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A B S T R A C T   

Biogas generated from livestock manure is a renewable energy source and the digestate is used as a fertilizer. 
Moreover, dewatered biogas digestate can be used as a bedding material (recycled bedding material). The aims of 
the present study were to model a whole dairy system with a biogas plant using recycled bedding material and to 
assess the life cycle greenhouse gas (GHG) emissions. Emissions from the material flow of dairy cattle production, 
manure treatment and organic fertilizer application to on-farm crops were evaluated. In the emissions from 
organic fertilizer storage and recycled bedding material production, CH4 emission was decreased by 43.0%, and 
consequently the system with a biogas plant reduced total GHG emissions by 6.8% compared with conventional 
slurry storage and straw bedding. The use of recycled bedding material from a biogas plant has the potential to 
create a resource cycle and to be beneficial as a GHG mitigation strategy.   

1. Introduction 

As global climate change has become an increasingly serious threat 
in recent years, industries worldwide are required to develop climate 
change mitigation technologies. The Paris Agreement (United Nations 
Framework Convention on Climate Change (UNFCCC) 2015) signed at 
the Conference of the Parties (COP21) set the goal “to hold the increase 
in global average temperature to well below 2 ◦C above pre-industrial 
levels and to pursue efforts to limit the temperature increase to 
1.5 ◦C.” Gerber et al. (2013) reported that livestock production 
accounted for 14.5% of human-induced greenhouse gas (GHG) emis-
sions, and Springmann et al. (2018) estimated that GHG emissions from 
food production systems would increase by 87% between 2010 and 
2050 in the absence of mitigation measures, with most of the increase 
being attributed to animal production. Therefore, the introduction of 
mitigation strategies in livestock production systems plays an important 
role in climate change policies. 

It has been suggested that the introduction of biogas plants is one of 
the most promising strategies for climate change mitigation. Utilizing a 
biogas plant for livestock manure treatment reduces GHG emissions by 

recovering the methane (CH4) gas emitted from the waste and using it as 
a source for renewable energy production (Holm-Nielsen et al., 2009; 
Burg et al., 2018). Moreover, the digestate produced from the anaerobic 
biogas process has several benefits: it emits less nitrous oxide (N2O) than 
raw slurry after field application (Amon et al., 2006; Chantigny et al., 
2007) and helps reduce odor, pathogens, and weed seed germination in 
animal manure (Yiridoe et al., 2009; Massé et al., 2011). The digestate 
serves not only as a nutrient-rich organic fertilizer, but can also be 
reused as a bedding material after dewatering and composting (termed 
“recycled bedding material”) (Kimura et al., 2020). The use of dairy 
waste solids (or manure solids) as a bedding material for cattle has been 
examined since the 1970s (Leach et al., 2015). Risk of mastitis due to the 
use of recycled bedding material from a biogas plant is considered to be 
very low because mastitis-causing pathogens are significantly reduced in 
the process of composting (Okamoto et al., 2018). 

Life cycle assessment (LCA) is a standard method for evaluating 
environmental impacts from all processes in a production system, 
including material exploitation, transport, and disposal (International 
Organization for Standardization 2006). Numerous studies have 
assessed the environmental impacts of livestock production systems 
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(Ogino et al., 2008; Pelletier 2008; Veysset et al., 2010; Oishi et al., 
2013; Turner et al., 2022) and several mitigation strategies, such as 
low-protein diet feeding in swine (Ogino et al., 2013; Garcia-Launay 
et al., 2014) and the use of additives during manure composting (Cao 
et al., 2019). While some studies have evaluated the environmental 
impacts of biogas plants themselves through LCA (Esteves et al., 2019), 
to our knowledge, there have been no studies evaluating the environ-
mental impacts of the use of recycled bedding material in dairy pro-
duction systems. Therefore, the objectives of the present study were to 
model a whole dairy farming system with a biogas plant producing 
recycled bedding material and to conduct a cradle to farm gate assess-
ment comparing the GHG emissions of this alternative system to those of 
a conventional system with slurry storage and straw bedding. 

2. Methods 

2.1. Description of the dairy production system in the present study 

The first step in LCA is to define the goal and scope of the analysis 
and the system boundaries. The goal was to evaluate the GHG emissions 
of a whole dairy farming system including a biogas plant and recycled 
manure solids for bedding (recycled bedding material). Conducting a 
cradle to farm gate assessment with an attributional approach, two 
scenarios for manure treatment were designed. The system analyzed in 
the present study is outlined in Fig. 1. The production system was 
modeled based on a representative dairy farm with 250 lactating cows in 
northern Japan. The system boundary encompassed the whole dairy 
production system integrating all processes from upstream of farm 
production until the products leaving the farm gate. The products in the 
dairy system were milk, surplus calves, culled cows and electricity 
generated in the biogas plant. The production processes included feed 

production, feed transportation, animal housing, manure treatment, and 
enteric fermentation. As upstream resources, emissions from interme-
diate consumption of production of purchased feed and straw bedding 
material were also considered. Manure excreted by the dairy cattle was 
processed and applied to on-farm crop fields as organic fertilizers. The 
emissions derived from manure processing were calculated based on the 
material flow through three sections: dairy cattle production, manure 
treatment, and organic fertilizer application to on-farm crops. These 
sections are described in detail below. 

2.1.1. Dairy cattle production 
Considering the dairy herd structure shown in Fig. 2, we evaluated 

outputs from the dairy cattle production system on a herd basis. All 
calves and culled cows were assumed to be shipped out from the system, 
except for female calves to be reared as replacement heifers. Production 
parameters of dairy cows in the present study are shown in Table 1. 
Heifers were assumed to deliver calves at 27 months of age and continue 
calving up to six times with a calving interval of 425 days and a culling 
rate of 19.6% at the end of every lactation. The weight change was set to 
be linear before weaning and follow Richards growth curve (Richards 
1959) after weaning, as reported in the Japanese Feeding Standard for 
Dairy Cattle (National Agriculture and Food Research Organization 
(NARO) 2017). Daily milk yields were calculated according to Wood’s 
lactation curve (Wood 1967). Annual milk yield was set to 9,967 
kg/head based on an interview with a representative local farmer, and 
other lactation curve parameters were set based on a previous study in 
Japanese dairy cows (Choumei et al., 2006). Daily feed intake of the 
dairy cattle was estimated based on dry matter intake (DMI) or the total 
digestible nutrient (TDN) requirement according to the Japanese 
Feeding Standard for Dairy Cattle (NARO 2017) with the change in feed 
compositions taken into account. Detailed calculations of growth, 

Fig. 1. Outline of the dairy farming system in the present study. The thin and bold arrows indicate unidirectional flows and the recycling flow of the system, 
respectively. The dotted arrows indicate the flow in case of the implementation of a biogas plant (Biogas scenario). 
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lactation, and nutrient requirements are presented in Appendix A of the 
Supplementary Materials. 

Diet composition is presented in Table 2. Nutrient contents were 
determined referring to the Standard Tables of Feed Composition in 
Japan (NARO 2010). The crude protein (CP) content of the conventional 
diet (Cont) for lactating cows was set to 17% on a dry matter basis. As 
Lee et al. (2012) reported that feeding a low-protein diet with amino 
acids reduced the level of nitrogen excreted and GHG emissions from 
lactating cows, the scenario of feeding a low-protein diet containing a 
rumen-protected amino acid was additionally considered in the present 
study. The CP content of the low-protein diet (LowCP) was set to 14% 
and rumen-protected methionine (RPMet) was added as a limiting 
amino acid. As Lee et al. (2015) reported that milk yield and quality 
could be maintained by feeding rumen-protected amino acid even with 
the setting of CP content of 13.7 DM%, cows fed the LowCP diet were 
assumed to maintain the productivity level of cows fed Cont diet; i.e., it 
was assumed that growth, milk production, and reproductive perfor-
mance of dairy cows were equivalent between the two diets’ scenarios. 
Both diets were designed to supply equal amounts of digestible methi-
onine to the small intestine as calculated based on the Nutrient Re-
quirements of Dairy Cattle (National Research Council 2001). The 
methionine content, rumen bypass rate, and digestibility of RPMet were 
set to 85%, 80%, and 90%, respectively (Evonik Industries AG 2021). 
Assuming that the emission from production of RPMet with coating 
materials was equal to that of methionine itself, emission from the 
production of RPMet was set to 5.35 kg-CO2eq/kg as the level of emis-
sion from crystalline amino acids reported by Ogino et al. (2013). 

2.1.2. Manure treatment 
Two treatment scenarios for manure from the lactating cows were 

compared: slurry storage as a conventional treatment (Slurry) and 
treatment in a biogas plant (Biogas). Fig. 3 outlines the manure treat-
ment processes. In the Slurry scenario, manure mixed with barley straw 
bedding was placed in an open slurry tank and stored for 140 days on 
average for spreading on-farm crop fields as slurry. In the Biogas sce-
nario, dewatered digested manure was used as recycled bedding mate-
rial in the barn. Excreted manure mixed with recycled bedding material 
in the barn was treated in the fermenter and the biogas produced was 
collected and used for power generation. After 30 days of anaerobic 
fermentation, the digested manure was separated into solid and liquid 

Fig. 2. Outline of the herd structure of the dairy system in the present study.  

Table 1 
Production parameters of dairy cows in the present study.  

Parameters Values 

Birth weight 43 kg 
Mature weight 700 kg 
Total annual milk yield 9967 kg 
Parameters for Wood’s lactation curve 

B 0.147 
C 0.028 

Fat content of milk 3.92% 
Protein content of milk 3.25% 
Gestation length 280 days 
Weaning age 45 days 
Age at first mating 486 days 
Culling rate 19.60% 
Maximum number of parities 6  

Table 2 
Composition and nutrient contents of the diets assumed for cows and heifers in 
the present study.   

Calves Heifers Dry 
cows 

Lactating cows     

Cont LowCP 

Ingredient (%)      
Timothy hay 9.1 57.3 40.2   
Timothy silage    19.2 19.2 
Corn silage  26.1 28.5 34.8 34.8 
Wheat straw  2.1 20.4   
Oats hay  5.2 1.5   
Alfalfa hay cube 27.3   11.5 12.1 
Maize 41.8   14.8 18.7 
Nonenzymatically browned 
soybean meal 

5.5 4.2 5.8 4.2 1.9 

Soybean meal 16.4   4.0 1.8 
Beet pulp    7.4 7.4 
Concentrated pellet  4.7 2.9 3.9 3.9 
Calcium carbonate  0.5 0.7 0.1 0.1 
Salt    0.1 0.1 

Chemical composition      
DM (%) 87.5 70.7 69.2 55.1 55.0 
CP (%DM) 16.9 12.0 11.7 17.0 14.0 
TDN (%DM) 67.7 64.5 60.6 75.5 75.5 
RUP (g/kg) – – – 25.2 21.1 
EAA (%CP) – – – 38.4 36.6 
Met (%EAA) – – – 3.9 4.1 

Cont: conventional diet, LowCP: low-protein diet containing a rumen-protected 
amino acid, DM: dry matter, CP: crude protein, TDN: total digestible nutrients, 
RUP: ruminally undegradable protein, EAA: essential amino acids, Met: 
methionine. 

Fig. 3. Outline of the model structure of manure treatment for lactating cows 
using conventional slurry treatment (Slurry scenario) and with the imple-
mentation of a biogas plant (Biogas scenario). 
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components using a screw press separator. The solid component was 
piled up and composted for 9 days and then used as recycled bedding 
material. The liquid component was stored for 140 days on average in an 
open storage tank for spreading on-farm crop fields as liquid digestate. 
In both scenarios, manure from the replacement heifers and dry cows 
was composted together with their bedding barley straw introduced 
from outside the dairy farm. In this section, CH4 and direct N2O emis-
sions and indirect N2O emission through volatilization of ammonia 
(NH3) and nitrate oxide (NOX) were considered as organic matter and 
nitrogen losses. These emission factors are shown in Table 3. Since it was 
assumed that flowing wastewater was prevented in manure manage-
ment in Japan (Ministry of the Environment, Japan (MOE) 2020), ni-
trogen leaching and runoff from manure facilities and indirect N2O 
emission related to the leaching and run-off were not considered in this 
section. 

2.1.3. Organic fertilizer application to on-farm crops 
Timothy and corn fed to animals were produced on the farm. All 

organic fertilizer obtained from manure treatment was applied to on- 
farm crops, and chemical fertilizers were additionally applied to 
compensate for deficient nitrogen and phosphate. On-farm crops were 
applied slurry in Slurry scenario and applied liquid digestate in Biogas 
scenario. Table 4 shows the inputs of fertilizer for the on-farm corn 
production. For timothy hay and timothy silage, 29.8 kg-N/kg and 4.0 
kg-P2O5/kg of slurry or liquid digestate were applied to the production 
of timothy hay and 10.4 kg-N/kg and 1.4 kg-P2O5/kg of slurry or liquid 
digestate were applied to the production of timothy silage. All remaining 
slurry or liquid digestate were applied to the production of corn silage as 
well as produced compost. The amount of chemical fertilizer application 
to the production of corn silage was adjusted so that the effective ni-
trogen and phosphate levels applied were equal to those in conventional 

application. The surplus slurry used to meet the amount of application 
was included in the calculation of emissions as it was assumed to be 
spread on-field. Assuming that crop yields were the same in all sce-
narios, yields of timothy hay, timothy silage and corn silage were set to 
be 14, 60, 60 tonne/ha, respectively. On-farm crop production was in-
ventoried based on a face-to-face interview with the representative local 
farmer. Considering the effectiveness of the fertilizers based on Hok-
kaido Fertilizer Recommendations 2020 (Department of Agriculture, 
Hokkaido Government 2020), relative uptake ratios of both nitrogen 
and phosphate were calculated to be 1.0, 0.2, and 0.4 for chemical 
fertilizers, compost, and slurry and liquid digestate, respectively. In this 
section, indirect N2O emission through volatilization of NH3 and NOX by 
fertilizer applications as well as direct N2O emission was accounted for 
nitrogen losses. In addition, we evaluated indirect N2O from nitrogen 
leaching and run-off, considering that 30% of nitrogen in applied fer-
tilizer leaches and runs off (MOE 2020). The emission factors and 
volatilization rates mentioned above are shown in Table 3. 

2.2. Life cycle inventory 

The second step in LCA is to draw an inventory of all resources and 
emissions related to all activities within the system boundaries of the 
dairy farming system. 

Emissions of environmental substances from crop production and 
transportation processes were calculated according to the methodology 
practiced by Ogino et al. (2012). Emissions from production of feeds and 
bedding straw were determined from the inputs of materials and energy 
and relevant emissions (Table S1 in Supplementary Materials). Emis-
sions from feed transportation were calculated from the percentages of 
major exporting countries to Japan and the transportation distances 
(Table S2 in Supplementary Materials). The input fertilizers for on-farm 
crop production were described in the previous section. 

The enteric CH4 emission from dairy cattle was calculated from daily 
DMI (kg/day) using the following quadratic regression equation re-
ported by Shibata et al. (1993): 

CH4 (L / day) = − 17.766 + 42.793 × DMI − 0.849 × DMI2. (1) 

The CH4 emissions from calves were calculated as a function of 
weeks of age, as follows (Sekine et al., 1986): 

CH4 (g / day) = 3.4 × (weeks of age) − 1.2. (2) 

The nitrogen content in the manure was calculated by subtracting 
the protein retained for growth, pregnancy, and lactation from CP 
intake. The organic matter content in the manure was calculated by 

Table 3 
Emission factors and volatilization rates associated with the dairy farming sys-
tem in the present study.  

Source Coefficient Reference 

Emission factors of direct emission   
Feed production   

N2O (kg-N2O− N/kg-N) 0.62%2,3 MOE 
(2020) 

Manure treatment   
CH4 (kg/kg-OM) 2.36%4, 3.03%5, 

3.80%6 
MOE 
(2020) 

N2O (kg-N2O− N/kg-N) 0.02%4, 0.15%5, 
2.40%6 

MOE 
(2020) 

Emission factors of indirect emission   
N2O (kg-N2O− N/kg-NH3− N+NOX− N 

volatilized)1 
1.0% IPCC 

(2006) 
Feed production   

N2O (kg-N2O− N/kg-N leaching and run- 
off) 

0.75% IPCC 
(2006) 

Volatilization rates   
Feed production   

NH3+NOX (kg-NH3− N+NOX− N/kg-N)1 10%2, 20%3 IPCC 
(2006) 

Animal housing   
NH3+NOX (kg-NH3− N+NOX− N/kg-N)1 10.3%7, 4.5%8 MOE 

(2020) 
Manure treatment   

NH3+NOX (kg-NH3− N+NOX− N/kg-N)1 10.8%4,5, 13.7%6 MOE 
(2020)  

1 Volatilized ammonia and nitrate oxide were counted due to calculation of 
indirect N2O emission. 

2 Chemical fertilizer. 
3 Organic fertilizer. 
4 Slurry storage. 
5 Liquid digestate storage. 
6 Compost and production of recycled bedding material. 
7 Dairy cows. 
8 Heifers and dry cows. 

Table 4 
Input of fertilizer applied to on-farm crop fields of corn silage (per tonne of 
yield).   

Chemical 
fertilizer 

Compost Slurry / Liquid 
digestate*  

kg-N kg-P2O5 kg-N kg-P2O5 kg-N kg-P2O5 

Slurry with Cont 0.0 1.8 5.0 2.0 10.0 1.3 
Slurry with LowCP 1.3 1.8 5.0 2.0 6.8 1.3 
Biogas with Cont 0.5 2.0 5.0 2.0 8.6 1.2 
Biogas with LowCP 2.6 2.0 5.0 2.0 3.4 1.2 

For timothy hay and timothy silage, 29.8 kg-N/kg and 4.0 kg-P2O5/kg of slurry 
or liquid digestate were applied to the production of timothy hay and 10.4 kg-N/ 
kg and 1.4 kg-P2O5/kg of slurry or liquid digestate were applied to the pro-
duction of timothy silage. Yields of timothy hay, timothy silage and corn silage 
were assumed to be 14, 60, 60 tonne/ha, respectively. 
Slurry scenario: the use of slurry storage in manure treatment, Biogas scenario: 
the implementation of a biogas plant producing recycled bedding material in 
manure treatment, Cont: conventional diet, LowCP: low-protein diet containing 
a rumen-protected amino acid. 

* Values are inputs of slurry for the Slurry scenario and inputs of liquid 
digestate for the Biogas scenario. 
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subtracting the contents of crude ash and digestible nutrients from the 
dry matter content in the diets based on the Standard Tables of Feed 
Composition in Japan (NARO 2010). 

Emissions from manure treatment were calculated by multiplying 
the amounts of organic matter and nitrogen in the manure by the 
emission factors reported in the National Greenhouse Gas Inventory 
Report of Japan (MOE 2020). In the Biogas scenario, power generation, 
recycled bedding material production, and liquid digestate storage were 
considered. The amount of electricity generated in the biogas plant was 
calculated using the following equation: 

Electricity (kWh) =OMexcrete
/

1000 × ybiogas × fracmethane × utilmethane
× calmethane

/
calelec (3)  

where OMexcrete is the organic matter in the manure (kg), ybiogas is the 
biogas yield from the organic matter (393 m3/t-OM) determined based 
on a face-to-face interview with the representative local farmer, 
fracmethane is the fraction of methane gas in the biogas (60%), utilmethane is 
the efficiency of electricity utilization (0.25 MJ/MJ-CH4) (New Energy 
and Industrial Technology Development Organization (NEDO) 2015), 
and calmethane and calelec are the calorific values of CH4 (39.8 MJ/m3) and 
electricity (3.6 MJ/kWh), respectively. The electricity generated by the 
biogas plant could be a substitute resource for the electricity generated 
by conventional power generation in Japan. Therefore, a part of the 
emissions from the conventional power generation was assumed to be 
offset by the generated electricity at the biogas plant. In the process of 
dewatering after fermentation in the biogas plant, the ratios of separa-
tion of the organic matter and nitrogen from the digested manure into 
the solid component were set to 41.7% and 25.1%, respectively. The 
solid component was composted to produce recycled bedding material, 
and the liquid component was stored and applied on-farm crop fields. 
Therefore, the solid component of the manure from the lactating cows 
was thought to be continuously circulated as a recycled bedding mate-
rial and gradually decomposed and transformed into the liquid 
component. The emission from recycled bedding material production 
was calculated by multiplying the amounts of organic matter and ni-
trogen in the digested manure by the separation ratios into the solid 
component and the emission factors for composting. The contents of 
organic matter and nitrogen in the recycled bedding material and liquid 
digestate were calculated using the following equations: 

OMRBM = OMsolid ×
(

1 − efsolidCH4

)
(4)  

OMapplied = OMliquid ×
(
1 − efliquid CH4

)
+ OMRBM (5)  

NRBM = Nsolid ×
(

1 − efsolid N2O− N − vrsolid NH3 − N+NOX − N

)
(6)  

Napplied = Nliquid ×
(

1 − efliquid N2O− N − vrliquid NH3 − N+NOX − N

)
+ NRBM (7)  

where OMRBM is the amount of organic matter in the recycled bedding 
material (kg), OMapplied is the amount of organic matter in the liquid 
digestate applied on-farm crop fields (kg), OMsolid and OMliquid are the 
amounts of organic matter in the solid and liquid components (kg), 
efsolid CH4 and efliquid CH4 are the emission factors of CH4 from the solid 
and liquid components of the digested manure (kg-CH4/kg-OM), NRBM 
and Napplied are the nitrogen contents in the recycled bedding material 
and liquid digestate (kg), Nsolid and Nliquid are the nitrogen contents in the 
solid and liquid components (kg), efsolid N2O− N and efliquid N2O− N are the 
emission factors of N2O from the solid and liquid components of the 
digested manure (kg-N2O− N/kg-N), and vrsolid NH3 − N+NOX − N and 
vrliquid NH3 − N+NOX − N are the volatilization rates of NH3+NOX from the 
solid and liquid components of the digested manure (kg- 
NH3− N+NOX− N/kg-N), respectively. Values for these emission factors 
and volatilization rates are shown in Table 3. 

Energy consumption of the facilities for housing the cattle and 

manure treatment was considered as the energy required for housing, 
and the environmental loads were calculated from the quantities of fuel 
and electricity used (Agriculture, Forestry and Fisheries Technology 
Information Society 2000; Hishinuma et al., 2002). The amount of the 
consumption of fuel and electricity is shown in Table S3 in Supple-
mentary Materials. It was assumed that lactating cows were managed in 
free-stall barns with manure scraper and that the biogas plant processed 
29 m3/day with 1,160 m3 of digester and 5,400 m3 of storage tank. 

Emissions of CO2 from respiration and excreted manure were not 
accounted as GHG emissions because they were assumed to be offset by 
carbon fixation through photosynthesis as described by Pirlo et al. 
(2014) and Uddin et al. (2021). As well, emissions of CO2 from com-
bustion of methane at power generation was considered as carbon 
neutral (Paolini et al., 2018). Environmental loads associated with the 
production of capital goods, such as cattle barns, front loaders, the 
biogas plant, and the slurry tank, were not taken into account. 

2.3. Life cycle impact assessment 

The contribution of the dairy production system to climate change 
was expressed as CO2-equivalent factors according to the Intergovern-
mental Panel on Climate Change (IPCC 2007): CO2: 1, CH4: 25, N2O: 
298, based on a time horizon of 100 years. The functional unit was 
defined as 1 kg of fat and protein corrected milk (FPCM) (International 
Dairy Federation (IDF) 2010). The amount of FPCM production was 
calculated using the following equation based on a milk fat percentage 
of 3.92% and a protein percentage of 3.25% according to the annual 
average value of the farm: 

FPCM (kg) = (amount of milk (kg)) × (0.1226 × (milk fat percentage)
+0.0776 × (milk protein percentage) + 0.2534)

(8) 

Multiple products, including milk, surplus calves, and culled cows, 
were produced in the dairy farming system. Therefore, whole GHG 
emissions were biophysically allocated to milk production using the 
following allocation factor (IDF 2010): 

Biophysical allocation factor = 1 − 6.04 ×Mmeat/Mmilk (9)  

where Mmeat is the sum of live weight of all animals sold and Mmilk is the 
sum of FPCM sold. The sum of live weight of surplus calves and culled 
cows were 6,396 kg/year and 52,500 kg/year, respectively. The total of 
sold FPCM was calculated to be 2,650,000 kg/year. Therefore, the 
percentage of environmental loads allocated to milk was calculated to be 
86.6% of the total. Here, we also calculated economic allocation factor 
as a reference; considering the sale price of milk was determined as 100 
yen/kg (about 0.83 US$/kg (120 yen/US$)) and the sale prices of male 
and female calves and culled cows were 128,660, 298,660, and 169,695 
yen/head, respectively, the economic allocation factor was calculated to 
be 87.6%. Due to the similarity of the allocation factors for the dairy 
cattle production system, only the biophysical allocation was conducted 
for evaluation of GHG emissions in the present study. 

2.4. Economic data of the biogas plant 

In addition to the assessment of GHG emissions, a simple economic 
evaluation for the use of the biogas plant was conducted. Table 5 shows 
the parameters for the economic evaluation in the present study. All 
electricity generated in the biogas plant was assumed to be sold at the 
price of 39 yen/kWh. Assuming that the cost for the construction of a 
biogas plant for 250 cows was 200 million yen and its depreciation was 
20 years, the annual cost was calculated to be 40,000 yen/head. The 
annual running cost of purchased fuels and electricity used in the biogas 
plant was calculated to be 10,000 yen/head. Annual cost of facility 
construction for slurry treatment was 28,294 yen/head (Hishinuma 
et al., 2008) and that of the use of fuels and electricity was 10,000 
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yen/head (Hishinuma et al., 2002). In order to calculate the cost of 
conventional bedding materials, a price of barley straw was assumed to 
be 14 yen/kg. 

3. Results 

3.1. GHG emissions from the dairy farming system 

Fig. 4 shows the GHG emissions in the two scenarios with or without 
the use of low-protein diet. For the dairy production systems using the 
Cont diet, GHG emissions were estimated to be 894 and 833 g-CO2eq/ 
kg-FPCM for the Slurry and Biogas scenarios, respectively. The Biogas 
scenario showed a 6.8% reduction in GHG emission when compared 
with the Slurry scenario. As for the systems using the LowCP diet, GHG 
emissions were 887 and 817 g-CO2eq/kg-FPCM for the Slurry and Biogas 
scenarios, respectively. The LowCP diet for lactating cows reduced GHG 
emissions by 1.0% and 8.6% in the Slurry and Biogas scenarios when 
compared with the Cont diet in the Slurry scenario, respectively. Enteric 
fermentation, feed production, and manure treatment were large sour-
ces of GHG emission, accounting for 35.5%, 28.3%, and 21.9% of the 
total, respectively, on average for the four systems. 

Details of the GHG emission sources are presented in Table 6. 

Emissions of CH4 and CO2 accounted for 50.9% and 28.8% of the total 
GHG emissions, respectively, on average for the four systems. Compared 
with the Slurry scenario, the Biogas scenario decreased CH4 emission by 
42.2 g-CO2eq/kg-FPCM, but increased N2O emission by 21.3 g-CO2eq/ 
kg-FPCM on average. The Biogas scenario reduced CH4 emission from 
manure treatment by 28.3% on average when compared with the Slurry 
scenario. The Biogas scenario with the Cont and LowCP diets increased 
N2O emission from manure treatment by 88.2% and 68.7% when 
compared with Slurry scenario with the Cont and LowCP diets, respec-
tively. With regards to the high emission of CO2, the dairy system in the 
present study consumed a large amount of imported feed, which resulted 
in a large CO2 impact during feed transportation. It is one of the char-
acteristics of countries having high dependence on imported feeds. 

3.2. Nitrogen flows in the manure treatment 

The annual nitrogen flows in the dairy system with 250 lactating 
cows are presented in Fig. 5. Dairy cows fed the Cont diet excreted 33.3 
tonnes of nitrogen as slurry per year. In the Slurry scenario, slurry was 
stored together with straw bedding and applied to on-farm crop fields. In 
the processes of storage and application, 4.1 and 19.3 tonnes of nitrogen 
were lost as the nitrogen source for N2O emissions, mostly indirect 
emissions, respectively. Because there were 3.0 tonnes of surplus ni-
trogen in the slurry from the cows fed a Cont diet, no chemical fertilizer 
was required for field application in this scenario. In the Biogas scenario 
with cows fed the Cont diet, nitrogen from the digestated manure in the 
biogas plant was separately channeled into recycled bedding material 
and liquid digestate at 8.4 and 24.9 tonnes, respectively. In the processes 
of recycled bedding material production, storage, and application, 1.3, 
2.7, and 16.9 tonnes of nitrogen were lost as the nitrogen source for N2O 
emissions, respectively. Feeding the LowCP diet reduced the annual 
nitrogen excretion by 24.6% and consequently, the nitrogen source for 
N2O emissions from the on-farm crop fields were reduced by 16.9% on 
average. The amount of chemical fertilizer used was estimated to in-
crease to compensate for the nitrogen deficiency in the organic fertilizer 
in the scenarios with the LowCP diet; the amounts of chemical fertilizer 
applied to the on-farm crop fields were 1.7 and 3.6 tonnes of nitrogen for 
the Slurry and Biogas scenarios with the LowCP diet, respectively. 

3.3. Economic evaluation of the use of recycled bedding material from a 
biogas plant 

In the present study, the annual sales of generated electricity was 
estimated to be 39,150 yen/head, the reduction in bedding cost was 
7,730 yen/head and the increase cost of facility construction and man-
agement was 11,706 yen/head. Thus, the implementation of a biogas 
plant was expected to improve annual profits by 35,174 yen/head (293 
US$/head). 

4. Discussion 

4.1. Environmental impacts of the implementation of a biogas plant 

In the total emissions from organic fertilizer storage and recycled 
bedding material production through solid-liquid separation, CH4 
emission was decreased by 43.0% in the Biogas scenario despite the fact 
that only manure from lactating cows was processed into biogas whereas 
manure from heifers and dry cows was composted. Anaerobic fermen-
tation and liquid-solid separation are notable features of a biogas plant 
producing recycled bedding material. In a biogas plant, part of the 
organic matter in the manure is converted to biogas, leading to a 
reduction in CH4 emission during storage of digestate. Battini et al. 
(2014) reported a 67% reduction in CH4 emission from stored biogas 
digestate compared to stored raw slurry. Moreover, solid-liquid sepa-
ration reduces the amount of organic matter that enters storage, 
reducing CH4 emission during storage (Fillingham et al., 2017). Guest 

Table 5 
Parameters for economic evaluation in the present study.  

Items Price Unit 

Sales price 
Milk 100 yen/kg 
Electricity generated in biogas plant 39 yen/kWh 
Male calf 128,660 yen/head 
Female calf 298,660 yen/head 
Culled cow 169,695 yen/head 

Cost 
Bedding straw 14 yen/kg 
Facility construction for biogas plant 40,000 yen/head/year 
Facility construction for slurry treatment 28,294 yen/head/year 
Purchased fuels and electricity used in 
biogas plant 

10,000 yen/head/year 

Purchased fuels and electricity used in 
slurry treatment 

10,000 yen/head/year 

(120 yen/US$). 

Fig. 4. GHG emissions from the dairy production system in each scenario (g- 
CO2eq/kg-fat and protein corrected milk (FPCM)). Slurry: the use of slurry 
storage in manure treatment, Biogas: the implementation of a biogas plant 
producing recycled bedding material in manure treatment, Cont: conventional 
diet, LowCP: low-protein diet containing a rumen-protected amino acid, RBM: 
recycled bedding material, Offset: it is assumed that the electricity generated by 
the biogas plant can be a substitute resource for the electricity generated by 
conventional power generation, resulting in reduced emissions from the con-
ventional power generation. 
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et al. (2017) evaluated a dairy production system with solid-liquid 
separation of raw slurry for bedding use of the solid and showed that 
bedding use reduced CH4 emission from manure treatment by 63% 
compared to storing raw slurry because of a large reduction in CH4 
emission from the liquid storage. Therefore, the implementation of a 
biogas plant producing recycled bedding material significantly reduces 
CH4 emission due to a reduction in organic matter in the digestate 
through fermentation in the plant and solid-liquid separation after the 
fermentation. Furthermore, the use of sealed tanks for storage can pre-
vent gas emissions into the atmosphere. For example, Battini et al. 
(2014) reported a further GHG reduction using a closed tank. Thus, in 
addition to the reduction in GHG emissions by the measures presented in 
this study, the use of sealed tanks has the potential to further reduce CH4 
emissions from storage. 

The substitution of fossil fuels by power generation in a biogas plant 
is one approach to reduce GHG emissions, and further GHG emission 
reduction can be indirectly achieved by increasing the amount of power 
generated. However, compared to other agricultural residues, animal 
manure has a low carbon content, and biogas production from livestock 
manure alone is generally inefficient (Esteves et al., 2019). Therefore, 
changes in the quality and quantity of the recycled bedding material by 
using external carbon resources should be considered to enhance power 
generation in dairy production systems with a biogas plant. By mixing 
manure with industrial food waste at a 73:27 wt ratio, Ebner et al. 
(2015) found that GHG emission from manure treatment was reduced by 
71%, including a reduction in GHG emission from disposal of the food 
waste. Using a mixture of livestock manure and wheat straw to maxi-
mize the production of CH4 for a biogas plant, Wang et al. (2012) re-
ported that the optimal carbon-nitrogen ratio in biogas production was 
in the range of 25:1 to 30:1 and the optimal mixture yielded an 59.2% 
increase in CH4 production compared to the emissions from the indi-
vidual materials. These studies pointed out that the input of external 
carbon resources could contribute to further GHG reduction by 
increasing the amount of electricity generated in a biogas plant. 

Considering the material flow from feed to organic fertilizer appli-
cation in the present study, the CP content of the diets influenced GHG 
emissions during manure treatment and on-farm crop production. 
Although the production of recycled bedding material is associated with 
high N2O emission due to the aerobic condition, the LowCP diet reduced 
N2O emission by 24.5% in manure treatment. This synergistic effect led 
to a 9% reduction in the total GHG emission. Thus, the flow model for 

the dairy farming system used in this study suggested that N2O emission 
from the production of recycled bedding material can be effectively 
reduced when combined with a low-protein diet containing RPMet. 
Until now, reports on LCA analysis for livestock fed low-protein diets 
supplemented with amino acids have been limited. Ogino et al. (2013), 
evaluating the environmental impacts of fattening pigs fed low-protein 
diets supplemented with amino acids, showed a 20% reduction in 
GHG emissions during manure treatment when compared with the use 
of conventional diets by a reduction in excreted nitrogen and N2O 
emission during manure treatment. 

Although the implementation of the biogas plant showed reduction 
in GHG emissions in the present study, the biogas plant may increase 
impacts on other environmental impact categories. Bacenetti et al. 
(2016) assessed environmental impacts of dairy production using a 
biogas plant with sealed tank and reported that the use of biogas plant 
strongly reduced impacts on global warming, acidification and eutro-
phication. For the use of biogas plants producing recycled bedding 
materials, however, it is expected to increase impacts on acidification 
and eutrophication due to a large impact of nitrogen oxides emitted from 
production of recycled bedding material. Zilio et al. (2020) reported that 
liquid digestate after solid-liquid separation showed decreased organic 
matter as well as increased pH, indicating increase of NH3 emission. On 
the other hand, Finzi et al. (2020) indicated that solid-liquid separation 
could prevent accumulation of nitrogen sources on the farm by the 
export of the surplus solid component to other farms. Considering the 
new resource cycling is currently under investigation, the relevant 
emission factors should be refined since the emission characteristics of 
the liquid digestate may not be similar to those of conventional diges-
tate. To evaluate environmental impacts of biogas plant producing 
recycled bedding material, more comprehensive studies including 
investigation of the characteristics will be needed. 

4.2. Economics of the implementation of a biogas plant producing 
recycled bedding material in dairy farming systems 

The results of the economic analysis showed that the introduction of 
a biogas plant improved annual profits by 35,174 yen/head. This is 
equivalent to 3.2% of the average profit of Japanese dairy farmers of 
1,085,852 yen/head (9,049 US$/head) (Ministry of Agriculture, 
Forestry and Fisheries 2022). In addition, digestate from a biogas plant 
produces less odor and is associated with lower levels of pathogens and 

Table 6 
Environmental impact of GHG emissions from dairy production systems (g-CO2eq/kg-FPCM).   

Slurry      Biogas       
Cont   LowCP   Cont   LowCP    
CO2 CH4 N2O CO2 CH4 N2O CO2 CH4 N2O CO2 CH4 N2O 

Feed production 
Purchased feed 105.71 2.44 54.69 101.23 2.44 58.87 105.71 2.44 54.69 101.23 2.44 58.87 
On-farm crop 25.83 0.66 65.42 27.24 0.71 56.54 26.49 0.68 58.93 28.84 0.75 52.10 
Amino acid    1.28      1.28   

Feed transportation 81.15 2.20 1.30 80.42 2.18 1.29 81.15 2.20 1.30 80.42 2.18 1.29 
Animal housing 

Electricity and fuels 28.85 0.62 0.26 28.85 0.62 0.27 28.85 0.62 0.26 28.85 0.62 0.27 
Ammonia   7.50   6.05   7.50   6.05 
Straw production 3.00 0.07 4.74 3.00 0.07 4.74 0.65 0.02 0.82 0.65 0.02 0.82 

Manure treatment 
Electricity and fuels 11.17 0.13 0.26 11.17 0.13 0.26 14.41 0.25 0.25 14.41 0.25 0.25 
Composting  49.65 31.75  49.65 31.75  49.65 31.75  49.65 31.75 
Storage  96.71 7.47  97.82 5.88  29.04 9.84  29.47 7.42 
RBM production        26.02 32.47  26.40 24.51 

Enteric fermentation  311.98   311.98   311.98   311.98  
Offset       − 43.95 − 0.40 − 1.12 − 44.60 − 0.41 − 1.14 
Total 255.70 464.47 173.38 253.18 465.60 165.64 213.31 422.51 196.68 211.07 423.36 182.19 

FPCM: fat and protein corrected milk, Slurry scenario: the use of slurry storage in manure treatment, Biogas scenario: the implementation of a biogas plant producing 
recycled bedding material in manure treatment, Cont: conventional diet, LowCP: low-protein diet containing a rumen-protected amino acid, RBM: recycled bedding 
material, Offset: it is assumed that the electricity generated by the biogas plant can be a substitute resource for the electricity generated by conventional power 
generation, resulting in reduced emissions from the conventional power generation. 
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weed seed germination (Yiridoe et al., 2009), which may imply a po-
tential to further indirectly improve the profitability of a farm. 

At present, recycled bedding materials generated from biogas plants 
are not widely used. Farmers may wrongly assume that the character-
istics of recycled bedding materials are similar to those of bedding 
materials from raw manure: a possibility to increase bacterial counts 

(Leach et al., 2015; Rowbotham and Ruegg 2015). In contrast to bedding 
materials from raw manure, recycled bedding materials may have lower 
levels of pathogens due to the composting process (Okamoto et al., 
2018). To encourage farmers to use recycled bedding materials gener-
ated from biogas plant, it is essential to further inform farmers of the 
characteristics of recycled bedding materials. 

Fig. 5. Annual nitrogen flow of the dairy system with 250 lactating cows in the Slurry scenario (a) and Biogas scenario (b). Black bar: Cont (conventional diet), Gray 
bar: LowCP (low-protein diet containing a rumen-protected amino acid), *including 3.0 t-N/year of surplus slurry with Cont diet. The Y axis in each bar chart 
indicates the amount of nitrogen (t-N). 
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In Japan, there are only about 100 biogas plants for livestock manure 
(NEDO 2015). Thus, there is room to increase the number of biogas 
plants at farms by promoting their introduction. However, the imple-
mentation of biogas plants at individual farms is generally considered to 
be not economically profitable, especially for small-scale farms, because 
of the high cost of biogas plants. Namuli et al. (2013) reported that in 
Quebec Province in Canada, the net present value of dairy farming 
systems using a biogas plant became negative when the herd size was 
below 80 cows. Thus, for small-scale farmers, sharing a biogas plant with 
neighboring farmers may be beneficial (Pukšec and Duić 2012). More-
over, Kimura et al. (2020) reported a dry type methane fermentation 
system that can be used in small-scale farms with tie-stall housing where 
conventional methane fermentation systems are not suitable. Thus, 
sharing biogas plants among farmers or the use of alternative fermen-
tation systems may promote the implementation of biogas plants at 
farms. 

It should be noted that the economic advantage of the implementa-
tion of a biogas plant largely depends on the price at which farmers can 
sell the electricity produced. At present, the electricity generated from 
biogas plants can be sold at a higher price than the purchase price of 
electricity in Japan due to the policy to promote the introduction of 
renewable energy. Table 7 shows the annual costs for 250 lactating cows 
in the dairy system in the present study, considering the case where the 
price of electricity generated in the biogas plant drops to the purchase 
price of conventional electricity generated from power station (20 yen/ 
kWh). Although the use of a biogas plant is still more economically 
advantageous than the conventional slurry scenario even at the price of 
generated electricity being the same with conventional electricity, the 
incentive to implement a biogas plant might be reduced. Furthermore, it 
is considered that farmers be reluctant to investing in a biogas plant that 
costs several hundred million yen. Therefore, in order to incentivize 
dairy farmers to implement biogas plants to reduce GHG emissions, 
sufficient added value for the renewable energy and/or a subsidy for 
construction of the plant would be essential. In addition, it may be 
necessary to implement policies that promote on-farm consumption of 
the electricity to achieve sustainable production. 

5. Conclusions 

In the present study, recourse cycling of dairy farming system 
including a biogas plant producing recycled bedding material was firstly 
modeled to assess the GHG emissions. Implementation of a biogas plant 
producing recycled bedding material reduced GHG emissions by 6.8% 
when compared with conventional slurry treatment, which was attrib-
uted to a reduction in organic matter in the digestate through fermen-
tation and solid-liquid separation, and the offset by the electricity 
generated. The emissions were further reduced when a low-protein diet 
containing a rumen-protected amino acid was used for feeding. The 
material flow showed that the low-protein diet containing a rumen- 
protected amino acid reduced nitrogen excretion and N2O emission 
from the production of recycled bedding material by 24.5% in manure 

treatment. Finally, our results suggested that the biogas plant producing 
recycled bedding material not only reduced GHG emission, but also 
generated economic profits through electricity sales and saving bedding 
cost. To assess the environmental impacts of the use of recycled bedding 
materials more precisely, further studies including investigation of the 
emission characteristics and evaluation of other environmental impact 
categories will be required. 
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Pirlo, G., Carè, S., Fantin, V., Falconi, F., Buttol, P., Terzano, G.M., Masoni, P., Pacelli, C., 
2014. Factors affecting life cycle assessment of milk produced on 6 Mediterranean 
buffalo farms. J. Dairy Sci. 97, 6583–6593. https://doi.org/10.3168/jds.2014-8007. 
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