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ABSTRACT: Small-scale household digesters have been promoted across Asia as a sustainable way of handling manure. The major
advantages are that they produce biogas and reduce odor. However their disadvantages include the low recycling of nutrients, because
digestate is dilute and therefore difficult to transport, and the loss of biogas as a result of cracks and the intentional release of excess
biogas. In this study, life cycle assessment (LCA) methodology was used to assess the environmental impacts associated with biogas
digesters in Vietnam. Handling 1,000 kg of liquid manure and 100 kg of solid manure in a system with a biogas digester reduced the
impact potential from 4.4 kg carbon dioxide (CO,) equivalents to 3.2 kg CO, equivalents compared with traditional manure
management. However, this advantage could easily be compromised if digester construction is considered in the LCA or in situations
where there is an excess of biogas which is intentionally released. A sensitivity analysis showed that biogas digesters could be a means
of reducing global warming if methane emissions can be kept low. In terms of eutrophication, farms with biogas digesters had 3 to 4
times greater impacts. In order to make biogas digesters sustainable, methods for recycling digestates are urgently required. (Key

Words: Manure, Digestate, Methane, Global Warming, Euthrophication)

INTRODUCTION

Livestock production has increased dramatically in
south-east Asia, with small-scale production units being
upgraded or replaced by larger-scale production units
(Costales et al., 2006). This calls for appropriate manure
management strategies that have minimal impacts on the
environment, facilitate the efficient recycling of plant
nutrients and preferably generate “green” energy with little
or no global warming potential.
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Vietnamese farms are traditionally small and run by a
single family. Pig houses are cleaned by scraping away
solids and hosing down liquid manure (Vu et al., 2007,
Thien Thu et al., 2012). Liquids from animal houses are
predominantly discharged directly into the environment,
into a lagoon from where they seep into the ground or
evaporate, or into fishponds. Solids are stored or composted
for use on agricultural fields or gardens or in fishponds.

As an alternative to this, the anaerobic digestion of
manure in small-scale biogas digesters has a number of
advantages. Its major benefits are the production of
biogas—a valuable fuel—and the reduction of odor and
greenhouse gas emissions (Pei-dong et al., 2007; Yu et al.,
2008; Rajendran et al., 2012). Biogas can be used in
households for cooking, heating and lighting, and can
contribute towards improving farmers’ livelihoods and to
reduce the use of coal, liquid petroleum gas (LPG) and
wood for cooking. In addition, it reduces the biological
oxygen demand of the manure and the associated propensity
of the manure to consume oxygen and create anoxic
conditions, and to produce methane (CH,) and nitrous oxide
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(N,O) emissions upon discharge to the aquatic environment
(Yu et al., 2008; Park and Craggs, 2013). For these reasons,
anaerobic digestion units have been widely advocated and
large subsidies for biogas units offered throughout Vietnam,
mainly via development aid from the Netherlands, the Asian
Development Bank, the World Bank and government
support (Department of Livestock Production, 2010). This
has increased the number of anaerobic digestion systems
significantly over the past two decades (Eastern Research
Group, 2010) and approximately 200,000 biogas digesters
are currently in operation in Vietnam (Department of
Livestock Production, 2010). There are, however,
disadvantages associated with the anaerobic digestion of
manure. One disadvantage is that solid manure which
would normally be left in the animal house, and
subsequently taken out to fields, gardens or fishponds, is
washed into the biogas digester (Vu et al., 2012c). In
contrast, the slurry (solids, urine, washing water) fed into
the digester is diluted. As a consequence of this,
transportation is a barrier to recycling digestate in fields
(Thien Thu et al., 2012). This means that digestate
containing fiber and nutrients is not recycled, but is
typically discharged into the environment. Another
disadvantage is that biogas may be emitted from the system,
which is a problem because the CH, it contains is a potent
greenhouse gas. The primary reasons for these emissions
are cracks in the digesters and the intentional release of
biogas when production exceeds demand (Bruun et al.,
2014).

The problems with the biogas digesters are being
exacerbated by the growing size and intensification of
livestock production units. Increased input into a biogas
digester designed for smaller livestock production means a
decrease in retention time and inadequate utilization of CH,4
potential. The increased input of manure may also mean
that biogas production increases above the amount needed
in the household, with excess gas being released into the
environment (Mu and Dinh, 2012). This could be
accentuated by an increased use of commercial animal feed
(Department of Livestock Production, 2013) as biogas is no

longer needed for cooking traditional, fiber-rich animal feed.

The advantages associated with biogas digesters may
therefore come at a price and it could be questionable
whether the advantages outweigh the disadvantages with
current biogas management practices.

Life cycle assessment (LCA) is a tool that can be used
to compare the environmental impacts of different products
throughout their entire life cycle (European Commission,
2010). The LCA has been used to compare different biogas
production technologies (Rehl and Muller, 2011; Poeschl et
al., 2012a). Several studies have also focused on
technologies for biogas production from manure and
different co-substrates for manure (Hamelin et al., 2011;
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Rehl and Muller, 2011; De Vries et al., 2012; Poeschl et al.,
2012a). However, very few studies have focused on the vast
number of small-scale biogas digesters being deployed in
developing countries. Only one single study has been
identified (Chen et al., 2012) and this study largely ignores
the issues of CH, leakage and release and nutrient recycling.

The objective of this study was to use LCA
methodology to assess the environmental impacts
associated with standard biogas digesters in Vietnam and to
compare them with the impacts associated with other
standard manure management practices in order to
determine whether the current employment of biogas
digesters has net positive or negative environmental impacts.

METHODOLOGY

Life cycle assessment approach and data sources

In this study, LCA was used to assess the environmental
impacts of pig manure management systems with and
without biogas digesters throughout the entire life cycle of
manure, from storage to field application. The methodology
used is in accordance with the standards described in 1SO
standards ISO 14044 (1SO, 2006a) and 1SO 14040 (ISO,
2006b).

The functional unit (FU) applied was the treatment of
100 kg of solid pig manure and 1,000 kg of liquid pig
manure collected from animal houses. The ratio between
solids and liquids corresponds to the actual ratio produced
on small-scale pig farms (Vu et al., 2012a), although it
would depend very much on local conditions.

The ReCiPe 2008 impact assessment method
(Goedkoop et al., 2009) was applied in this study to assess
the impact in four different categories: i) global warming
potential, ii) marine water eutrophication, iii) freshwater
eutrophication, and iv) fossil fuel depletion. These
categories cover the most important environmental
emissions and energy resource issues and are important
impacts of parameters for livestock manure. However, it
should be noted that the spreading of pathogens and
emissions of odor might also be important categories
(Sandars et al., 2003). These have not been considered in
this study as impact methods do not currently exist for them.

Manure management systems

Two manure management systems, one with a biogas
digester and one without, are compared (Figure 1). The
systems were defined to reflect current farm practices on
small and medium-scale Vietnamese pig farms with and
without biogas, as observed in a contemporary survey (Vu
etal., 2012a).

The manure management system of biogas farms is
illustrated in Figure la. The life cycle stages for biogas
farms include an anaerobic fermentation stage for biogas
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Figure 1. Pig manure management system with biogas production (left) and without biogas production (right), including substitution for

mineral fertilizer and discharge into the environment.

production. After the digester, there is a stage with digestate
storage. The digestate is subsequently collected for field
crops, mainly for vegetable gardens, and it is assumed that
the nutrients replace mineral fertilizers. Overflow from the
storage tank is discharged directly into the aquatic
environment. Biogas is used for household consumption,
replacing LPG in this study.

The manure management system of non-biogas farms is
illustrated in Figure 1b. The different stages of the life cycle
are storage and application on field crops, where mineral
fertilizer is replaced or substituted. The solid manure is
mainly used for crops, the most common use being a rice-
rice-corn cropping sequence. The liquid manure is often
used for vegetable gardens, but a significant fraction is also
discharged either into a lagoon, where it seeps into the
ground or evaporates, or directly into the aquatic
environment. It is assumed that the nutrients contained in
the manure applied to crops replace mineral fertilizers, thus
avoiding the production and application of fertilizers.

Emissions from pig housing were not included, since it
is assumed that these are similar in farms with and without
biogas digesters.

In northern Vietnam, it is still common practice to use
manure to fertilize aquatic plants used as fish feed in
fishponds. However, as pig and fish farming are gradually
developing, this practice is likely to become less common
in future because consumers are increasingly avoiding fish
fed with manure because of the foul aftertaste. This
tendency is already being observed in southern Vietnam.
Fishponds were therefore not included in this study.

Assumptions used for emissions inventory
The chemical composition of the solid and liquid

fractions that constitute the functional unit was calculated
from data collected in connection with the survey reported
in Vu et al. (2012b). As the differences in manure
composition between farms with and without biogas were
small, an average of the composition was calculated as a
mixture of the solid and liquid fractions from farms without
biogas. Organic carbon was estimated by a linear relation
with volatile solids (Schulte and Hopkins, 1996). The slope
was found by using data reported by Vu et al. (2009). This
resulted in the following relationship: Organic carbon (%) =
volatile solids (%)x0.552. The resulting composition of the
manures can be found in Table 1.

The composition of the digestate was measured, but the
measurements reflect the liquid digestate in the outlet and
do not include the solids that continuously sediment at the
bottom of the digester during operation and that are cleaned
out regularly. Instead, the composition of the digestate was

Table 1. Chemical composition pig manure as solid, liquid and
slurry from animal houses in households with and without biogas
(n=24)

Criteria Solid Liquids (fo?lt?ircgas)
g-kg™ (wet weight)
Dry matter 281 34 28.6
Ash 69.14 1.55 7.70
Volatile solid 212 1.85 20.9
Organic C 117 1.02 11.6
Organic N 9.91 0.541 1.39
NH,4-N 0.826 0.128 0.191
Total N 10.7 0.669 1.584
Total P 6.20 0.263 0.802
Total K 1.92 0.162 0.322




Vu et al. (2015) Asian Australas. J. Anim. Sci. 28:716-729

calculated by mass balances as follows: i) the ash, P, K, and
N content of the digestate was calculated by assuming that
all of these components that entered the digester also left it
again; ii) ammonium in the digestate was equal to the
measured ammonium concentration in the digestate leaving
the storage plus the estimated emission of ammonia
nitrogen during storage of the digestate; iii) total N in the
digestate was calculated as total N in manure minus N in
biogas produced; iv) organic nitrogen in the digestate was
calculated as total nitrogen in the digestate minus the
ammonium; v) organic C in the digestate was estimated as
organic C input (organic C in solid and liquid manure)
minus C in the biogas produced.

The survey reported in Vu et al. (2012b) indicated that
the proportion of manure discharged directly or after
storage was 2.5% of total solid manure and 43.7% of liquid
manure. The farms with biogas discharged 62.5% of the
digestate. All discharges occurred directly into the aquatic
environment or via a lagoon.

On average, 1 kg manure with 28.5% dry matter
produces 50 liters of biogas, which consists of 60% CHy,,
35% CO, and 5% other gases in small-scale Vietnamese
manure biogas digesters (SNV-VN, 2012). Based on this
observation, it was assumed that 175 liters of biogas were
produced per kg of dry matter in the slurry, corresponding
to 0.24 m® biogas kg * volatile solids, with the values of dry
matter and volatile solids given for slurry in Table 1.

The amount of fuel that can be substituted was
calculated based on the cooking efficiencies of the different
fuels, ensuring that the same amount of efficient energy was
delivered from the biogas as from the alternative fuel being
substituted. The efficiencies used are given in Table 2.

During the combustion of biogas and other fuels, CO,
and other gases are emitted into the atmosphere. The CO,
emitted during the combustion of biogenic fuels such as
biogas are considered CO, neutral. In addition to the CO,,
the combustion of fuels also releases small quantities of
CH,, N,O, and CO, all of which have climate warming
potential. The emission of these gases when delivering 1 MJ
to a cooking pot is presented in Table 2.

Besides emissions from the combustion of biogas, there
are two sources of biogas losses: i) cracks in biogas
digesters and tubing and ii) intentional release.

There is very little information about losses through
cracks available in literature. Dhingra et al. (2011)
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measured insignificant losses through cracks in well-
maintained digesters. However, it is likely that most
digesters are not well maintained. Thien Thu et al. (2012)
and Vu et al. (2012b) observed cracks in dome digester caps
and gas valves that were not airtight in Vietnam. Bruun et al.
(2014) assumed that losses could be as high as 10% from
small-scale biogas digesters, while Prapaspongsa et al.
(2010) assumed a value of 5% for small-scale biogas
digesters in Thailand. Here a loss of 5% was also assumed.

Intentional release into the atmosphere occurs when
biogas production is greater than consumption and biogas
pressure builds up in the digester. In southern Vietnam, the
loss of biogas due to intentional release was estimated to be
up to 36% of the biogas produced (Bruun et al., 2014). In
northern Vietnam, where pig farms are smaller and biogas
production lower during the winter, excess biogas release is
likely to be smaller than in the south. Unpublished data
from the survey carried out by Thien Thu et al. (2012) has
shown that of 85 households with biogas digesters, 16 had
excess biogas which they could not use. Of these, eight
would burn it, five would release it, and three would supply
some to a neighbor and burn some. Using the data available
it is estimated that the release may only account for up to
7% of the biogas produced. Adding potential losses due to
intentional release and cracks, it is concluded that losses
may be somewhere between 5% and 12% of biogas
production.

Emissions occurring during the storage of manure and
digestate include NHs, N,O, CHy4, and CO, (Table 3).

For solid manure storage, an NH; emission factor of
0.308 of total N was used. This was estimated as an average
of 13 studies with farmyard manure from pigs reviewed by
Webb et al. (2012). As the physical and chemical
characteristics of Viethamese manure are comparable to the
range of manures reviewed in the study of Webb et al.
(2012) this assumption seems justified. For N,O, an
emission factor of 0.005 given by Eggleston et al. (2006)
for unconfined solid manure piles was used. A CO,
emission factor of 0.015 kg CO,-C (kg dry matter)™ was
taken from Vu et al. (2012d). The CH, emission factor was
calculated using the formula: EF = B,x0.67xMCF
(Eggleston et al., 2006) where EF is the emission factor (kg
CH, kg* volatile solid), B, is the maximum CH, production
capacity of the stored solids which is 0.29 m® CH, kg™
volatile solid for Asia, 0.67 is the conversion factor of m*

Table 2. Energy content of biogas, energy efficiency factor and greenhouse gas emissions during combustion of different fuels®

Energy content of fuel

Energy efficiency factor

Gas emission per MJ delivered energy

MJ-kg? % g CO, mg CH, gCo mg N,O
Biogas 17.7 57.4 815 57 0.11 5.4
LPG burning 45.8 53.6 139 8.9 0.82 6.0

! Smith et al., 2000; Zhang et al., 2000.
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Table 3. Emission factors of solid, liquid fractions and biogas digestate produced from pig waste during storage

Criteria Values Range Units References
Solid manure (non-biogas farms)
NH5-N 0.308 kg NH5-N (kg N excreted)™ Webb et al. (2012)
N,O-N 0.005 0.0027-0.01 kg N,O-N (kg N excreted)™ Eggleston et al. (2006)
CH,-C 0.008 kg CH, (kg volatile solid) * Eggleston et al. (2006)
CO,-C 0.015 0.012-0.018 kg CH, (kg dry matter) ! Vu et al. (2012d)
Liquid manure (non-biogas farms)
NH;-N 0.004 0.321-0.381 Fraction of TAN See calculation above
N,O-N 0 kg N,O-N (kg N excreted)™ Velthof et al. (2005); Eggleston et al. (2006)
CH,-C 0.005 0.042-0.055 kg CH, (kg dry matter) Vu et al. (2012d)
CO,-C 0.015 0.012-0.018 kg CH, (kg dry matter) * Vu et al. (2012d)
Digestate (Biogas farms)
NH;-N 0.052 Fraction of TAN See calculation above
N20-N 0 kg N,O-N (kg N excreted)™ Data connected to Vu et al. (2014)
CH4-C 0.20 Fraction of potential CH, UNFCCC/CCNUCC (2012)
CO,-C 40/60 CH, to CO, ratio Sommer et al. (2007)

TAN, total ammonical nitrogen.

CH, to kg CH, and MCF is the CH,4 conversion factor of
0.04 at an average temperature of 24°C. This results in a
CH, emission factor of 0.0078 kg CH, kg™ volatile solid.

During liquid manure storage, the emissions of N,O are
small and assumed to be zero (\elthof et al.,, 2005;
Eggleston et al., 2006). For digestate storage, emissions of
N,O are also very small and close to the detection limit (Vu
et al., 2012a). Here the emission of N,O was assumed to be
zero during the storage of liquid manure and digestate. In
addition to N,O and NHjs losses, nitrogen is also lost as N,.
This is of no environmental concern, but reduces the
amount of nitrogen available at later stages. The fraction of
total N lost from covered slurry storage was 0.25 to 0.30,
while from uncovered slurry it was 0.60 to 0.70 (Tran et al.,
2011). Data from the study by Vu and Dinh (2012) showed
that the proportion of liquid manure covered during storage
was 80%, while 20% was not covered. Therefore, a
weighted average N loss during liquid storage was
calculated to be 0.35. This total N loss was used to estimate
the loss of N, by subtracting the loss of ammonia. The CH,
and CO, emission factors were calculated from urine and
feces accumulation in a manure pit for 28 days (Vu et al.,
2012d). On average, CH4and CO, emissions from 2.81 kg
slurry of 14.5% dry matter content were 0.005 CH, (kg dry
matter) !, and 0.015 kg CO, (kg dry matter), which were
assumed for liquid manure storage in this study.

NH; emission during storage was calculated assuming
that the process is driven by the concentration gradient
between the NHj; in the air adjacent to the surface (NHs[g])
and that in the ambient atmosphere (NH;,). The flux of NH3
was calculated by the equation given by Olesen and
Sommer (1993): FA = K(u) A ([NH3z{g}]-NHa,.{g}) where
K(u) is a transport coefficient (m-s™), which is affected by

diffusion and convection in air and is mainly dependent on
wind speed, surface roughness and temperature, A is the
surface area of the storage tank and NHj (g) is the
equilibrium concentration of the NH; concentration in the
air immediately over the gas — liquid interphase (mol-L ™ or
g-N-L™). NHa, () is insignificant in relation to NH; (g).
The concentration of gaseous components NH3 (@) in the air
just above the liquid surface is proportional to the activity
of the component in the solution because equilibrium is
attained instantaneously. The transfer coefficient K(u)
(m-s™) for NH, transfer from a source of NH; to the air can
be calculated with the equation given by Montes et al.
(2009) as a function of temperature, wind speed and length
of the emitting surface. Using the current data for total
ammonical nitrogen (TAN) content of digestate and liquid
manure and pH, monthly average wind speed and
temperature for Hanoi, a surface slurry area of 1.52 m? a
depth of 0.95 m and a flow of manure of 0.217 m*-d™* (Vu
et al., 2012b), this resulted in a fraction of TAN lost as NH3
of 0.4% of TAN for liquid manure and 5.2% for digestate
storage.

The CH,; emission from the digestate storage was
calculated using the default fraction, which is 0.2 of total
CH,; produced in the digester for conventional biogas
(UNFCCC/CCNUCC, 2012). The CO, emission was
calculated using CH,4 to CO, ratio of 40/60 (Sommer et al.,
2007).

During and after application of manure on crops, the
most important emissions are gaseous loss of NH3; and N,O
and leaching of NO; . In addition, the application of manure
replaces fertilizers and saves the emissions associated with
their production and application. Emissions factors and data
for calculation of substitution are shown in Table 4. The
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Table 4. Emission factors for nitrous oxide, ammonia and nitrate leaching and plant uptake after application of manure and mineral

fertilizer on rice-rice-corn crops or vegetable gardens

Criteria Values Range Units

References

Solid manure (non-biogas farms) applied to rice-rice-corn

NH;-N 0.102 0.071-0.133 kg NH,-N (kg N applied)™
N,O-N 0.005 kg N,O-N (kg N applied)™
LeachingN  0.243 0.202-0.324 kg NOs-N (kg N applied)™
Uptake N 0.283 0.17-0.37 kg N uptake (kg N applied)™
CH4-C 4.08 kg CH,-C (ton solid manure)™
Mineral fertilizer applied to rice-rice-corn
NH;-N 0.24 0.095-0.109 kg NH4-N (kg N applied)™*
N,O-N 0.003 kg N,O-N (kg N applied)™
LeachingN  0.243 0.202-0.324 kg NO3-N (kg N applied)™
Uptake N 0.373 0.25-0.49 kg N uptake (kg N applied)™
CH,-C 0

Watanabe et al. (2009)

Calculated as average of 2 times emission factor of 0.003
(for rice) and 1 times emission factor of 0.01 (for corn)
(Eggleston et al., 2006)

Calculated as average leaching per applied manure N
from the medium manure N treatment with 262.1 kg N -
ha*-year™ (Mai et al., 2010)

Calculated as average N uptake values (Tran et al., 2012)
Vu et al. (2014)

Sommer et al. (2004),

Calculated as average of 2 times emission factor of 0.003
and 1 times emission factor of 0.01 (Eggleston et al.,
2006)

Calculated as average leaching per applied mineral
nitrogen from medium mineral N treatment of 262.1 kg
N-ha™-year* (Mai et al., 2010)

Calculated as average N uptake values (Tran et al., 2012)
Calculated (Vu et al., 2014)

Liquid manure (non-biogas) and digestate (biogas farms) applied to vegetable gardens

NHz-N 0.33 kg NH5-N (kg TAN)?
N,O-N 0.01 0.003-0.03 kg N,O-N (kg N applied)™
LeachingN  0.165 kg NOs-N (kg N applied)™
Uptake N 0.328 kg N uptake (kg N applied)™

Mineral fertilizer applied to vegetable gardens

NH;-N 0.24 kg NH3-N (kg N applied)™
N,O-N 0.01 0.003-0.03 kg N,O-N (kg N applied)™
LeachingN  0.165 kg NOs-N (kg N applied)™
Uptake N 0.373 kg N uptake (kg N applied)™

Sogaard et al., (2002)

Eggleston et al. (2006)

Mai et al. (2010)

Calculated as an average N uptake from solid manure
and mineral fertilizer (Tran et al., 2012)

Sommer et al. (2004)

Eggleston et al. (2006)

Mai et al. (2010)

Calculated as average N uptake values (Tran et al., 2012)

avoided mineral fertilizers were assumed to be urea (46%
N), single superphosphate (6.9% P) and potassium chloride
(50% K) because they are the most widely used fertilizers in
Vietnam. The fertilizer replacement value for P was
considered to be 100% which is a plausible assumption on
longer time scales (Huang et al., 2011). The fertilizer
replacement value for K was also assumed to 100%, which
is realistic as K is not organically bound.

When C is added to a soil, some carbon will not be
released within the time boundary of the study and will still
be bound in the soil, i.e. after 100 years. As the carbon in
the manure is considered to be CO, neutral, the stored
carbon is sequestered. In long term-experiments with
animal manure, around 15% of the carbon is usually
sequestered (Johnston et al., 2009). In the current study this
was used as the sequestration factor for undigested manure.
For digested manure the 15% was scaled with the relative
stability for digestate in relation to undigested manure
found in short-term experiments. Thomsen et al. (2013)

found a short-term sequestration factor of 48% of added C
sequestered for undigested manures and 78% for digestate.
This therefore resulted in a sequestration factor of 24% for
digested manure.

NH;emissions after the application of farmyard manure
are relatively low because most of the nitrogen is in organic
form and because of the standing water in the rice field
(Watanabe et al., 2009). In accordance with this study, an
NH; emission factor of 0.102 kg NHs-N (kg-N)™* was
assumed for the application of solid manure. For the urea
fertilizer, Sommer et al. (2004) found ammonia emissions
of 24% NH;-N (kg-N)* on ordinary crops and from 10% to
40% NH3-N (kg-N)* for rice depending on water status and
growth stage. An average value of 24% NH,-N (kg-N)™
was assumed for the rice-rice-corn rotation.

The N,O emission factors were estimated by the IPCC
to be 0.01 kg N,O-N (kg-N)* for crop fields and 0.003 kg
N,O-N (kg-N)* for flooded rice fields (Eggleston et al.,
2006). Therefore, the emission factor for rice-rice-corn
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cropping sequences was calculated as a weighted average
(average of two times the emission factor of 0.003 and one
times the emission factor of 0.01), resulting in a value of
0.005 kg N,O-N (kg-N)™.

In a rice field, the CH, emission was 244 kg CH,-hatif
mineral fertilizer was applied at a rate of 105 kg N-ha?,
while it was 301 kg CH4-ha™ from a combination of 45 kg
N-ha™ mineral fertilizer and 100 kg N-ha™ solid manure
(8,000 kg of solid manure) (Vu et al., 2014). It is assumed
that the increased CH, emission in the combined treatment
was due to the added solid manure, resulting in an emission
of 57 kg CH,-ha'. However, as the CH, emissions from
arable fields are negligible (Sommer et al., 1996), the
emission for rice-rice-corn cropping sequences was
calculated as a weighted average of two times the emission
value of 57 kg CH,-ha™ divided by three crops (rice-rice-
corn). This means that 1,000 kg of solid manure added to
the rice-rice-corn crop rotation to replace mineral fertilizer
could result in additional emissions up to 4.76 kg CHy,
which is equivalent to 4.08 kg CH,4-C. The CH, emissions
associated with mineral fertilizer application was assumed
to be zero.

The leaching and runoff of NO;™ after application was
85 kg N-ha'year® for medium N input of 262.1 kg
N-ha*'-year’ and was 106 kg N-ha™'-year for high N
inputs of 524 kg N -ha*-year (Mai et al., 2010). Assuming
the N input applied is the average of high and medium, the
leaching of NOj  after application was calculated as the
average leaching of NO3;~ from medium and high N inputs.
This means that the leaching factor for NO5 is 0.243 kg
NO; -N (kg N applied) ™ and the same factor was assumed
for mineral fertilizer and solid manure in this study.

The N uptake by corn, spring rice and summer rice was
0.49, 0.25, and 0.38 kg N (kg N mineral fertilizer applied) *
respectively (Tran et al., 2012). This means that the average
N uptake for rice-rice-corn crop rotation was 0.373 kg
N-kg? N applied in mineral fertilizer. For solid manure
(Tran et al., 2012), it was also reported that the average N
uptake from 5,000 kg manure crop*-ha* was 0.34 kg N (kg
N applied)* and from 10,000 kg manure crop*-ha® was
0.22 kg N (kg N applied)™. In this study, N uptake by crops
was calculated as the average N uptake of these values. This
results in an uptake of 0.283 kg N-kg™* N applied in solid
manure.

Mineral fertilizer equivalencies (MFE) for nitrogen is a
measure of the ability of a fertilizer to supply nitrogen to
crops compared with mineral fertilizer, and were used to
calculate the amount of mineral fertilizer which was saved
as a consequence of the application of different fertilizers.
Therefore, MFE of the solid manure was estimated to be the
plant uptake of solid fraction manure of 0.283 kg N-kg* N
divided by the plant uptake of 0.373 kg N-kg™ N applied
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for the mineral fertilizer. This results in an MFE of 76% for
the solid manure. This is somewhat higher than the MFE
values typically found for single applications of solid
manures and higher than expected from general solid
manure studies of MFE values (Delin et al., 2012), but the
Tran et al. (2012) study also represented the accumulated
residual MFE value of three consecutive solid manure
applications, which they showed could be as high as 24%,
and the solid manure C/N ratios were relatively low (14 to
16) and the proportion if NH,-N in total N relatively high
(33%).

Most farmers apply liquid manure and digestate to
vegetable gardens by surface spreading. Cumulative NH;
emissions after surface spreading of liquid manure varies
between 10% and 70% of TAN (Sommer and Hutchings,
2001). A similar NH; loss for digestate is also expected
(Chantigny et al., 2007). The ammonia loss from field-
applied animal manure model was used to estimate
ammonia emissions for both liquid manure and digestate to
be 33% of TAN using the climate data, soil characteristics
and slurry composition previously described (Sogaard et al.,
2002a). For urea in the vegetable gardens the previously
used value of 24% NH;-N (kg N)* was used (Sommer et al.,
2004). The lower emission from mineral fertilizer is in
accordance with Huijsmans et al. (2003) and De Vries et al.
(2012) who observed lower emissions from mineral
fertilizers compared with animal slurries and digestates.

The N,O emission factor for N additions from mineral
fertilizer and organic manure was 0.01 kg N,O-N (kg N)*
(Eggleston et al., 2006). This value was used as the N,O
emission factor from liquid manure, digestate and mineral
fertilizer applied on vegetable gardens in this study.

Leaching of NO5 ™ after application of mineral fertilizer
was considered equal to leaching from liquid manure. The
leaching of NO5;~ from vegetable gardens (cabbage with 6
harvests year ') with a fertilizer N application of 681.6 kg N
ha'-year' was 112 to 115 kg N-ha'-year* (Mai et al.,
2010). This means that the leaching factor was 0.165 kg
NO;-N (kg N)* and was assumed to be similar for liquid
manure, digestate and mineral fertilizer.

The crop N uptake for liquid manure was also used for
digestate because N fertilizer replacement values of
digested manure increase in the first year after application,
but decline more rapidly afterwards and do not differ in the
long term (Schroder et al., 2007). Losak et al. (2011)
reported that digestate fertilization resulted in the weight of
kohlrabi bulbs being comparable to the weight obtained
when a similar rate of nutrients were applied in the form of
mineral fertilizers. Therefore, the N uptake of 0.373 kg N
(kg N applied) * for mineral fertilizer was also assumed for
liquid manure and digestate.
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cycles.

RESULTS

Global warming potential

When traditional management methods were used, the
handling of one functional unit of manure resulted in an
impact of 4.4 kg CO, equivalents (Figure 2a). The greatest
proportions of emissions were CH, emissions during solid
storage and N,O emissions after field application. Some
emissions could be prevented due to the avoidance of
fertilizer production, but not enough to compensate for the
emissions during storage and after field application.

The handling of a functional unit of manure resulted in a
global warming potential of 3.2 kg CO, equivalents in a
manure management system with biogas (Figure 2b). The
greatest emissions in this system are associated with CH,4
from digestate storage. In addition, the loss of CH, through
leaks and the intentional release of biogas has a
considerable impact. There were also significant savings in
terms of impacts, mainly as a result of saving LPG gas that
was substituted by the biogas produced, but also generated

by avoiding fertilizer production and the application of urea.

The results clearly show that emissions of CH,, mainly
from digestate storage and the intentional release of biogas
when production exceeds consumption, may seriously
compromise any benefits in terms of global warming by
outweighing any savings made by replacing alternative
fuels with biogas.

Fossil fuel depletion potential

Figure 3 shows that both manure handling systems
represent net reductions in fossil fuel depletion potential.
The reason for this is that manure is a useful resource that
can be used to replace fuels and fertilizers. The non-biogas
management system resulted in greater savings than the
biogas management system. Although the biogas replaces
LPG production, non-biogas farms saved more fossil
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b) Biogas farms
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Avoid. urea appl.
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Avoid. LPG combust.
Digest. storage
Digest. appl.

Biogas leak

Biogas release
Biogas use

Contribution of a) non-biogas and b) biogas manure management systems to global warming potential throughout their life

resources since this system features a greater recycling of
nutrients and thus leads to replacement of more chemical
fertilizers whose production requires considerable energy.
These results are obviously highly dependent on the
assumptions regarding the substitution of mineral fertilizer
and the fact that these substitutions actually happen.
However, despite this uncertainty, the result clearly shows
that the substitution of fertilizers is also important in terms
of fossil fuel depletion potential.

Freshwater eutrophication potential

In the ReCiPe impact assessment method, it is assumed
that biological production in fresh water ecosystems is
limited by P availability. Therefore, there is no effect of
emissions from other nutrients in this category. The biggest
environmental burden on fresh water eutrophication comes
from the discharge of liquid manure and digestate in both
manure management systems (Table 5). The level of P
discharged from the biogas system was five times higher

M Biogas 1 Non-biogas

o

-

W

Fossil depletion (kg oil eq.)
3 ;

Total

Avoid. K fert. prod.
Avoid. urea prod.
Avoid P fert. prod.
Avoid. LPG prod.

Figure 3. Contribution of biogas farms and non-biogas manure
management systems to fossil fuel depletion potential throughout
the manure management life cycle.



724

Vu et al. (2015) Asian Australas. J. Anim. Sci. 28:716-729

Table 5. Contribution of biogas farms and non-biogas farms to freshwater eutrophication potential throughout manure management,

from storage to application, in kg P eq

Farm types Total phosphorus

Avoided fertilizer production

Liquid/digestate discharge Solid discharge

Non-biogas farms 0.128
Biogas farms 0.551

-0.003
-0.001

0.115 0.027

0.552

than that from non-biogas systems. This is mainly caused
by the discharge of digestate, which is harder to recycle
because of its high water content. As a result, the impact
potential in this category from biogas systems was 0.551 kg
P eq. per FU, while it was only 0.128 kg P eq. per FU from
the non-biogas system.

Marine water eutrophication potential

The ReCipe method assumes that the marine
environment is N limited and therefore that only emissions
of N-containing compounds can contribute to marine water
eutrophication. The non-biogas management system
contributed 0.33 kg N eq. per FU to marine water
eutrophication potential (Figure 4a). The N content in the
discharged liquid manure as well as emissions during and
after application of solid manure are the largest contributors
to marine water eutrophication in this system. The emission
associated with liquid and solid manure application on
agricultural land was 0.24 kg N eq. per FU, which is similar
to the emissions saved by not using urea fertilizer.

The biogas manure management system contributed
0.82 kg N eq. per FU to marine eutrophication. The main
contribution to this is through the discharged digestate.
Again the emissions saved by not using urea prevent an
impact similar in size to the one associated with digestate
application. As with the non-biogas management system,
the two processes of digestate storage and digestate
application made a negligible contribution to marine water
eutrophication.

As summarized in Figure 5, the biogas manure

a) Non-biogas farms
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Total

Avoid. fert. prod.
Avoid. urea appl.
Liquid discharge
Solid discharge
Liquid appl.

Solid appl.

management system is shown to have slightly smaller
environmental impacts than the non-biogas system with
respect to the climate change category. For fossil fuel
depletion potential, both types of farms save on impacts, but
the non-biogas system saves more energy than the biogas
system. With regards to eutrophication of freshwater and
marine water, non-biogas farms have clear advantages over
biogas farms, which potentially contribute more than four
times and almost three times as much respectively.

Sensitivity analysis

It is obvious that fugitive emissions of CH,; and the
reduced recycling of nutrients compromise the possible
environmental benefits of biogas technology in this
assessment. Reductions of emissions from the storage of
digestate would require longer hydraulic retention times in
the digester to reduce CH, production potential before the
digestate enters the storage facilities. This is complicated to
achieve. Reducing the intentional release of biogas by
flaring the biogas instead of releasing it should be relatively
easy, provided farmers/digester operators are properly
instructed, and could be done without difficulty or negative
implications. Therefore, a scenario was tested in which all
the biogas that would otherwise intentionally be released
was flared. It is also evident that the discharge of large
amounts of digestate is problematic. A scenario was
therefore tested where half of the discharged digestate was
recycled on agricultural fields instead, which should be
possible to achieve if proper incentives are given.

Responses in the environmental impact categories
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Figure 4. Contribution of a) non-biogas and b) biogas manure management systems to marine water eutrophication potential throughout

the manure life cycle.
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Figure 5. Relative impact of non-biogas and biogas farms in four impact categories. The non-biogas farm is shown as 100%.

resulting from the flaring of biogas that would have
otherwise been released are illustrated in Table 2. The result
showed that the climate change impacts of the biogas
management system are now significantly reduced
compared to the non-biogas system, making the biogas
system clearly favorable in terms of impacts in the climate
change category. However, this is not the case for the
remaining environmental impact categories—fossil fuel
depletion, freshwater eutrophication and marine water
eutrophication—which remain unaffected. Biogas is still
associated with having greater impacts.

Scenarios were tested with i) no intentional release of
excess biogas ii) 50% reduction in digestate discharged into
environment and iii) no intentional release of excess biogas
and 50% reduction in digestate discharged into environment

The reduction of the digestates discharged from the
biogas management system reduced both global warming
and fossil fuel depletion compared to the non-biogas system.
In terms of climate change, the positive and negative
impacts of the biogas system now practically cancel each
other out. However, the biogas management system still
contributes more to freshwater and marine water
eutrophication than the non-biogas system (Table 6).
Reducing the impacts in these categories to below the
impacts of non-biogas management systems would
therefore recycling of all the digestate, with no discharge at

all.

Responses in the environmental impact categories
resulting from the combined flaring of biogas and reduction
of the digestates being discharged would result in a
significant reduction in the emission of greenhouse gases
from the system with a household biogas digester compared
with traditional management. However, recycling 50% of
the digestates would not be as efficient as the traditional
system in terms of eutrophication.

DISCUSSION

The results in the current study clearly show that the
release of CH,4, both through intentional release and from
digestate storage, has a significant impact in terms of global
warming. The calculations in this study indicated that the
biogas digester helped reduce the impact on global warming,
but this effect is not substantial and could easily be
compromised, for example if emissions during the
construction of the digester are taken into account.
According to Wang and Zhang (2012), the construction of
an 8 m® biogas digester accounts for 2,357 kg CO, eq. If the
digester is operated for its intended lifetime of 20 years and
with a retention time of 30 days, emissions would be 1.67
kg CO; eq. per FU if the construction of the biogas digester
is allocated to a FU in this study. This means that total

Table 6. Sensitivity analysis results for the four environmental impact categories

Non biogas With biogas
. - Flaring of 50% reduction Flaring of excess biogas

Environmental categories Unchanged Unchanged excess in discharged and 50% reduction in

biogas digestate discharged digestate
Climate change (kg CO, eq.) 4.414 3.253 -0.339 -1.571 -5.163
Fossil depletion (kg oil eq.) -2.861 -2.589 —2.589 -3.516 -3.516
Freshwater eutrophication (kg P eq.) 0.128 0.550 0.550 0.274 0.274
Marine water eutrophication (kg N eq.) 0.326 0.910 0.909 0.455 0.455
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emissions would be 4.93 kg CO, equivalents in a manure
management system with biogas. In addition, the release of
biogas is likely to be higher in some situations than
estimated here. Observations from surveys on large-scale
farms, mainly in southern Vietnam, clearly show that a
greater proportion of biogas is released there. The problem
with intentional release is therefore likely to be even greater
in southern Vietnam. These factors clearly compromise the
positive effect of the digesters.

Bruun et al. (2014) also concluded that the intentional
release from small-scale biogas digesters was an issue, but
in the current study it is shown that it is also important
when the whole life cycle of the manure management chain
is considered. Another LCA study of biogas digesters on
small-scale farms has failed to identify this problem,
because it was assumed that CH, emissions from the
digesters were zero (Chen et al., 2012). The biogas systems
analyzed in that study are somewhat more advanced than
the Vietnamese systems analyzed here. It is felt, however,
that it is very unlikely that there are no emissions at all.
Assumptions have been made that an LCA of even more
advanced systems in developed countries suggests
relatively small emissions. For example, De Vries et al.
(2012) assumed emissions of 1.5% and Poeschl et al.
(2012b) assumed losses of 1.8% for small plants and 1% for
large plants. With these limited emissions, the GHG balance
for these more advanced systems are more favorable and
the emissions play a smaller role in the LCAs. However,
fugitive emissions even for advanced and well-maintained
biogas plants can in fact be significant (Flesch et al., 2011).

In the sensitivity analysis it was seen that flaring the
excess biogas instead of releasing it significantly improved
the environmental profile of the biogas solution in
comparison with traditional manure management. An even
better option than flaring biogas would be to use it for
purposes where it saves on other types of fuels. It is likely
that this requires the implementation of new technologies,
such as systems for removing corrosive gases, mainly
hydrogen sulfide (H,S), from the gas, systems for
compressing and storing the gas or distribution systems
allowing the gas to be shared with neighbors (Kapdi et al.,
2005). These technologies do exist, but they involve some
outlay by the farmer and may therefore not be implemented
unless incentives are given through legislation or subsidies.

This study also clearly indicates that the low recycling
of nutrients from the digestate is highly problematic from
an environmental point of view. The reason for the low
recycling of nutrients in the digestate is its high water
content, making it costly and logistically difficult to
transport to agricultural fields, especially in regions
dominated by small fields geographically spread out and a
long way from the farm and the biogas digester location.
Compared with the non-biogas manure management system,
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a considerable amount of water is used to flush the solids
into the digester. This means that larger amounts of
digestate have to be transported to agricultural fields that
are often located a long way away. To take advantage of the
biogas technologies to minimize impacts on the
environment, it is therefore necessary to develop
distribution systems. These would be greatly facilitated by
some sort of technology that could concentrate nutrients
from the digestates so that smaller quantities would have to
be transported. A number of advanced options exist for the
separation of digestates into liquid and solid fractions with a
higher concentration of nutrients or otherwise concentrating
nutrients (Hjorth et al., 2010; ten Hoeve et al., 2013).
However, these options are unlikely to be applicable in
small-scale farming conditions. Therefore, low-tech
solutions to this problem are urgently required. Another
possibility may be to feed the digestate into reed beds and
recycle the sediment (Cooper, 1999; Uggetti et al., 2010).
However, more simple solutions that are less costly in terms
of money and labor might be easier to implement. This
could include reducing the amount of washing water to get
a less dilute digestate (Vu et al., 2012a) and installing
pumping systems that facilitate distribution to fields.

CONCLUSIONS

The results clearly indicated that losses of biogas from
digesters as well as the intentional release of biogas and
emissions of CH, from manure storage compromise the
beneficial effects in terms of global warming brought about
by using the biogas produced to replace other fuels.
Although the current results still indicate that there is an
overall advantage, it is clearly diminished by these losses.
In addition, the picture may be even worse in some
situations, such as on large-scale farms in southern Vietnam,
where the excess of biogas is likely to be greater. However,
from the sensitivity analysis it is also clear that biogas
digesters can become a means of reducing global warming
impacts relatively easily if CH, emissions can be kept low.
Future research will therefore be needed to assess biogas
release and emission from digesters and storage in order to
achieve a better understanding of where and why the
emissions occur. This knowledge will be helpful for
proposing interventions for efficient manure management
through improved biogas systems.

Furthermore the current analysis clearly demonstrates
that biogas digesters are exacerbating problems with the
low recycling of nutrients from animal waste. The
environmental costs associated with reduced nutrient
recycling caused by the digesters means that in order to
make the digesters more sustainable, it is pertinent to
develop better methods and technologies to ensure the
recycling of nutrients contained in the digestate.
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