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The dairy digester produced 27.5 m3 /day of biogas with 62.6% methane and reduced
organic matter (COD) by 86%. The swine digester produced 6.0 m3 /day of biogas with 76.4%
methane and reduced COD by 92%. Combining biogas from a swine and dairy digester,
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1.

Introduction

Untreated wastewater from animal operations results in
contamination of waterways, noxious odors, and the release
of methane, which is a greenhouse gas with 21 times the
global warming potential of carbon dioxide (Calander, 1995).
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When properly harnessed in a wastewater digester, however,
animal waste can be transformed into an environmental and
economic beneﬁt. As the borders between agriculture and
suburbia continue to blur, non-point source pollution and odor
pollution will continue to be a major problem throughout the
world. Low-cost anaerobic digesters can be part of the prac-

Corresponding author. Tel.: +1 301 405 1306; fax: +1 301 405 2763.
E-mail addresses: slansing@umd.edu (S. Lansing), joviquez@dospinos.com (J. Víquez), hmartinez@wspala.org (H. Martínez),
rbotero@earth.ac.cr (R. Botero), martin.1130@osu.edu (J. Martin).
0925-8574/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecoleng.2008.09.002

e c o l o g i c a l e n g i n e e r i n g 3 4 ( 2 0 0 8 ) 332–348

tical and environmentally sustainable solution to wastewater
contamination, fossil fuel depletion, and global warming.
A low-cost digester relies on ecological engineering principles by using self-organization with minimal external inputs
to treat wastewater and capture a renewable energy source.
The digestion process results in a number of beneﬁts (1) the
captured methane becomes a source of renewable energy, (2)
greenhouse gas emissions, wastewater pollution, and noxious odors are sharply reduced, and (3) an organic fertilizer is
created, as microorganisms transform the organic pollutants
into dissolved nutrients (Archer and Kirsop, 1990; Powers et
al., 1999; USEPA, 2004). In addition, small-scale agricultural
digesters are inexpensive and easy to build, which makes
them an appropriate technology to enhance the environment
and livelihoods of farmers (Botero and Preston, 1987; Chará et
al., 1999; Xiaohua and Jingfei, 2005; Lansing et al., 2008).

1.1.

Study summary

The need to control odor and water pollution from animal
facilities and a growing concern about global warming have
led to more published information on biogas systems (Martin,
2005); however, the overwhelming majority of this information
does not contain data on methane production or wastewater transformations (Switzenbaum, 1995; Lusk, 1998; Lettinga,
2001; Karanja and Kiruiro, 2003; Goodrich, 2007). Moreover,
robust quantiﬁcation studies for low-cost systems have not
been published. This study attempts to ﬁll this gap by quantifying electricity production, biogas production (quantity and
quality), and wastewater transformations in a plug-ﬂow digestion system that combines biogas from a swine digester and a
dairy digester in order to increase electricity production.

1.2.

The digestion process

Digesters provide an environment conducive to the growth of
the bacteria involved in the transformation of organic matter
to carbon dioxide and methane. During digestion, over 80% of
the pathogens and solids are eliminated, and a more effective
liquid fertilizer is created as microorganisms transform the
organic pollutants into dissolved nutrients (Mowat et al., 1986;
Thy et al., 2003; Botero and Hernández, 2005; Lansing et al.,
2008). If the liquid organic fertilizer is not utilized, the efﬂuent
can be directed to treatment wetlands.
The ﬁrst step in anaerobic digestion is the hydrolysis of
complex organic matter into soluble organic molecules of
usable size, i.e. lipids to fatty acids, polysaccharides to glucose, and protein to amino acids (Erickson and Fung, 1998;
Bitton, 1999). The next step is acidogenesis, where these substances are fermented to alcohols, ketones, and volatile fatty
acids (VFAs), which are subsequently converted to acetate, carbon dioxide, and hydrogen during acetogenesis. In the ﬁnal
step, methanogens convert the acetate, carbon dioxide, and
hydrogen to methane.
Two temperature ranges are optimum for anaerobic
digestion, the mesophilic range (25–40 ◦ C) and the thermophilic range (50–65 ◦ C) (Bitton, 1999). Low-cost digesters
are mesophilic. Methanogens have a greater sensitivity to
high and low pHs than acetogens, resulting in an optimal pH
for anaerobic digestion of 6.4–7.6, with maximum gas pro-
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duction occurring above pH 7 (Parsons, 1984). The buffering
capacity of the wastewater is critical for neutralizing volatile
fatty acids (VFAs), which are produced during the digestion
process.

1.3.

Low-cost digesters

Currently, there are over 10 million low-cost digesters in India
and China alone (Abraham et al., 2007). In Costa Rica, there
are approximately 1000 low-cost digesters treating agricultural and human wastes. While low-cost digestion systems
are widespread, there has been a paucity of research regarding
digester performance. Research and development in digestion
technology in the United States and Europe have focused on
large-scale, capital-intensive systems, which are appropriate
for industrial-scale farms, but with an average cost of $1.5 million are largely inaccessible to the medium and small-scale
farmer (Inglis, 2006; USEPA, 2006).
In Taiwanese-model, low-cost digesters, wastewater ﬂows
through a tubular polyethylene or PVC bag, producing biogas with 60–70% methane that can be used directly as a heat
source, eliminating the need to burn wood or buy natural gas
for cooking or heating. At an additional cost, an electrical generator can be used to produce electricity using the produced
biogas (Rajabapaiah et al., 1993). The construction, materials, and labor costs of an 8-m long (25 m3 ) Taiwanese-model
digester is approximately $400 in Costa Rica, without electricity generation. A 25 m3 digester can treat waste from 55 pigs
(50 kg), offering up to 6 m3 of biogas per day, with a methane
content above 60% (Lansing et al., 2008).
Low-cost digesters are often plug-ﬂow, the contents are not
mixed, and continuous management or internal heating is
not required when located in a tropical climate (Chará et al.,
1999; Ong et al., 2000). The friction from digester walls and
the effects of gas production do result in some mixing of the
contents in small-scale digesters. The solids tend to settle out,
resulting in a longer retention time than the liquid-portion of
the wastewater and better degradation of solids in these systems compared to completely mixed reactors (Hobson, 1990;
Lansing et al., 2008).

1.4.
Comparisons between low-cost and high-cost
digestion systems
Industrialized digesters are usually continuous stirred tank
reactors (CSTR), in which a portion of the produced biogas is
used to heat and mix the digester (Berglund and Börjesson,
2006). CSTR technologies have not been shown to be practical or economical for developing countries (Inglis, 2006). The
overwhelming majority of low-cost digesters use the biogas
directly for heating and cooking, but as electricity rates continue to rise, agricultural producers are looking to optimize
their digestion systems to allow for electricity production.
Biogas from small-scale digesters can be used for electricity generation (Rajabapaiah et al., 1993; Goodrich, 2007), but
research on electricity production has been primarily conﬁned
to industrialized digesters. In the U.S., approximately 100 agricultural digesters are producing electricity (USEPA, 2006). The
large amount of waste produced at these operations assures
that enough methane for electricity generation is produced.
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Fig. 1 – The EARTH University farm in Costa Rica. The farm includes two digesters: (1) a dairy farm digester with a solid
separator for a 60-cow dairy facility and (2) a swine digester constructed with two digester bags in-series with a grate with
solid separation prior to the digester and seven sedimentation canals for further treatment of the efﬂuent. The efﬂuent from
the sedimentation canals and the dairy farm digester are transferred, via gravity, to a four-cell treatment wetland (4950 m3 ),
with a dilution from a small river diversion being directed to the 3rd treatment wetland. The biogas from the two digesters
is combined and used to power a 40-kW generator.

Small farmers often lack the capacity to utilize these high-tech
digesters. Preliminary studies indicate that large wastewater
inputs and high capital costs are not necessary (Goodrich,
2007).

2.

Methods

2.1.

Site description

Biogas from two digesters is combined and used to produce
electricity in this integrative farm system located at Escuela
de Agricultura de la Región Tropical Húmeda (EARTH) University in Costa Rica (Fig. 1). A 85 m3 dairy digester treats
ﬂushed manure from 60 Braham–Holstein milking cows, with
an average weight of 450 kg kept in the milking parlor for
approximately 2 h a day (Fig. 2). A 61 m3 swine farm digester
treats ﬂushed waste from 50 pigs with an average weight of
50 kg, kept in the corrals 80% of the time (Fig. 3). EARTH University is located in the humid tropics (10◦ 4 N, 83◦ 38 W) at
an elevation of 50 m, with an average temperature range of
25–30 ◦ C.
The dairy digester is preceded by a 7 m × 3.5 m × 0.8 m
open-air, gravity-operated, solid separation tank. The inﬂuent to the digester is taken, via PVC pipe, from 3/4 of the tank
height, while the ﬂoating ﬁbers and settled solids are manually
removed from the solid separator twice a month for composting. The efﬂuent of the diary digester goes directly to the ﬁrst
of four treatment wetlands, which are dominated by water

hyacinth (Eichhornia crassipes), water cabbage (Pistia stratiotes),
and duckweed (Lemna minor) (Fig. 1). Together, the four treatment wetlands have an area of 3000 m2 with an average depth
of 1.65 m, resulting in water capacity of 4950 m3 . A PVC pipe

Fig. 2 – A photograph of the EARTH University
Taiwanese-model dairy digester. The digester consists of a
21-m long polyethylene tubular bag with an 8 m
circumference and a total volume of 85 m3 . The biogas
ﬂows by pressure to one of two biogas storage bags. The
storage bags are each 21 m long with a circumference of 5
and 8 m, respectively, resulting in a total biogas storage
capacity of 149 m3 .
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Fig. 3 – The EARTH University swine digester consists of two digesters in series. Each digester is 21 m long, with a 5-m
circumference and a total volume of 61 m3 . The biogas is transported by pressure to a biogas storage bag with a length of
21 m and a circumference of 8 m, resulting in a storage capacity of 107 m3 .

carries a portion of a natural spring into inﬂuent of the third
treatment wetland (Nahlik and Mitsch, 2006).
The swine digester does not have a formal separator, only
a grate to remove ﬁbers from the digester inﬂuent. The ﬁbers
from the grate are cleaned daily and composted. The efﬂuent ﬂows into a series of seven 0.5 m × 20 m sedimentation
canals, which are dominated by duckweed (Lemna minor). The
canals provide slow transportation of the swine digester efﬂuent down a steep gradient and provide some aeration in the
form of cascading pipe outﬂows between canals. The efﬂuent
from the ﬁnal canal ﬂows by PVC pipe to the ﬁrst treatment
wetland. The aquatic plants in the treatment wetlands and
sedimentation canals are harvested monthly and fed to the
pigs.
Both the dairy and swine farm digesters were constructed
using polyethylene tubular bags that have a thickness of
0.2 mm. The dairy manure digester is 21 m long and has an 8 m
circumference (Fig. 2). The biogas ﬂows by pressure to one of
two biogas polyethylene tubular storage bags. The storage bags
are each 21 m long with a circumference of 5 and 8 m, respectively, resulting in a total biogas storage capacity of 149 m3 .
The dairy farm digester treats 2.2 m3 of wastewater daily and
has a hydraulic retention time of 39 days.
The swine digester consists of two digesters in series. Each
digester is 21 m long, with a 5-m circumference (Fig. 3). The
biogas is transported by pressure to a biogas polyethylene
tubular storage bag with a length of 21 m and a circumfer-

ence of 8 m, resulting in a storage capacity of 107 m3 . The
swine facility treats 4.5 m3 of wastewater daily, resulting in
a total hydraulic retention time of 14 days for the in-series
digesters.
The produced biogas is combined and transported via vacuum pump to an 1100 L triazine-complex absorption tower to
remove hydrogen sulﬁde (H2 S). The combined biogas is then
stored in a 107 m3 biogas storage bag. The biogas is compressed at 34 kPa and sent to a spark-ignited Cummins Power
Generation biogas 40 kW generator (Fig. 4). The generator is a
prototype developed by Cummins speciﬁcally for small-scale
electricity production using biogas and was donated to EARTH
University. The generator was not connected to the EARTH
University electricity grid but was used as a stand-alone
generator to meet the farm’s peak 2-h electricity demand
every morning when the cows were milked and the following
machines were operated: four milking machines, a milking
tank cooler, a sugar cane press, and a vegetation shredder.
The study design consisted of four components. (1) Inﬂuent and efﬂuent water samples, biogas production, and biogas
quality (CH4 and H2 S) were collected from the swine and dairy
digesters over 9 months (May 2007 to February 2008) and statistically compared. (2) Wastewater characteristics of the ﬁnal
treatment wetland were determined and compared to each
digester’s efﬂuent. (3) Electricity production and biogas usage
data were collected from the electric generator, which used
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pH, and oxidation-reduction potential (ORP) using a handheld 556 MPS YSITM probe. The second sample was carried
to the EARTH University Water and Soil Laboratory on ice and
stored at 4 ◦ C. Samples were analyzed for chemical oxygen
demand (COD), total solids (TS), volatile solids (VS), ﬁxed solids
(FS), and turbidity within 24 h. Ammonium (NH4 –N), total kjeldahl nitrogen (TKN), and alkalinity were analyzed within 48 h.
Phosphates (PO4 –P) and total phosphorus (TP) were analyzed
within 7 days of collection. All samples were analyzed using
standard methods (APHA, 1998).
Biogas production from each digester and biogas usage for
the electrical generator were measured daily using three American Meter Company gas ﬂow meters (model AC-250) with IMAC
Systems pulse digital counters. Biogas quality was analyzed
weekly using two ﬁeld meters from Environmental Sensors (IR30 M methane meter and a Z-900 hydrogen sulﬁde meter). The
electricity production data were taken directly from the Cummins generator. Water usage data for stall washing at the dairy
and swine farms were taken with two Great Plains Industry
electronic water meters (model 01N12LM).

2.3.

Fig. 4 – A spark-ignited Cummins Power Generation natural
gas 40.0 kW generator (Model GGMA) operated using biogas
from dairy and swine digesters at EARTH University in
Costa Rica.

combined biogas from the swine and dairy digesters. (4) An
economic analysis was conducted to determine the economic
rate of return for low-cost digestion systems with electricity
production.

2.2.

Statistical analysis

Biogas and water data were analyzed using analysis of variance (ANOVA) to compare the dairy and swine digesters
in terms of biogas production, biogas quality, and wastewater transformations. In addition, ANOVA and subsequent
Tukey–Kramer multiple comparisons were used to determine which wastewater variables were signiﬁcantly different
between the ﬁnal treatment wetland and the two digester
efﬂuents. p-values <0.05 were considered to be indicative of a signiﬁcant effect, and p-values <0.10 were also
noted in the tables. All values in Section 3 and tables are
averages and include standard error (S.E.) and n-values.
The n-values represent the number of samples taken over
time.

Analytical methods
2.4.

Inﬂuent and efﬂuent composite water samples were collected
every week from May 15, 2007, to August 15, 2007, and every
2 weeks from September 1, 2007 to February 1, 2008. Samples from the ﬁnal treatment wetland were collected at the
end of the study on January 2, 16, and 30, 2008. Two composite samples were collected from the inﬂuent and efﬂuent
of each site during each sample collection by collecting several subsamples over a 30-min period to ensure the samples
were representative. One sample was analyzed on-site immediately after collection for temperature, total dissolved solids,

Economic analysis

A simple economic analysis was conducted, whereby the
economic input to the system was the capital cost, operational costs, and depreciation, and the economic output
was the income generated from savings in the electric bill
and the reduction in the wastewater ﬁnes that would have
been levied if a digester were not present. A discount rate
of 7% was applied to all income generated and ﬁnes levied,
in accordance with Lind (1997). A discount rate is the difference between nominal interest rates and the inﬂation rate

Table 1 – Biogas production (m3 /day), the percentage of methane in the produced biogas, methane production (m3 /day),
and the concentration of hydrogen sulﬁde (ppm) are given below for the dairy farm and swine farm digesters at EARTH
University in Costa Rica.

Dairy farm
Swine farm
Combined biogas: after H2 S scrubbing

Biogas (m3 /day)

Methane (%)

27.5 ± 2.7 (24)
6.0 ± 0.50 (23)
33.5

62.6 ± 0.6 (24)
76.4 ± 0.8 (22)
64.8

Average values are given with standard error and (n).

Methane (m3 /day)
17.1
4.6
21.7

Hydrogen sulﬁde (ppm)
182 ± 40 (20)
381 ± 53 (12)
3.4 ± 1.2 (9)

Table 2 – Waste parameters in the inﬂuent and efﬂuent of the dairy farm digester and the swine digester are given in the table below with percent change from the
inﬂuent to the efﬂuent.
Water parameter

Dairy farm digester

Temperature (◦ C)
ORP (mV)
pH
Alkalinity (mg CaCO3 /L)

26.7
−147
6.24
219

Organics
COD (mg/L)

5720 ± 610 (25)

Solids
Total solids (mg/L)
Volatile solids (mg/L)
Fixed solids (mg/L)
TDS (mg/L)
Turbidity (NTU)

4570
3130
1350
967
1680

Nitrogen
TKN (mg/g)
NH4 + –N (mg/g)
Phosphorus
PO4 − –P (mg/g)
TP (mg/g)

±
±
±
±

0.3 (21)
14 (21)
0.20 (21)
36 (21)

Average
efﬂuent
26.7
−71.4
6.58
463

±
±
±
±

0.3 (26)
7.3 (26)
0.04 (26)
35 (21)

0.5a
51.4*,a
5.5# ,a
111*,a

Average
inﬂuent
25.7
−224
6.72
294

±
±
±
±

0.3 (25)
19 (25)
0.08 (25)
45 (25)

86.1*

2330 ± 219 (25)

84 (23)
64 (24)
45 (23)
41 (26)
31 (25)

68.4*
80.3*
39.3*
8.4
86.0*

2180
1390
771
655
638

218 ± 13 (22)
48.6 ± 4.5 (23)

178 ± 18 (27)
33.0 ± 2.9 (26)

18.3#
32.1*

10.3 ± 1.4 (12)
30.0 ± 4.2 (12)

6.5 ± 1.0 (12)
16.6 ± 3.5 (11)

36.2*
44.7*

±
±
±
±
±

420 (23)
330 (24)
110 (23)
49 (21)
180 (25)

796 ± 128 (24)

Percent decrease
(%)

1440
616
822
886
235

±
±
±
±
±

±
±
±
±
±

166 (25)
108 (26)
78 (25)
58 (25)
64 (26)

Average
efﬂuent
25.8
−114
6.82
503

±
±
±
±

0.2 (24)
7 (24)
0.02 (24)
61 (23)

189 ± 15 (25)
717
237
483
1010
51.1

±
±
±
±
±

Percent decrease
(%)
0.3a
49.5*,a
1.5a
70.9*,a

91.9*

33 (24)
17 (25)
32 (24)
48 (24)
5.4 (26)

67.0
83.0*
37.4*
50.9*,a
92.0*

231 ± 15 (24)
59.2 ± 4.8 (24)

177 ± 8 (23)
98.7 ± 5.8 (26)

23.5*
66.9*,a

8.2 ± 1.9 (12)
30.7 ± 5.2 (13)

10.2 ± 1.8 (11)
19.8 ± 3.6 (13)

24.7a
35.4
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Average
inﬂuent

Swine farm digester

All values are given as averages ± S.E. (n). *Denotes signiﬁcant difference from the inﬂuent to the efﬂuent at the p < 0.05 level, # denotes p-values <0.10.
a

Increase in concentration from the inﬂuent to the efﬂuent.
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Fig. 5 – Biogas production at the EARTH University dairy
and swine farm digesters. The average value is shown in
m3 /day with S.E. bars.

and is used to determine the present value of future payments.

3.

Results

3.1.

Biogas

The dairy farm digester produced 27.5 m3 /day of biogas.
The swine farm digester produced signiﬁcantly less biogas
than the dairy facility (p < 0.001; F = 58.1), with 6.0 m3 /day
of biogas (Table 1; Fig. 5). Together the digesters produced
33.5 m3 /day of biogas. The dairy digester produced 0.32 m3 /day
of biogas per m3 of digester volume, 5.5 m3 /cow/day,
2.2 m3 /kg CODadded /day, and 4.0 m3 /kg VSadded /day, 2.5 m3 /kg
CODdestroyed /day, and 5.0 m3 /kg VSdestroyed /day. The swine
digester produced 0.10 m3 /day of biogas per m3 of digester
volume per day, 0.15 m3 /pig/day, 0.57 m3 /kg CODadded /day,
and 1.0 m3 /kg VSadded /day, 0.62 m3 /kg CODdestroyed /day, and
1.2 m3 /kg VSdestroyed /day.
The quality of the biogas from the two farm digesters
differed signiﬁcantly (p < 0.001; F = 193). The dairy and swine
farm digesters produced biogas with a methane concentration of 62.6% and 76.4%, respectively (Table 1; Fig. 6). Given
the larger quantity of biogas produced from the dairy digester,
the combined biogas had a methane concentration of 64.8%
methane.

The dairy and swine farm digesters produced 17.1 and
4.6 m3 CH4 /day, respectively (Table 1; Fig. 5). Together the
digesters produced 21.7 m3 CH4 /day. The dairy digester
produced 0.20 m3 CH4 /day per m3 of digester volume,
3.4 m3 CH4 /cow/day, 1.4 m3 CH4 /kg CODadded /day, and 2.5 m3
CH4 /kg VSadded /day, 1.6 m3 CH4 /kg CODdestroyed /day, and
3.1 m3 CH4 /kg VSdestroyed /day. The swine digester produced
0.08 m3 CH4 /day per m3 of digester volume per day, 0.11 m3
CH4 /pig/day, 0.44 m3 CH4 /kg CODadded /day, and 2.5 m3 CH4 /kg
VSadded /day, 0.48 m3 CH4 /kg CODdestroyed /day, and 0.89 m3
CH4 /kg VSdestroyed /day.
Hydrogen sulﬁde (H2 S) concentrations in the dairy and
swine farm digesters were 182 and 381 ppm, respectively,
which constitutes less than 0.05% of the produced biogas.
The H2 S concentrations between the dairy and swine farm
digesters were signiﬁcantly different (p = 0.005; F = 9.05). After
the H2 S scrubbing tower, the combined biogas has an average
H2 S concentration of 3.4 ppm.

3.2.

Wastewater transformations

3.2.1.

Temperature and ORP

The average temperature in the dairy farm digester (26.7 ◦ C)
was signiﬁcantly higher than the swine farm digester (25.7 ◦ C)
(p-value = 0.029; F = 5.1) (Table 2). The oxidation-reduction
potential (ORP) increased (became less negative) during the
digestion process in both the dairy and swine farm digesters.
The ORP increased 51.4% in the dairy digester from −147 to
−71.4 (p < 0.001; F = 24.3), and 49.5% in the swine digester from
−224 to −114 (p < 0.001; F = 28.1). The ORP levels were signiﬁcantly lower, or more negative, in the swine farm digester than
the dairy farm digester (p = 0.001; F = 12.4).

3.2.2.

3.2.3.

Fig. 6 – The percentage of methane in the produced biogas
at the EARTH University dairy and swine farm digesters.
The average value is shown in percent methane with S.E.
bars.

pH and alkalinity

The pH in the dairy farm digester was signiﬁcantly lower than
the swine farm digester (p = 0.003; F = 9.6). The average pH
increased during the digestion process in the dairy digester
at the 0.10 signiﬁcance level (p = 0.073; F = 3.4) from 6.24 to
6.58. The pH in the swine digester averaged 6.72 (inﬂuent)
to 6.82 (efﬂuent). Alkalinity in the dairy digester increased
111% during the digestion process from 219 to 463 mg/L
(p < 0.001; F = 113). The swine digester also had a signiﬁcant
increase in alkalinity (70.9%) from 294 to 503 mg/L (p = 0.008;
F = 7.6).

Organic matter and solids

During the digestion process, the organic matter, measured
in terms of COD, showed signiﬁcant decreases in the dairy
and swine digesters (p < 0.001; F = 60.1 and 95.3, respectively)
(Table 2; Figs. 7 and 8). The average COD of the dairy inﬂuent wastewater decreased 86.1% from 5720 mg/L (12.6 kg/day)
to 796 mg/L (1.8 kg/day). The swine digester had signiﬁcantly
less COD than the dairy digester in the inﬂuent and efﬂuent (p < 0.001; F = 27.3), with 2330 mg/L (10.5 kg/day) in the
inﬂuent and 189 mg/L (0.85 kg/day) in the efﬂuent, a 91.9%
decrease.
The solid variables (TS, VS) also signiﬁcantly decreased in
the dairy farm digester (p < 0.001; F = 52.2 and 55.8, respectively) and swine farm digester (p < 0.001; F = 71.1 and 108,
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Fig. 7 – The EARTH University dairy farm digester wastewater transformations over time (May 20, 2007, to January 25, 2008)
for chemical oxygen demand: COD (A), volatile solids: VS (B), ammonium: NH4 + –N (C), total kjedahl nitrogen: TKN (D), and
pH (E).

respectively) (Table 2; Figs. 7 and 8). The average VS of the
dairy inﬂuent wastewater decreased 80.3% from 3130 mg/L
(6.9 kg/day) to 616 mg/L (1.4 kg/day). The swine digester had
signiﬁcantly less VS than the dairy digester in the inﬂuent
and efﬂuent (p < 0.001; F = 27.3), with 1390 mg/L (6.3 kg/day) in
the inﬂuent and 237 mg/L (1.1 kg/day) in the efﬂuent, an 83.0%
decrease. The average turbidity decreased 86.0% in the dairy
digester (p < 0.001; F = 68.6), and 92.0% in the swine digester
(p < 0.001; F = 84.5). Similar to the COD concentrations, the concentrations of TS, VS, and turbidity in the inﬂuent and efﬂuent
of the dairy farm digester were signiﬁcantly greater than the
swine farm digester (p < 0.001; F = 20.1, 26.6 and 29.2, respectively).
The ﬁxed solids (total solids minus volatile solids)
decreased signiﬁcantly in both the dairy and swine digesters
by 39.9% and 37.4%, respectively (p < 0.001; F = 68.6, and
p = 0.002; F = 11.3).

3.2.4.

Dissolved solids, ammonium, and orthophosphates

Total dissolved solids (TDS) signiﬁcantly increased (50.9%) during digestion in the swine digester (p < 0.001; F = 21.7) (Table 2).
The swine farm digester had a signiﬁcant increase of 66.9% in
ammonium (NH4 + –N) (p < 0.001; F = 26.4). The NH4 + –N concentration rose in the swine digester from 59.2 mg/g (270 g/day)
to 98.7 mg/g (440 g/day) as the organic nitrogen was mineralized into dissolved ammonium form (Fig. 8). Orthophosphate
(PO4 − –P) also increased in the swine digester, but this increase
was not signiﬁcant (p = 0.456).
TDS decreased by 8.4% in the dairy digester, but this
decrease was not signiﬁcant (p = 0.21) (Table 2). The dairy
farm had signiﬁcantly more TDS in the inﬂuent than the
swine digester (p = 0.001; F = 13.4), but the efﬂuent TDS concentrations were not signiﬁcantly different. The dairy farm
digester had a signiﬁcant decrease of 32.1% in NH4 + –N from
48.6 mg/g (110 g/day) to 33.0 mg/g (73 g/day) (p = 0.005; F = 8.84)

340

e c o l o g i c a l e n g i n e e r i n g 3 4 ( 2 0 0 8 ) 332–348

Fig. 8 – The EARTH University swine farm digester wastewater transformations over time (May 20, 2007, to January 25,
2008) for chemical oxygen demand: COD (A), volatile solids: VS (B), ammonium: NH4 + –N (C), total kjedahl nitrogen: TKN (D),
and pH (E).

(Fig. 7). While the inﬂuent NH4 + –N concentrations of the dairy
and swine farms were not signiﬁcantly different, the efﬂuent of the swine farm digester was signiﬁcantly higher than
the dairy farm digester (p < 0.001; F = 49.5). PO4 − –P decreased
36.2% in the dairy digester (p = 0.039; F = 4.84). While both the
decreases in NH4 + –N and PO4 − –P were signiﬁcant, the F-values
were low, signifying that the decrease was signiﬁcant, but not
strong.

3.2.5.

Total nitrogen and phosphorus

Solids passively settle in the digester and have a longer retention time than the liquid portion of the wastewater. This
resulted in decreases in both total kjedahl nitrogen (TKN) and
total phosphorus (TP) in the dairy and swine farm digesters.
TKN decreased signiﬁcantly (23.5%) in the swine digester
(p = 0.002; F = 10.3) from 231 mg/g (1040 g/day) to 177 mg/g
(800 g/day) (Table 2; Fig. 8). There was also a decrease in TKN in
the dairy digester (18.3%) from 218 mg/g (480 g/day) to 178 mg/g
(390 g/day), but this decrease was signiﬁcant only at the 0.10
level (p = 0.098; F = 2.8) (Table 2; Fig. 7). TP decreased significantly (44.7%) in the dairy farm digester (p = 0.025; F = 5.8).
There was also a decrease in TP in the swine farm digester
of 19.8%, but this decrease was not signiﬁcant (p = 0.101).

3.2.6.

Treatment wetland

Samples taken from the fourth and ﬁnal treatment wetland that received efﬂuent waters from the dairy and swine
digesters showed signiﬁcant decreases from the digester efﬂuents in ORP, COD, TS, VS, FS, TDS, turbidity, TKN, and NH4 + –N
(Table 3). The average efﬂuent concentrations of the ﬁnal
treatment wetland were within the Costa Rican limits on all
parameters studied, including COD (2.3 mg/L), TS (8.4 mg/L),
TKN (9.4 mg/g), NH4 + –N (2.6 mg/g), and TP (4.0 mg/L) (MINAE,
2007).

3.3.

Electricity production

The generator produces only the amount of electricity that is
demanded by the farm. The generator was run for approximately 2 h a day, 5 days a week, during the farm’s 2-h
peak electricity demand, which coincided with daily milking
of the cows. The peak electricity demand of the farm was
12.9 ± 1.1 kW, which consumed 28.7 m3 ± 1.3 of biogas, resulting in 2.2 m3 of biogas being consumed per kW. Together the
two digesters produced 33.5 m3 /day of biogas, resulting in
81.8% of the farm’s peak electricity demand being supplied
by the biogas generator, which corresponds to 1 h and 38 min
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Table 3 – Waste parameters in the efﬂuent of the fourth and ﬁnal treatment wetland, which received the efﬂuent from the
dairy and swine farm digesters.
Final treatment wetland (4th wetland)
Average efﬂuent

Temperature (◦ C)
ORP (mV)
pH
Alkalinity (mg CaCO3 /L)
Organics
COD (mg/L)
Solids
Total solids (mg/L)
Volatile solids (mg/L)
Fixed solids (mg/L)
TDS (mg/L)
Turbidity (NTU)

24.6
−26.8
6.83
141

±
±
±
±

1.0 (3)
21.2 (3)
0.39 (3)
99 (3)

2.3 ± 2.3 (3)
84.4
60.0
24.4
67.3
6.3

±
±
±
±
±

14.6 (3)
3.8 (3)
11.1 (3)
21.1 (3)
2.4 (3)

Percent decrease (dairy) (%)

Percent decrease (swine) (%)

Inﬂuent

Efﬂuent

Inﬂuent

Efﬂuent

8.0
81.7
9.5a
35.5

8.1
62.4
3.7a
69.5

4.4
88.0*
1.7a
52.0

4.7
76.3*
0.2a
71.9

99.96*

99.7*

99.9

98.8

98.2*
98.1*
98.2*
93.0*
99.6*

94.2*
90.3*
97.0*
92.4*
97.3*

96.1*%
95.7
96.8*
89.7*
99.0

88.2*
74.6
94.9*
93.3*
87.6

Nitrogen
TKN (mg/g)
NH4 + -N (mg/g)

9.4 ± 4.7 (3)
2.6 ± 1.3 (3)

95.7*
94.6*

94.7*
92.1

96.0*
95.6*

94.7*
97.4*

Phosphorus
TP (mg/g)

4.0 ± 4.0 (2)

86.6

75.8

86.9

79.8

All values are given as averages ± S.E. (n). Additionally, the percent change from the treatment wetland efﬂuent and the dairy and swine farm
digesters’ inﬂuent and efﬂuent values are shown. *Denotes signiﬁcant difference from the treatment wetland at the p < 0.05 level.
a

Increase from the inﬂuent to the efﬂuent.

(21.1 kW) of the peak 2 h demand (25.8 kW) being met 5 days a
week.
The peak electricity demand of the farm was only 32%
of the 40-kW generator potential. The manufacturer stated
efﬁciency of the generator when running at 40 kW is 35%,
resulting in 0.44 m3 of biogas being consumed per kW (Martin,
2007). By consuming 28.7 m3 of biogas for every 12.9 kW, the
generator operated at an efﬁciency of 6.6%.

3.4.

Economic analysis

3.4.1.

Capital costs

The EARTH University electricity generation project had a
capital cost of $61,000, of which $21,000 was paid by EARTH
University. The costs include the digester and biogas storage bags ($1000), the rooﬁng and piping ($5000), the generator
building and electric equipment ($10,000), and the hydrogen sulﬁde absorption tower ($5000). The electric generator
($40,000) was donated to EARTH University by Cummins Power
Generation.
If EARTH University had purchased a 15-kW generator, a
more appropriate size for the farm, the cost would have been
$15,000, resulting in a capital cost of $36,000. The price of the
land for the digesters and treatment wetlands was not factored into the capital costs nor is an opportunity cost, since
all of the university lands were donated and much of the surrounding land is not utilized.

3.4.2.

Operational costs and depreciation

The 40-kW generator has an estimated lifetime of 20 years and
price of $40,000, resulting in a depreciation cost of $2000/year.

If a 15-kW generator were purchased at $15,000, the depreciation cost over 20 years would be $750/year. The operating
costs of the generator/digestion systems is estimated to be
$400/year or $8000 over 20 years, which includes changing of
the ﬁlters and oil in the generator every 2 months ($200/year),
replacing one digester bag and 25% of the piping every 5 years
($45/year and $55/year, respectively), and labor in Costa Rica
($100/year).

3.4.3.

Electricity savings

Currently, in Costa Rica the electricity cost is $0.15 kWh. Considering only the discounted income from the savings in the
electricity bill ($772/year) minus operational costs ($400/year),
all the installation costs paid by EARTH University ($21,000)
would be recovered in 56.4 years (Scenario A). Depreciation
costs were not factored into the EARTH University costs, since
the generator was donated to EARTH. If depreciation costs of
$2000/year were considered, the farm would lose $1630/year.
If a 15-kW generator were purchased by EARTH University and used at 35% efﬁciency, the total capital investment
of EARTH University would increase to $36,000. Due to the
increased efﬁciency of using the produced biogas in a 15-kW
generator, $4170 would be generated in electricity savings and
the capital recovery costs, including the cost of purchasing
the new generator, and operational costs would be recovered in 9.6 years (Scenario B). If depreciation costs of the
15-kW generator ($750/year) were factored in to the analysis,
the recovery time would be 11.9 years.

3.4.4.

Wastewater ﬁnes

The impact of wastewater on the rivers in Costa Rica has
resulted in new laws and regulations governing the handling
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and disposal of manure. The current regulation levies a ﬁne of
$0.22 for every kilogram of COD discharge above 500 mg/L limit
(MINAE, 2007). If the digesters were not installed, the EARTH
University farm would contribute 4590 kg of dairy waste and
3790 kg of swine waste with COD values above the legal limit
per year, resulting in a yearly discounted ﬁne of $1700.
With the digesters installed, the swine digester efﬂuent
is below the 500 mg/L limit for discharge to a water source,
resulting in no fee levied. The dairy digester would still contribute 640 kg of COD to the river above the limit per year,
resulting in a discounted ﬁne of $130 per year. The discharge
is under the 1000 mg/L COD limit for land application, and
could be land applied without any ﬁnes levied. Considering
only discharge to water sources, since the digester efﬂuent
was not land applied, the digesters save $1860 per year by
reducing potential yearly ﬁnes. Adding this yearly wastewater
ﬁne saving to the electricity bill savings with would result in
reducing the recovery time in Scenarios A and B to 10.1 and 6.6
years, respectively, without depreciation costs, and 7.6 years
in Scenario B with deprecation costs.
With the entire digester system, which includes the four
treatment wetlands, all the efﬂuent is well below the legal
limit, resulting in no ﬁne being levied. The efﬂuent is not used
for a fertilizer, and therefore, there is no savings for offsetting
fertilizer value. The treatment wetlands cost $1000 to build,
resulting in a recovery time for the treatment wetlands of 7
years, considering only the reduction in wastewater ﬁnes and
not accounting for wildlife services or vegetative swine food
provided by the wetlands.

4.

Discussion

The EARTH University digesters were not heated and were
operated at 25–27 ◦ C, which is the lower portion of the
mesophilic range (25–40 ◦ C). Even at these relatively low temperature values, the digesters produced 33.5 m3 /day of biogas
with 64.8% methane, which is more efﬁcient than literature
values for low-cost digestion systems and high-cost plug-ﬂow
digestion systems in the United States. Increased electricity
production was obtained by combining the higher biogas production rate of the dairy farm digester with the higher quality
biogas obtained from the swine farm digester.
The dairy and swine digesters reduced organic matter
(COD) by 86.1% (11 kg/day) and 91.9% (9.6 kg/day), respectively,
and volatile solids by 80.3% (5.5 kg/day) and 83.0% (5.2 kg/day),
respectively. These organic matter reductions were also higher
than published values in low-cost and high-cost digestion systems.
Two different designs were used in the EARTH University
dairy and swine digesters. The dairy digester was single plugﬂow digester (Fig. 2), while the swine digester consisted of
two plug-ﬂow digesters in series (Fig. 3). The digester-in-series
design was optimal for wastewater pollution reductions,
with larger decreases in organic matter and solid reductions
observed in the swine digester, but may have hampered overall
methane production.
The combined biogas from the two digesters met 81.8% of
the farm’s 2-h peak electricity demand (25.8 kW). The electricity was produced using manure from sixty 450 kg cows during

the 2 h they were in the corrals and ﬁfty 50 kg pigs during the
19.2 h that they were in the corrals, which is equivalent to the
quantity of manure excreted by 5 cows and 40 pigs remaining
in corrals 100% of the time. The digesters met peak electricity needs for the farm without the large quantities of manure
that is suggested by the US EPA AgStar Program, which recommends a minimum of 700–1000 dairy cows for digester
installation (USEPA, 2006).
The $21,000 capital cost of the digester project incurred
by EARTH University will be recovered in 10.1 years through
electricity savings and reductions in wastewater ﬁnes. If the
generator were more appropriately sized for the farm, the capital recovery time would have been 7.6 years with depreciation
costs, which is similar to a US digestion system with 850 dairy
cows and a capital cost of $550,000 (Martin, 2005).

4.1.

Biogas production

The dairy farm digester produced signiﬁcantly more
methane than the swine farm digester (17.2 and 4.61 m3
CH4 /day, respectively), which corresponds to 1.4 m3 CH4 /kg
CODadded/ day in the dairy digester and 0.44 m3 CH4 /kg
CODadded/ day in the swine digester. The higher methane
production at the dairy farm digester can be attributed to the
higher concentration of COD and VS entering the dairy farm
digester (Table 2) and a longer retention time in the dairy
digester (39 days) than the swine digester (14 days).
The quantity of COD and VS entering the dairy digester
(12.6 and 6.9 kg/day, respectively) was greater than the quantity of COD and VS entering the swine digester (10.5 and
6.3 kg/day, respectively). Additionally, the quantity of COD
and VS destroyed was also greater in the dairy digester (10.8
and 5.5 kg/day) than the swine digester (9.6 and 5.2 kg/day).
The volume of dilution water entering the dairy digester
was signiﬁcantly less than the swine digesters (2.2 and
4.5 m3 , respectively), which contributed to the higher biogas
production in the diary digester, as plug-ﬂow digesters function optimally with higher solids concentrations (Goodrich,
2007).

4.1.1. Biogas production comparisons with other
Taiwanese-model digestion systems
While there have been very few studies conducted showing biogas production from low-cost digester systems and
high-cost plug-ﬂow systems, the EARTH University digestion
systems in this study had higher biogas production than these
other published studies (Pedraza et al., 2001; Esquivel et al.,
2002; Khang and Tuan, 2002). In comparison to other low-cost
Taiwanese-model digestion systems, the EARTH University
digesters outperformed an 11.8 m3 dairy farm digester in Mexico, which had an average biogas production of 1.5 m3 /day
(Esquivel et al., 2002), and various swine digesters in Colombia
that had an average biogas production of 0.98 m3 /day (Pedraza
et al., 2001) (Table 4). The dairy digester in Mexico produced
0.13 m3 of biogas per m3 of digester volume, which is lower
than the EARTH University dairy digester (0.32 m3 /m3 ) and
greater than the EARTH University dairy digester (0.10 m3 /m3 ).
While the Colombian swine digester study did not state the
digester volume, the 2.6 m long digester likely had a much
lower volume than the EARTH University digesters, which
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Table 4 – Biogas production, biogas quality and wastewater transformations in ﬁve Taiwanese-model digesters (EARTH
University dairy farm, EARTH University swine farm, a Mexican dairy farm, a Colombian swine farm, and a Vietnamese
swine farm) and two plug-ﬂow digesters in the northern United States (Gordondale Farm with 860 dairy cows, and AA
Farm with 550 dairy cows).
Digester name or location

Biogas
(m3 /day)

EARTH University dairy farm
EARTH University swine farm
Mexican dairy farm
Colombian swine farms
Vietnamese swine farms
Gordondale 860-cow dairy
AA dairy 550-cow dairy

27.5
6
1.5
0.98
–
2647
1210

Biogas (m3 /kg
CODadded /day)

Biogas
(m3 /animal/day)

2.2
0.58
–
–
0.23
0.23
0.24

5.5
0.15
–
–
–
3.1
2.2

Methane
(%)
62.5
76.4
–
–
–
55.9
59.1

COD
(mg/L)

COD
(%)

VS
(kg/day)

VS
(%)

5720
2330
6377
2280
2050
69,923
153,496

86.1
91.9
61.0
88.2
62.9
38.5
41.9

6.9
6.2
–
–
–
4988
3135

80.3
83.0
–
–
–
39.6
29.7

All values are given as averages. The chemical oxygen demand (COD) and volatile solids (VS) from the inﬂuent of the digester are given in mg/L
and percent reduction from the inﬂuent to the efﬂuent of the digester.

were 21 m long. The smaller digester volume could have contributed to the lower overall biogas production in comparison
to the EARTH University dairy and swine digesters (27.5 and
6 m3 , respectively).
Another published Taiwanese-model digester study presented the results using volume of biogas produced per unit of
organic matter entering the digester (Khang and Tuan, 2002).
The EARTH University dairy and swine digesters had biogas
production rates of 2.2 and 0.58 m3 /kg CODadded /day, respectively, which is more than double the 0.23 m3 /kg CODadded /day
biogas production rate of four swine digesters in Vietnam
(Khang and Tuan, 2002) (Table 4). The volume of the digester
used in Vietnamese digesters study was not given.
All of the published Taiwanese-model swine digester studies had biogas production an order of magnitude lower than
the dairy digester studies (Pedraza et al., 2001; Esquivel et
al., 2002; Khang and Tuan, 2002). This difference is likely due
to the lower concentration of waste coming into the swine
digesters in relation to the dairy digesters and the lower capacity of the digesters. The Vietnamese and Colombian swine
digester studies had an average inﬂuent COD concentration
of 2050 and 2280 mg/L, respectively, which are similar concentrations to the EARTH University swine digester (2330 mg/L)
and much lower than the EARTH University dairy digester
(5720 mg/L). The Mexican dairy digester study had an inﬂuent
COD concentration of 6377 mg/L, which is higher than the COD
concentration at the EARTH University dairy farm (Table 4).
Higher biogas production is normally obtained with a more
concentrated inﬂuent (Goodrich, 2007).

4.1.2. Biogas production comparisons with plug-ﬂow
heated digestion systems in the United States
In order to facilitate comparisons between the small-scale
digestion system at EARTH University and large-scale plugﬂow, heated digesters in the United States, the biogas
production values must be compared on a per-animal basis.
EARTH University dairy farm had 60 cows, which averaged
2 h in the corral, resulting in a biogas production rate is
5.5 m3 /cow/day. This number is equivalent to having 5 cows
in the corral 100% of the time. The swine farm digester had 50
pigs that were in stalls 80% of the time, resulting in a biogas production of 0.15 m3 /pig/day (Table 4). This number is
equivalent to having 40 pigs in the stalls 100% of the time.

A study of a mesophilic plug-ﬂow digester at Gordondale
Farms in the northern United States had an average digester
temperature of 38.3 ◦ C and a per-cow biogas production rate
of 3.1 m3 /cow/day (Martin, 2005), which was lower than the
EARTH University dairy farm digester (5.5 m3 /cow/day). The
percentage of methane in the biogas at the Gordondale Farms
digester (55.9%) was also lower than that produced in the
EARTH University dairy farm digester (62.6%). Due to the large
size of this farm (860 cows in a free-style barn), the overall
daily biogas production at Gordondale Farms (2647 m3 /day)
was much greater than the dairy farm digester in this study
(27.5 m3 /day) (Table 4).
The results from the EARTH University dairy digester are
also signiﬁcantly higher than the biogas production rate of
2.2 m3 /cow/day with a methane content of 59.1% observed
in a conventional plug-ﬂow digester in the northern United
States at AA Dairy, which had with 550 cows and an average
digester temperature of 36 ◦ C (Martin, 2003) (Table 4). Martin
(2005) attributed the higher biogas production rate at Gordondale Farms to a higher reduction in VS (39.6%) compared
to the AA Dairy (29.7%). The EARTH University dairy and
swine farms had signiﬁcantly higher VS destruction (80.3%
and 83.0%, respectively) than was observed at these U.S.
farms.
The VS concentration of the inﬂuent at Gordondale Farms
(5800 mg/L) and AA Dairy (5700 mg/L) were 46% higher than
the inﬂuent VS concentration at EARTH University dairy
farm digester (3130 mg/L) and 76% higher than the inﬂuent
VS concentration of the EARTH University swine digester
(1390 mg/L). For comparison, the Gordondale Farms digester
had 4988 kg/day of VS entering the digester, and the EARTH
University dairy and swine farm digesters had 6.9 and 6.3 kg
VS/day, respectively, leading to the much higher overall biogas
production rates observed at the Gordondale and AA farms
(2647 and 1210 m3 /day, respectively) (Table 4).
The larger percent reduction in VS and COD observed in
the EARTH University digesters (Table 4) compared to the US
plug-ﬂow digesters is likely due to the lack of mechanical mixing in the EARTH University digesters. The Taiwanese-model
digesters are not heated and do not have any mixing components; therefore, solids passively settle in the digester. These
solids are broken down over time, but the solid retention time
is much longer than the liquid retention time. The EARTH Uni-
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versity digesters had been utilized for 3 years prior to this
study without solid saturation occurring in the digester.
The Gordondale Farm digester has vertical gas mixing,
resulting in less settling of solids within the digester itself.
The longer solids retention time is essential for methane production in a low-range mesophilic digester, since the low
temperature reduces the reaction rate of the microorganisms.
By allowing more time for anaerobic decomposition to occur
in unmixed, Taiwanese-model systems, more complete breakdown of the organic material occurs, resulting in higher biogas
production per animal at a lower temperature than in the US
systems. The Gordondale Farm had a hydraulic retention time
of 29 days (Martin, 2005), while the EARTH University dairy
and swine digesters had retention times of 39 and 14 days,
likely accounting for the higher per animal biogas production rate in the dairy farm and lower production rate in the
swine farm when compared to the Gordondale Farm digestion
system.

4.1.3.

Biogas production theoretical values

The rate of methane production in the EARTH University dairy and swine farm digesters is 1.59 and 0.63 m3
CH4 /kg CODdestroyed and 3.1 and 0.89 m3 CH4 /kg VSdestroyed ,
respectively. Theoretically, the destruction of 1 kg COD under
anaerobic conditions should result in the generation of
0.3495 m3 of methane (Martin, 2007). Anaerobic digestion
using CSTR of municipal wastewater treatment sludge typically yields between 0.15 and 0.23 m3 CH4 /kg VSdestroyed
(Metcalf and Eddy, 1991). The methane production in both
EARTH University digesters was well above the theoretical
COD and VS value.
The published methane production theoretical value based
on COD destruction is the same for CSTR and plug-ﬂow
digesters (Martin, 2007). Due to the results of this study and the
other plug-ﬂow digester studies in the U.S., the authors contend that this value is not appropriate for plug-ﬂow systems.
The Gordondale Farm digester had a methane production of
0.79 m3 CH4 /kg CODdestroyed and 0.68 m3 CH4 /kg VSdestroyed ,
which are similar to the methane production rates at the
EARTH University swine farm digester, but still over twice the
theoretical value. The Gordondale Farm digester had some
vertical mixing, which likely explains why the methane production levels are closer to the CSTR theoretical value than
the EARTH University dairy digester, which performed at a
high level without mixing. Due to the longer retention time
of the solids in plug-ﬂow systems, the theoretical value does
not seem to be appropriate. The lack of mixing in Taiwanesemodel digesters results in higher solids and biomass retention
and higher microbial activity due to minimal disruption and
de-anchoring of the methanogenic organisms (Kaparaju et al.,
2008).

4.2.

Wastewater transformations

The reductions in organic matter (COD) and solids (TS, VS)
concentrations in the dairy and swine digesters were signiﬁcant and larger than wastewater reductions observed in other
Taiwanese-model digester studies and US plug-ﬂow digester
studies (Table 4). These reductions result in a lower potential
for depletion of dissolved oxygen in natural waters. Due to

the high concentrations of nutrients in the digester efﬂuent
(TKN, NH4 + –N, TP, and PO4 − –P), the digester efﬂuent was not
suitable for direct discharge to surface or ground waters, but
could have been land applied (MINAE, 2007). After the four
treatment wetlands, the water was suitable for discharge to a
water source.

4.2.1.

Nitrogen loading

The swine farm used a signiﬁcantly higher quantity of water
than the dairy farm for washing the stalls (4.46 and 2.20 m3 ,
respectively), and thus, the swine digester had more diluted
waste entering the digestion system. Even with this higher
waste dilution in the swine digester, the inﬂuent total nitrogen
concentration was not signiﬁcantly different between the two
digesters.
The swine digester had a higher nitrogen load entering the digester than the dairy digester (1040 and 480 g/day,
respectively), which resulted in a higher ammonium concentration leaving the digester (98.7 and 33.3 mg/g, respectively
or 440 and 73 g/day, respectively). The higher concentration
of ammonium inside the swine digester likely contributed to
a signiﬁcantly higher pH in the swine digester. Higher quality biogas can be produced at a higher pH level (Parsons,
1984). Ammonium concentrations below 200 mg/L are beneﬁcial to anaerobic microorganisms, but if the ammonia rises
above a threshold value of 1.7–14 g/L, biogas production will
be inhibited (Liu and Sung, 2002; Chen et al., 2008). The average ammonium levels in the swine digester (98.7 mg/g) were
well-below this threshold value.

4.2.2.

Mineralization

Ammonium concentrations and total dissolved solids did signiﬁcantly increase in the EARTH University swine digesters
(66.9 and 50.9%, respectively), as is expected in digestion
systems (Martin, 2005; Lansing et al., 2008). The EARTH University dairy farm digester had a signiﬁcant decrease (32.1%) in
NH4 + –N concentration during digestion. There was also a signiﬁcant decrease in PO4 − –P concentration in the dairy digester
(36.2%). While the reason for this decrease in NH4 + –N and
PO4 − –P is not known, the results suggest that mineralization
was not occurring in the dairy digester.
Due to the large reductions in organic matter and solid matter, a portion of the organic matter was likely mineralized.
Due to the long retention time of the dairy digester and the
apparent large populations of anaerobic microorganisms in
the digester, as exhibited in the higher than average methane
production levels, a portion of the dissolved nutrients were
likely utilized by the microorganisms, resulting in an overall
decrease in dissolved nutrients levels.

4.2.3.

Solid accumulation

There were low, but signiﬁcant reductions in TKN in the swine
digester, TP in the dairy digester, and FS in both the dairy
and swine digesters, which suggests that the digester is not
operating in an ideal plug-ﬂow condition and accumulation of
solids is occurring. Accumulation of solids in the digester was
not observed in either digester during the study period. The
Gordondale Farm digester also had signiﬁcant decreases of
31.1% in FS concentrations in their plug-ﬂow digesters, without apparent accumulation of solids (Martin, 2005). Lansing et
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al. (2008) found similar signiﬁcant reductions in TKN in their
study of Taiwanese-model plug-ﬂow digesters.
These results suggests that plug-ﬂow systems do not
act as ideal systems and solids are retained, but this solid
retention does not seem to result in apparent accumulation.
Longer-term studies are needed to determine whether solid
accumulation will affect the overall lifetime of the system,
but in the short term (1–4 years), no immediate effects of solid
accumulation have been observed.

4.2.4.

Treatment wetlands

If the digester efﬂuent is not utilized, this and other studies have shown that treatment wetlands can be a good
option to removing the high level of dissolved nutrients from
the digested efﬂuent waters (Botero and Hernández, 2005;
Schaafsma et al., 2000). Floating aquatics, including water
hyacinth (Eichhornia crassipes), water cabbage (Pistia stratiotes),
and duckweed (Lemna minor), assist in removing dissolved
nutrients from the water, control mosquitoes, and provide a
nutrient-rich food source for the pigs. A portion of a nearby
stream was diverted to the inﬂow of the third treatment wetland to provide oxygenated water for ﬁsh that were residing in
the ﬁnal two wetlands. This dilution of the efﬂuent also helped
lower the concentration of nutrients in the wastewater below
legal limits (Nahlik and Mitsch, 2006).

4.3.

Digester conﬁguration

Overall reductions in solids and organic matter were significantly higher in the EARTH University swine digesters. The
swine digesters were constructed in series, with the efﬂuent
of one digester traveling, via underground channel, directly to
the second digester (Fig. 3). This conﬁguration resulted in less
shearing effects of the liquid-portion of the wastewater over
the top of the solid mass below, as was observed in the dairy
digester. This conﬁguration difference between the swine and
dairy digesters may have contributed to higher reductions of
organic matter in the swine digesters. Additionally, this conﬁguration may have resulted in partial-compartmentalization of
the digester process, with more acetogenesis possibly occurring in the ﬁrst digester and methanogenesis in the second
digester.
While the digester-in-series conﬁguration was ideal for
waste treatment, it may have caused lower biogas production in the swine digester. In the swine digester, there was
likely a higher rate of solid settling and breakdown in the ﬁrst
digester, and thus a higher inﬂux of anaerobic microorganisms
into the ﬁrst digester attached to the inﬂuent manure. The
lack of solid substrate for anaerobic microorganisms continuing to the second digester likely contributed to the decreased
methane production in the swine digester in comparison to
the dairy digester.
Methanogenesis is the last step in a ﬁve-step series that
breaks down organic matter and results in the production of
methane (Erickson and Fung, 1998; Bitton, 1999). In mesophilic
digesters, the rate of microbial activity is slower, and the retention time in the swine digester was relatively short (14 days),
which meant that the last step in methanogenesis process
likely occurred in the second digester, which had a lower
concentration of solids, and thus, likely had a lower concen-
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tration of methane-producing microorganisms. More studies
of microbial populations in digester-in-series conﬁgurations
need to be conducted to determine if the conﬁguration hampers methane production in mesophilic digesters.

4.4.

Electricity production

The EARTH University dairy and swine digesters provided
21.1 kW of electricity per day for 5 days a week. The EARTH
University Farm used the generator during the 2-h milking
period. Their peak demand (12.9 kW) is only 32% of the 40-kWh
generator potential, resulting in an efﬁciency of only 6.6%.
The donated generator is oversized for the needs of the farm,
resulting in a low efﬁciency and more biogas being used per
kW.
The electricity production efﬁciency at EARTH University,
while low, is similar to electricity generation systems in the
United States. Gordondale Farms was 21% efﬁcient in converting biogas to electricity producing 2438 kWh of electricity per
day (3.25 kWh/cow/day), utilizing 73% of their 140 kW generator potential (Martin, 2005). The Gordondale Farm generator
efﬁciency is higher than the 2.37 kWh/cow/day of electricity produced by the EARTH University dairy digester and the
0.08 kWh/pig/day produced at the EARTH University swine
farm digester.
The EARTH University digestion system did not use any of
the produced electricity to heat or mix the digesters, resulting
in 100% usage of the biogas for electricity needs. A thermophilic dairy manure digester in Japan consumed 85 kWh of
the 105 kWh/day produced, leaving 20 kWh/day for farm operation (Aoki et al., 2006), which is similar to the energy use
available for EARTH University. The thermophilic digestion
system produced 150 m3 /day of biogas with 56% methane in
the produced biogas. The efﬁciency of this system was approximately twice that of the EARTH University generator system
with 1 m3 of biogas producing 1 kW.
The quoted efﬁciency rate for the EARTH University biogas generator was 35%. If all 40 kW were being used, 0.44 m3
of biogas would be used for the production of each kW.
The generator is oversized for the farm’s electricity need,
which decreases the amount of electricity that could be produced. Using 0.44 m3 of biogas to produce each kW would
create 76 kW/day, instead of the current production level
(21.1 kW/day).
H2 S was monitored due to its corrosive risk to electric generators, human health risks, odor, and harmful effects on CH4
yield and organic matter removal when produced in excess
(Hulshoff Pol et al., 2001). H2 S concentrations of biogas can
range from 50 to 5000 ppm (Bagreev et al., 2005). The H2 S values in the dairy and swine digesters were in the lower part of
this range (182 and 381 ppm, respectively) and were close to
zero (3.4 ppm) after the H2 S scrubbing tower. H2 S production
was not found to be harmful for human health or generator
lifetime in this study, and the H2 S scrubbing tower was found
to be effective.

4.5.

Economic analysis

The high cost of the electric generator building and the electrical monitoring equipment at the EARTH University digester
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resulted in a cost recovery time of 10.1 years, considering both
the electricity savings and the wastewater ﬁne reductions. If
the generator were more appropriately sized for the farm, the
capital recovery time (7.6 years) would be closer to that of
Gordondale Farms (6.3 years), which has 850 cows, a 140-kW
generator, and a capital cost of $550,000 (Martin, 2005). The
recovery time for the Gordondale Farm included earnings from
electricity sale, avoided bedding cost from digested solids, and
sale of separated solids.
The economic analysis for the Gordondale Farm did not
include a discount rate, operating costs, or depreciation.
Depreciation and discount rates should be included when
evaluating an investment that carries short-term costs and
future returns (Lind, 1997). For comparison purposes, the
return rate for the EARTH University system without discount
rates, operating costs, and depreciation would be 8.3 years
(6.1 years with a 15-kW generator) is much closer to that
seen at Gordondale Farms (6.3 years). This economic comparison illustrates that low-cost systems ($35,000) can produce
electricity and be economically viable in ways similar to the
large-scale, capital-intensive systems currently utilized in the
United States.
Carbon credits for offsetting CO2 emissions were not
included in the economic analysis, since currently carbon
credit payments are not received. The Gordondale Farm had a
reduction in methane equivalent to 3.03 tons of CO2 /cow/year
or 2610 tons of CO2 for the 860-cow farm. While EARTH University digesters carbon offset would be signiﬁcantly less, by
aggregating small-scale digester projects, carbon credits could
be received in the future. Carbon credits have been received
to pay for the installation of 350 family-size Taiwanese-model
digesters in Honduras (Alvarado et al., 2008).

5.

electricity production both in developing and developed countries.
More studies need to be conducted on low-cost digester
conﬁguration, long-term solid accumulation within plug-ﬂow
digestion systems, and co-digestion of products in low-cost
digesters to increase biogas production. This study illustrated that low-cost systems can operate at levels above
or comparable to high-cost systems. The results from this
research should be used as an impetus in the development of more low-cost digestion systems and allow low-cost
digestion systems to be part of the solution to odor problems, non-point source water pollution, and global climate
change challenges facing both the developed and developing
world.

Disclaimer
This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights.
Reference herein to any speciﬁc commercial product, process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reﬂect those of the United States Government or any agency
thereof.

Conclusions

With almost no maintenance or internal control and operating at the lower portion of the mesophilic range, the
digestion system in this study produced high quality biogas,
reduced over 80% of the organic matter in the wastewater, and produced electricity in order to meet 81.7% of
the farm’s 2-h peak electricity demand. By combining the
biogas from the two digesters, increased electricity production was obtained due to the higher biogas production rate
of the dairy farm and the higher quality biogas obtained
from the swine farm. The EARTH University digestion system operated at efﬁciency levels higher than published
values for low-cost digestion systems in the developing
world and high-cost, CSTRs digestion systems in the United
States.
The size of the farm in this study is relatively small, but
the amount of biogas produced is sufﬁcient to supply the farm
with most of its energy needs, illustrating that large amounts
of manure are not necessary to create electricity from animal waste and reduce odors, greenhouse gases, and water
pollution. With a capital cost of $61,000, the system is likely
still inaccessible for small farmers in developing countries,
but with a cheaper engine, carbon credit offsets, and/or codigestion, this system can become more accessible, especially
for medium-scale farmers, in a way that could contribute to
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