachate tank to the UASB or directly to the leach beds
(Figure 3e).

2.6. Process Control. 2.6.1. Digital Control System. A
digital control system consisting of a programmable logic
controller (PLC) and a supervisory control and data acquisi-
tion system (SCADA) is designed tomonitor and control the
various process parameters of the bioreactor, including
temperature, pH, flow of circulating leachate, pump rates,
leachate holding and discharge frequency, and the flow and
quantity of biogas.

2.6.2. Temperature. A temperature control and command
system is provided to each main component of the reactor,
such as the leach bed, the leachate tank, and the UASB
reactor. Each leach bed is connected with a temperature
sensor probe (Figure 4a). To attain the required temperature
in the leachate tank, two folding coils are employed: one
placed beneath the leachate tank and the other wrapped
around the tank (Figure 4b). TheUASB reactor is connected
with embedded heating elements (PT100 Elements Omega)
(Figure 4c) and temperature sensor probes (PT100 Probes
Omega) at two different locations (Figure 4d).

2.6.3. pH. pH is a crucial process parameter in anaerobic
digestion; it indicates the level of acidity or alkalinity. pH

Table 2. Theoretical Relationship between COD, Biogas, and Methane Production (Adopted from Nizami and Murphy,2 Nizami et al.,12 and

Nizami et al.14)

feedstock

grass silage = 21 kg
DS content @ 30% = 6.3 kg of DS
VS content @ 92% of DS = 5.8 kg of VS
VS conversion @ 70% = 4.06 kg of VS
retention time = 42 days

COD production

COD produced = 1.4 kg COD kg-1 VS
= 4.06 kg of VS � 1.4 kg COD kg-1 VS
= 5.68 kg of COD
= 5.68 kg of COD/42 days
= 0.135 kg COD d-1

methane production

methane produced @ 90% COD removal efficiency of UASB
= 0.35 m3 CH4 kg

-1 COD
= 0.35 m3 CH4 kg

-1 COD � 5.68 kg of COD � 0.9
= 1.79 m3 CH4

= 0.44 m3 CH4 kg
-1 VS destructed

= 0.31 m3 CH4 kg
-1 VS added

biogas and methane production

methane produced = 1.79 m3 CH4/42 days
= 0.04 m3 CH4 d

-1

biogas produced @ 55% methane = 3.25 m3 biogas/42 days
= 77.48 L d-1
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sensor probes (Signet 2754-2757 pH DryLoc pH/ORP
electrodes) are positioned in the leachate tank (Figure 4e)
and in the UASB (Figure 4f).

2.6.4. Biogas. Biogas is the ultimate outcome of the
anaerobic digestion process. To monitor and measure the
production of biogas, a gas flow meter (FMA-1600A Omega)
was attached on the head of the UASB reactor (Figure 4g).
To measure the composition of the gas (mainly CH4 and
CO2), a separate sample pointwas provided in the outlet pipe
for the biogas.

3. Methodology and Initial Start-Up

3.1. Analytical Methods.DS and VS contents were measured
using methods detailed in APHA.24 For every new batch of
silage inserted into the leach bed, three samples were taken.
These samples were measured for DS and VS; the average value
was used for analysis. Similarly, when the batch was removed
after 42 days, three samples were taken, the DS and VS were
measured, and the average value was used for analysis. The
COD concentration was measured by a COD analyzer set,
model HACH DRB200 and DR/2800, USA. A complete grass
silage analysis report based on their feeding value for dairy cattle

was conducted by Agri-Food and Biosciences Institute (AFBI),
Belfast, U.K. and the Irish Agricultural Institute “Teagasc”. C,
H, and N contents in the grass silage were analyzed by the
Department of Chemistry, University College Cork, Cork, Ire-
land, using the ultimate analysis method. A portable biogas
analyzer PGD3-IR (Scientific Controls Ltd.) was used to mea-
sure the composition of the biogas. TheHohenheim biogas yield
test (HBT)25 is used to determine the potential methane yield of
the grass silage.

3.2. Set-Up of Small Batch Experiments.As a countermeasure
and check of the process, an expected upper limit on methane
production is required. The achievable methane yield of grass
silage was determined in discontinuous digesters using the
Hohenheim biogas yield test (HBT).25 In this technique, a 100
mL glass syringe is used as a flask sampler; 500mg of grass silage
is used as a test substrate. The test samples are dried at 60 �C
over 48 h and ground to a size of less than 1 mm. The test
substrates are mixed with 30 mL of inoculum and digested at
37 �C in three replicates. In total, six samples are prepared and
tested to measure the methane potential. Biogas produced was
recorded periodically for its volume and methane content. A
separate inoculum was also digested with three replicates to get
zero variant.

Table 3. COD Capacity of UASB Reactor

innoculum

DS content of inoculum = 6.05% total
VS content of inoculum = 80.14% DS

= 48.5 g VS L-1 innoculum
reactor size = 31.4 L
designed VS concentration = 10 g VS L-1 reactor
quantity of inoculum added = (10 g VS L-1 reactor/48.5 g VS L-1) � 31.4 L

= 6.5 L
= 315 g of VS

dry solid-to-liquid ratio

silage weight = 21 kg @ 30% dry solids = 6.3 kg of DS
water in the system = 40 L
DS:liquid ratio = 1:6.3

upflow velocity of the leachate and maximum pump rate

volume of the UASB = 31.4 L
height of the UASB = 0.75 m
upflow velocity (m/h) = 0.1 m hr-1

= 0.75 m/7.5 h
retention time of leachate = 7.5 h
designed leachate flow rate = 4.18 L hr-1

= 100.4 L d-1

pump speed = 5.9 L d-1 rpm-1

pump speed required to reach 100.4 L/d = 17 rpm

COD capacity of innoculum

digestion activity of the inoculum = 0.6 g COD g-1 VS d-1

COD conversion efficiency of the inoculum = 90%
COD capacity for 6.5 L of innoculum = 315 g of VS � 0.6 g COD g-1 VS d-1/0.9

= 210 g COD d-1

COD capacity for 15 L of innoculum = (15/6.5) 210 g COD d-1

= 481.5 g COD d-1

loading rate of COD for UASB start-up

theoretical COD produced from silage = 5.68 kg of COD or 135 g COD/d (Table 2)
maximum concentration = 5.68 kg of COD/40 L = 142 g COD L-1

potential increase in concentration per day = 135 g COD d-1/40 L = 3.37 g COD L-1 d-1

practical COD in first 24 h (operation) = 13.5 g COD L-1 = 540 g COD d-1

UASB capacity for COD (15 L of innoculum) = 481.5 g COD d-1

pump rate at low flow = 5.9 L d-1 rpm-1

loading rate = 481.5 g COD d-1/13.5 g COD L-1 = 35.7 L d-1

pump on/off every = 2 h
COD feed @ 12 rpm = 71.3 L d-1

(24) StandardMethods for the Examination ofWater andWastewater,
20th ed.; American Public Health Association: Washington, DC, 1998.

(25) Helffrich, D.; Oechsner, H. The Hohenheim biogas yield test.
Landtechnik 2003, 58, 148–149.
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3.3. Seeding theUASBReactor.Fresh inoculumwas collected
from an operating UASB anaerobic digestion plant (Carbery
Milk products). Initially, the VS content in the inoculum was
adjusted to 10 g VS L-126 by blending with tap water. At this VS
concentration, the inoculum required was 6.5 L (Table 3),
which, on initial experiments, proved to be too low in compar-
ison to the size of the UASB reactor and thus resulted in high
dilution of the feed and inoculum. The process of biogas
production ceased very quickly after its initiation. In the second
trial, half of theUASBwas filledwith inoculum from the reactor
(15 L), by adjusting the VS content in the inoculum to 23 g VS
L-1, and half with leachate from the leachate tank. The COD
capability of the UASB was calculated to be 210 g COD d-1 for
6.5 L of inoculum and 482 g COD d-1 for 15 L of inoculum
(Table 3).

3.4. Experimental Layout for SLBR-UASB. A 3.5 kg portion
of grass silage was loaded to each leach bed in a 7-day sequence.
With six leach beds, this leads to an overall cycle time of 42 days.
The leachate tank (capacity of 40 L) was filled with tap water. In
the first 24 h, theUASB reactor was disconnected from the cycle
to allow build up of the COD concentration. A pump flow rate
of 1180 L d-1 was chosen, dispersing 200 L d-1 over each batch.
The COD concentration observed in the first 24 h was 13.5 g
COD L-1. This equates to 540 g of COD, which is above the

COD capacity of the UASB reactor (481.5 g COD d-1)
(Table 3). The feeding rate and the corresponding pump speed
were calculated accordingly (Table 3). It was noted that the
pump speed cannot go above 17 rpm (100 L d-1) when feeding
the UASB as the upflow velocity will exceed 10 cm hr-1 and
cause washout of the innoculum from the UASB reactor
(Table 3).

4. Problems and Modifications

4.1. Foam Formulation. Foam forms in the UASB when
the reactor is fed at loading rates beyond the capacity of the
bacterial population.27,28 Accumulation of long-chain fatty
acids within the reactor causes foaming.29 If insoluble com-
ponents with floating properties, such as fats and lipids, are
not degraded, this can also result in foaming.30 Foaming

Figure 3.Operation of the system: (a) cage of the leach bed, (b) low-rate pump, (c) leachate discharge nozzle, (d) sieve plate, and (e) filters for
leachate.

Figure 2. Digester components: (a) leach beds, (b) leachate tank, (c) water/leachate holding cups, and (d) UASB reactor.

(26) Forbes, C.; O’Reilly, C.; McLaughlin, L.; Gilleran, G.; Tuohy,
M.; Colleran, E. Application of high rate, high temperature anaerobic
digestion to fungal thermozyme hydrolysates from carbohydratewastes.
Water Res. 2009, 43, 2531.

(27) Shin, H.; Paik, B. Improved performance of UASB reactors by
operating alternatives. Biotechnol. Lett. 1990, 22, 469–474.

(28) Cuervo Lopez, F.M.;Martinez, F.; Gutierez Rojas,M.; Noyola,
R.A. Effect ofN loading rates and carbon sources on denitrification and
sludge settleability in UASB reactor.Water Sci. Technol. 1999, 40, 123–
130.

(29) Tchobanoglous, G.; Burton, F. L.; Stensel, H. D. Wastewater
Engineering. Treatment and Reuse, 4th ed.; McGraw-Hill Companies: New
York, 2003.

(30) Miranda, L. A. S.; Henriques, J. A. P.; Monteggia, L. O. A full-
scale UASB reactor for treatment of pig and cattle slaughterhouse
wastewater with a high oil and grease content. Braz. J. Chem. Eng.
2005, 22, 601–610.

http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-001.jpg&w=462&h=121
http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-002.jpg&w=312&h=208
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occurred during the start-up period of the UASB. The
reactor was fed at high loading rates as it was believed that
biogas was not being produced. In actuality, the biogas was
being produced but was not recorded due to leakage of
biogas through theU-tube connection connecting theUASB
to the leachate holding cups (Figure 5c). Foam rose to the
head of the UASB, condensed, and solidified around the
walls of the pipes leading to the gas flow meter, exasperating
the problem. To overcome this foaming problem, the follow-
ing steps were taken:

(a) The loading rates were reduced to suit the capacity of
the innoculum.

(b) A water holding cup with a capacity of 886 mL was
installed at the top of the UASB to backwash the gas

pipes and reducebuildupof foamat the topof theUASB
(Figure 5a).

(c) A water filter with a volume of 2 L was positioned
between theUASB and the gas flowmeter to absorb any

foam (Figure 5b).All gas passed through thiswater filter.

4.2. U-Tube Connection. The leachate leaving the UASB
en route to the leachate holding cups traveled via a U-tube

connection. The gas flow meter was manufactured to have a

restricted flow of biogas in order to give an accurate mea-

surement. The diameter of the pipe leading to the gas flow

meter was thus small. Because of the high pressure of the

biogas at the top of the UASB and the restricted flow capa-

city of the gas pipes, the biogas traveled through the U-tube

Figure 4. Process control mechanism: (a) temperature sensor for leach bed, (b) heating coils at leachate tank, (c) heating coils for UASB, (d)
temperature sensor for UASB reactor, (e) pH sensor of leachate tank, (f) pH sensor of UASB, and (g) wet gas flow meter.

Figure 5.Modifications for foaming andU-tube: (a) water holding cup, (b) water filter, (c) small U-tube, (d) deeperU-tube, (e) plastic pipe, and
(f) cylindrical unit.

http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-003.jpg&w=412&h=208
http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-004.jpg&w=434&h=260
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(Figure 5c) to the leachate holding cups, instead of passing
through the narrow pipe to the flowmeter. To overcome this
problem, a deeper U-tube was installed (Figure 5d). How-
ever, after a few weeks of operation, this, too, began to allow
the biogas to pass through, which pushed the leachate from
the U-tube. It was noted that sometimes the biogas escaped
from the U-tube in bubbles due to foaming. The ultimate
solution involved the removal of the U-tube and the installa-
tion of two small cylindrical vessels (1.8 L volume) (Figure 5f).
The leachate leaves the UASB through a straight plastic pipe
and is discharged to the first cylinder. From this, the leachate
passes to the second cylinder and finally to the leachate
holding cups. The leachate has the same level at the top of
both cylinders. The transparent plastic pipe allows observa-
tion of any potential risk of foaming. An additional gas
collection point was installed in the first cylinder to capture
any escaped biogas from the UASB (Figure 5e).

4.3. Clogging. The leachate was observed to have a con-
siderable quantity of coarse particles; this resulted in clog-
ging of various joints and components. This was initially
noted at the nozzles of the sprinkling heads (Figure 6b). It
resulted in irregular and weak sprinkling, rather than the
intended smooth, homogeneous leachate shower over the
grass silage in the leach bed. The particles also resulted in the
failure of the sprinkling controlmechanism. Thismechanism
consists of solenoid valves, which are designed to open and
close at a certain intervals. The coarse particles coagulated at
the surface of solenoid valves (Figure 6a), giving false signals
to the process control system and resulting in valves remain-
ing open continuously. Thus, the leachate holding cups never
filled, and the water merely trickled out of the sprinkling
heads. This situation would not lead to hydrolysis of the
grass silage. The solutionwas to insert a removable sievewith
pore sizes of 1.2 mm in diameter at the first leachate holding
cup (Figure 6c).

4.4. Start-Up of UASB. These problems were detrimental
to the start-up process. In particular, for a UASB system,
granulation must be enhanced; the hydraulic and organic
loading rate should increase the size and density of granules

to achieve the optimum efficiency from theUASB.Changing
the feed from cheese whey to grass silage liquor is already a
challenge to the bacterial population besides the stop/go,
overfeed/underfeed regime of this start-up process. These
disturbances affect the UASB; a significant period of time is
required to recover due to the slow growth rate of methano-
genic bacteria.31 As a result of overloading, there is an
accumulation of VFAs. This induces the production of
carbon dioxide and hydrogen gas in the biogas. Once the
partial pressure of the hydrogen gas increases to values of ca.
10-4 atm, disturbances occur in themetabolic pathways. It is
beyond the limit of slow-growing methanogenic bacteria to
eliminate this level ofH2. As a result, the degradation rates of
propionate, butyrate, and lactate are inhibited.32 The com-
bined effect is a significant change in the production of
biogas and its composition.33

5. Results

5.1. Digester Operation. These problems dominated the
first 84 days of operation, and as a result, a very low volume
of biogas was produced (Figure 7a). On solving the mis-
cellaneous previously described problems, the biological
process of the UASB began to stabilize. The loading rates
were increased with recirculation (Figure 7b) rates at an
interval of 21 days (Figure 7c). The methane content of the
biogas increased, and the volume of biogas produced in-
creased with increasing loading rate (Figure 7a).

5.2. Methane Production.Using the Hohenheimmethodol-
ogy, an upper limit on methane production on this particular
grass silage was suggested at 350 L CH4 kg

-1 VS (Figure 8). It

Figure 6.Modifications in the sprinkling mechanism: (a) solenoid valves protecting valve, (b) extended nozzles, and (c) removable sieve cup.

(31) Bhatia, D.; Vieth, W. R.; Venkatasubramanian, K. Steady-state
and transient behavior in microbial methanification. I: Experimental
results. Biotechnol. Bioeng. 1985, 27, 1192–1198.

(32) Fongastitkul, P.; Mavinic, D. S.; Lo, K. V. A two-phased
anaerobic digestion process: Concept, process failure and maximum
system loading rate. Water Environ. Res. 1994, 66, 243–254.

(33) Chua,H.; Hu,W. F.; Yu, P.H. F.; Cheung,M.W.L.Response of
an anaerobic fixed-film reactor to hydraulic shock loadings. Bioresour.
Technol. 1997, 61, 79–83.
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Figure 7. Continued

http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-006.jpg&w=466&h=684
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could be stated that this is the upper limit on the potential
methane production.

The methane yield from the SLBR-UASB is divided into
different stages. All of these stages include for six cycles of 7
days between feeding, yielding an overall retention time of 42
days. For stages 2-5, the first day of feeding (every 7th day),
the UASB was disconnected and a high recirculation rate
was used to generate a high strength leachate. The pumpwas
set to 1180 L d-1, which is roughly equivalent to 200 L d-1

over each leach bed. This value was chosen based on a
previous work on leaching and hydrolysis by Nizami and
co-workers.12 For days 2-7, theUASB is connected. Thus, it
should be noted for stages 2-5 that the gas production is
produced primarily in 6 days as theUASB is disconnected on
1 day in the 7-day cycle and produces little gas on that day.

Stage 1 (day 1 to day 84): This stage accounts for the first
84 days after seeding the UASB and leaving all the gas off

from the inoculum. The methane production was 52 L CH4

kg-1 VS added. The low methane production was due to the
aforementioned problems of foaming, gas leaking, clogging,
and resultant poor sprinkling.

Stage 2 (85 to day 105): The feeding to the UASB was
3 rpmor 17.7 L d-1, which corresponds to an upflow velocity
of 0.017mhr-1, which is 5.7 times less than the design upflow
at steady state. Themethane production in this 21-day period
was 139 L CH4 kg-1 VS (more than twice the methane
produced from the first 84 days).

Stage 3 (day 106 to day 126): The pump was set to 6 rpm or
35.4 L d-1, which corresponds to an upflow velocity of 0.034m
hr-1.Themethaneproduction increased to175LCH4kg

-1VS.
Stage 4 (day 127 to day 147): The pump was set to 12 rpm

or 70.8 L d-1, which corresponds to an upflow velocity of
0.068 m hr-1. A methane production of 243.84 L CH4 kg

-1

VS was recorded.

Figure 7. Results of the experimental SLBR-UASB operation.

http://pubs.acs.org/action/showImage?doi=10.1021/ef101739d&iName=master.img-007.jpg&w=469&h=479
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Stage 5 (day 148 to day 189): The pump was set to 17 rpm
(100.4 L d-1). The upflow velocity is now at a maximum for
the UASB (0.1m hr-1). Amethane production of 305 LCH4

kg-1 VS was recorded. This is 87% of the gas production in
the batch test.

5.3. UASB Efficiency. The UASB efficiency is calculated
by the expression in eq 1

UASB efficiency ð%Þ ¼ 100
� CODin -CODout=CODin ð1Þ

where CODin is the COD flowing into the UASB and
CODout is the COD leaving the UASB.

The conversion rates of COD to methane in the UASB
increased with increasing organic loading rates. The concen-
tration of COD increased when the recirculation rates were
increased. A UASB efficiency of 80% was achieved at the
highest recirculation rates employed: 100 L d-1 fromday 148
to day 189 (Figure 7b).

5.4. Dry Solid Removal Efficiency. Days 1-84: With a
retention time of 42 days, the dry solids removal efficiency
varied from 49% to 62%, averaging 53.5%.

Days 85-189: After improving the hydrolysis mechanism
and increasing the recirculation rates, the DS removal effi-
ciency increased from 43.2% to 68.9%.

Days 148-189: During the last 42 days operating at the
highest recirculation rates (100 L d-1), the averageDS remo-
val was 66.6%.

5.5. Volatile Solid Removal Efficiency. Days 1-84: The
volatile solids removal efficiency varied from 23.7% to 62.2%.

Days 85-189: The VS removal efficiency increased from
52.2% to 70%.

Days 148-189: The average VS removal efficiency was
68.1%. (Figure 7d).

5.6. pH. In the unstable/commissioning period (days
1-84), the pH of the UASB varied in the range of 6.3-7.8
while averaging 6.9. The biological process of the UASBwas
considered stable from day 85 to day 189. The pH range
reduced (from 6.57 to 7.73), averaging at 7.43.

In the unstable period, the pH of the leachate varied from
5.2 to 8.7, averaging 6.56. In the stable period, the pH ranged
from 4.72 to 8.06 with an average of 7.04 (Figure 7e).

6. Discussion

6.1. Biological Process. During the last 42 days of opera-
tion of this system, it is postulated that the UASB was

biologically stable and the hydrolysis rates in the leach beds
were optimal. The pH of the UASB varied from 6.57 to 7.73,
which is within the optimum pH range for UASB, as
suggested by Tiwari et al.9 and Kim et al.34 of 6.3-7.8. The
pH in the leach beds varied from 5 to 8. This is in line with the
suggested range for optimal hydrolysis of 5-7,12,35 4-6.5,36

or less than 7.37,38 The maximum DS and VS removal was
69% and 70%, respectively. This is in line with the observa-
tions made by Nizami et al.,12 who found the maximum
removal of 70.6% for both DS and VS from the same grass
silage as that employed in this study.

The temperatures of the UASB and the leach beds were
maintained at around 37 �C, which is stated as the optimum
temperature within the mesophilic temperature range
(35-40 �C) for anaerobic digestion.39,40

6.2. Methane Production. Using the Hohenheim metho-
dology, an upper limit onmethane productionwas suggested
at 350 L CH4 kg

-1 VS (Figure 8). There is a wide range of
values for methane production in the literature for digesting
fresh and ensiled grass of different varieties.2,12 M€ahnert
et al.,41 employing batch lab-scale digestion of fresh and
ensiled grass of various species, observed methane produc-
tion in the range of 0.31-0.36 m3 kg-1 VS. Baserga and
Egger42 andKTBL43 observed biogas production from0.5 to
0.6 m3 biogas kg-1 VS added using the same scheme at
laboratory scale; at 55%methane, this corresponds to 0.28-
0.33 m3 kg-1 VS. Yu et al.36 and Cirne et al.44 observed a
methane production of 0.165 m3 CH4 kg-1 VS added and
0.27 m3 kg-1 VS using leach beds coupled with a high-rate
anaerobic filter at lab scale.

This SBLB-UASB system yielded a methane production
of 305 L CH4 kg-1 VS at the highest recirculation rates
(100Ld-1), which corresponds to the upflowvelocity limit of
theUASB (Table 3). Itmay thus be stated that the systemhas
obtained a significant degree of efficiency and is in the high
range of expected methane production.

Figure 8. Results of the small batch experiments.

(34) Kim, J.; Park, C.; Kim, T. H.; Lee, M.; Kim, S.; Kim, S.W.; Lee,
J. Effects of various pretreatments for enhanced anaerobic digestion
with waste activated sludge. J. Biosci. Bioeng. 2003, 95, 271–275.

(35) Veeken, A.; Kalyuzhnyi, S.; Scharff, H.; Hamelers, B. Effect of
pH andVFAon hydrolysis of organic solid waste. J. Environ. Eng. 2000,
126, 1076–1081.

(36) Yu, H. W.; Samani, Z.; Hanson, A.; Smith, G. Energy recovery
from grass using two-phase anaerobic digestion. Waste Manage. 2002,
22, 1–5.

(37) Dinamarca, S.; Aroca, G.; Chamy, R.; Guerrero, L. The influ-
ence of pH in the hydrolytic stage of anaerobic digestion of the organic
fraction of urban solid waste. Water Sci. Technol. 2003, 48, 249–254.

(38) Babel, S.; Fukushi, K.; Sitanrassamee, B. Effect of acid specia-
tion on solid waste liquefaction in an anaerobic digester. Water Res.
2004, 38, 2417–2423.

(39) Zoetemeyer, R. J.; Arnoldy, P.; Cohen, A.; Boelhouwer, C.
Influence of temperature on the anaerobic acidification of glucose in a
mixed culture forming part of a two-stage digestion process.Water Res.
1982, 16, 313–321.
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robic digestion of palm oil mill effluent.Electron. J. Biotechnol. 2007, 10,
376–385.

(41) M€ahnert, P.;Heiermann,M.;Linke,B.Batch- and semi-continuous
production from different grass species. Agricultural Engineering Interna-
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(42) Baserga, U.; Egger, K. Verg€arung von Energiegras zur Biogas-
gewinnung. (Anaerobic digestion of energy grass for biogas production).
Bundesamt f€ur Energiewirtschaft, Forschungsprogramm Biomasse:
T€anikon, 2007; p 41.

(43) KTBL, Gasertr€age Gasausbeuten in Landwirtschaftlichen Bioga-
sanlagen; Association for Technology and Structures in Agriculture, KTBL:
Darmstadt, 2005; pp 10-16.

(44) Cirne, D. G.; Lehtom€aki, A.; Bj€ornsson, L.; Blackall, L. L.
Hydrolysis and microbial community analyses in two-stage anaerobic
digestion of energy crops. Appl. Microbiol. 2007, 103, 516–27.
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6.3. Methane Content of Biogas. The observed methane
content was 53.8% on average from day 1 to day 84. The
methane content increased to 70.2% when the water filter
was employed to absorb the incoming foam from theUASB.
This would be in line with the significantly higher solubility
of carbon dioxide in water as compared with methane.

Jung et al.45 used a two-stage anaerobic process (first
stage, acidogenic; second stage, methanogenic) at pilot scale
treating pig slurry. The methane content of the biogas was
observed in the range of 80-90% as the carbon dioxide was
dissolved into the weak effluent wastewater. This observa-
tion is line with Sawyer et al.,46 who stated that the methane
content of the biogas can be increased by dissolving carbon
dioxide into water, as is the case in this research.

6.4. Retention Times. The majority of the methane was
observed during the first 3 days after loading each new batch
(Figure 7c). The UASB efficiency of 80% is recorded on the
first day when the leachate contains high COD levels
(on average, 16 g L-1). In the last 42-day cycle (day 148 to
day 189), the system was optimized after eliminating all the
start-up problems and the UASB was fed at its highest flow
rate. The average observed methane production in the first 4
days after loading the new batch and attaching the UASB
was 61 L CH4 kg

-1 VS added (4� 61= 244 L CH4 kg
-1 VS

added). In the last 2 days of each batch cycle of 7 days, the
average methane production was 22 L CH4 kg

-1 VS added
(2 � 22 = 44 L CH4 kg-1 VS added). On average, 11 L
CH4 kg

-1 VS added was observed in the first 24 h when the
UASB was not fed and disconnected from the leachate tank
(Figure 7c).

According to Liu et al.,47 green waste can be digested in 12
days, generating high biogas production. After 50 days of
grass silage digestion, the reported yield by Lehtom€aki and
Bj€ornsson48 is 0.39 m3 CH4 kg-1 VS added at 59% VS
removal using a two-stage system: a leach bed coupled with
a high-rate anaerobic filter at lab scale. However, they
obtained 85%of totalmethane production fromgrasswithin
the first 30 days.

6.5. UASBEfficiency.TheUASB efficiency increasedwith
increasing organic loading associated with increasing recir-
culation rates (Figure 7b). During the last 42 days, when the
highest upflow rate and associated highest loading rate were
applied, an efficiency of 80% was achieved. Mahmoud
et al.19 suggested increasing the organic loading rates through
reduced retention times to increase the efficiency of the UASB.
In addition, it is suggested that an increased concentration in the
influent leads to a higher efficiency in the UASB.

The upflow velocity should be of the order of 0.1 m hr-1; a
constant upflow velocity is necessary for goodmixing within
the UASB.19 Low upflow velocity does not generate the
required turbulence in the sludge bed, which results in poor
mixing. Excessive upflow velocity may lead to wash out of
influent solids along with viable biomass. High solid loading

rates are not of benefit as it results in a reduced solid reten-
tion time (SRT), leading to undegraded proteins and lipids,
which affect the physical and chemical conditions of the
microbial mass. Thus, the efficiency of the UASB system is
controlled by the influent COD concentration and the up-
flow velocity.49

6.6. Improving the Efficiency of the System. Within this
system, it may be an option to use a second pump for hydro-
lysis, generating a more efficient leaching process producing
a higher concentration of CODwhile maintaining a constant
upflow in the UASB of 0.1 m hr-1 using the existing pump.
The hydraulic retention time may be reduced to six cycles of 5
days, dropping the overall retention time from 42 days to
30 days.

7. Conclusion

In designing digester systems, there is a significant differ-
ence between lab-scale work and small pilot-scale work. At
small-scale pilot, the potential for engineering problems is
significant. Often times, the operator can assume a biological
problem when the problem is of an engineering nature. As in
this research, the absence of gas flow recorded in the gas flow
meter was assumed to be due to lack of gas production rather
than a gas leak or gas taking an alternative route through the
system. The perceived solution to the problemmay exasperate
the problem; as in this case, increasing loading to create gas
flow actually over loaded the digester system.

The SLBR-UASB showed itself to be an efficient system
when the commissioning was completed. The recorded gas
production when the system was operated as designed (days
148-149) was of a high level (305 L CH4 kg

-1 VS added) at a
retention time of 42 days, effecting a volatile solid reduction of
68%.Thismaybe compared to the suggested upper limit from
a batch test of 350 L CH4 kg

-1 VS added.
The first 5 days of the 7-day cycle results in 86% of CH4

production (44 L of the total 305 L CH4 kg
-1 VS added is

produced in the last 2 days of each 7-day cycle). There is scope
to reduce the retention time to six cycles of 5 days (30 day
HRT) rather than six cycles of 7 days (42 day HRT). This
would suggest that a reduction in size of 29%would lead to a
reduction in methane production of 14%. However, this may
be improved by using a second pump that has a function of
purely recirculating the leachate over the leach beds (at flows
in excess of 100 L d-1, limiting flow of UASB) to improve the
rate of destruction of volatiles and increase the production
rate of COD. The initial pump may now be used to pump the
leachate to the UASB at a set rate corresponding to an upflow
velocity of 0.1mhr-1.Higher concentration rates ofCODwould
result, leading to higher conversion efficiencies in the UASB.
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