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The effect of digestate and mineral
fertilisation of cocksfoot grass on
greenhouse gas emissions in a cocksfoot-
based biogas production system
Vita Tilvikiene1* , Kestutis Venslauskas2, Virmantas Povilaitis1, Kestutis Navickas2, Vidmantas Zuperka2 and
Zydre Kadziuliene1

Abstract: Background: Climate mitigation is a major consideration when choosing bioenergy systems. Anaerobic
digestion of biomass is a bioenergy system, which is normally used for the treatment of manure or other residues,
but cultivated energy crops may also provide a potential feedstock. One of the main crops for biogas production is
still maize, but it may be desirable to replace it by perennial grasses, which also have high yields, but do not require as
much management. The aim of this study was to analyse greenhouse gas (GHG) emissions in a biogas production
system based on a perennial grass, cocksfoot, grown under different fertiliser application systems.

Methods: Field and laboratory experiments were carried out over a 7-year period to evaluate the influence of mineral
nitrogen and digestate fertiliser application on cocksfoot biomass and biogas productivity. The obtained data were
used to calculate GHG emissions and emission savings for the whole biogas production cycle, by use of the SimaPro
v.8 software with the IMPACT 2002+ model, based on the climate change environmental impact category.

Results: Productivity of cocksfoot (Dactylis glomerata L.) was influenced by the annual rate of nitrogen applied as
fertiliser, the fertiliser type and year, as influenced by the weather conditions. The biomass yield of cocksfoot
fertilised with 180 kg nitrogen ha−1 year−1 was similar regardless if the nitrogen was applied as digestate or mineral
fertiliser. At higher rates of nitrogen application (360–450 kg ha−1 year−1), higher yields and lower net GHG emissions
could be obtained from the biogas production cycle when the nitrogen was applied as digestate compared to mineral
fertiliser, especially in dry years. Energy input over the whole cycle was mainly influenced by the type of fertiliser and
the biomass yield. Mineral fertiliser generally caused higher levels of GHG emissions than organic digestate fertiliser,
when the same amount of energy is produced.

Conclusions: The cocksfoot grass-based biogas production system showed that a significant GHG emission saving
potential exists, if nitrogen is added as digestate instead of mineral fertiliser, for similar yields of biomass and energy
from biogas. Cocksfoot grass fertilised with digestate is thus a promising feedstock for biogas production.
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Background
The importance of the renewable energy sector has been
recognized worldwide. Increased use of such energy
sources is playing a significant role in climate change miti-
gation strategies, as well as in the improvement of eco-
nomic factors (contribution to regional and national
economies), and to energy cost savings and social condi-
tions (especially increased employment). Such benefits
may be enhanced by increasing the effectiveness of bio-
mass conversion [1–5]. Many countries have traditionally
used forest biomass for energy and much research is cur-
rently under way to assess the impacts of forest bioenergy
practices on sustainability parameters [6–9]. However, in-
creasing attention is also being paid to the agricultural
sector and the use of agriculture-derived biomass for gen-
eration of bioenergy [10, 11]. The use of alternative feed-
stocks for bioenergy and the resulting reduction in
greenhouse gas (GHG) emissions is being analysed widely
[12–14]. It is assessed that by 2050, the global bioenergy
potential from agricultural land will range from 64 to 161
EJ year−1 but it will be strongly influenced by the develop-
ment in the global demand for food and animal feed [15].
The increasing demand for biomass raw materials and the
large biomass production potential in agriculture is en-
couraging detailed sector analysis as a basis for making
key decisions on future energy pathways.
Agricultural management differs considerably between

regions in the world, due to the variation, for example,
in climate conditions, management technologies, and the
length of the growing season. At present, there is a pau-
city of evidence on sustainability of agricultural biomass
use for bioenergy in Northern European countries, but
this pathway could be a meaningful part of a circular
bioeconomy. However, the success of the bioeconomy,
and especially the circular bioeconomy, will depend on
the achievement of environmental, social, and economic
benefits [16]. This will require new approaches and im-
provements in efficiency throughout the agricultural
production cycle. Agriculture is the second highest glo-
bal GHG emitter after the combustion of fossil fuels for
energy production, but it is expected that with new
high-precision management technologies and innovative
products, the sector will be able to contribute to climate
change mitigation [17].
It is also important to ensure a diverse primary energy

production, so that it includes more, and more local, re-
newable energy sources. One such locally based renew-
able energy source is biogas. Different political and
technological conditions have influenced the develop-
ment of the biogas sector in different countries [18], but
in many countries, the biogas production potential,
though high, is not yet fully utilized [19]. Biogas, as a re-
newable fuel, is flexible and can be used in heat and
electricity production or as a transportation fuel.

In order to expand the supply of raw materials for bio-
gas production, annual and perennial crops are currently
being used to produce biogas. The mono-digestion of
perennial grasses seems to be promising for the gener-
ation of biogas [20], although co-digestion of perennial
grasses with manure might even more effective [19]. Per-
ennial grasses have advantages over annual crops as a
feedstock, because they are able to produce stable, high
yields of dry matter under different environmental con-
ditions and do not compete with food production for
raw materials [21, 22]. Grasses are also important in
agriculture for soil preservation and improvement of
biodiversity. Perennial grasses in most environmentally
protected areas have to be cut at least once a year [23].
Such biomass could be collected and used for biogas
production. Changing land use from wheat production,
which is a very important crop in Lithuania, to grassland
for a few years could improve the soil fertility and struc-
ture, which might help to increase future grain yields.
Biogas production from anaerobic biomass digestion

technologies can be assessed in terms of its positive en-
vironmental impact, as anaerobic digestion kills weed
seeds and pathogens in manure before it is applied as
digestate to the fields [24–26]. Moreover, the residue
from biogas production, i.e., the digestate, can replace
mineral fertilisers in what can be termed a biomass-
biogas-biomass cycle [27–29] (Fig. 1). The present study
estimated the GHG emissions of such a biogas produc-
tion cycle, in which a perennial grass, cocksfoot (Dactylis
glomerata L.), was grown as a biogas feedstock, with
digestate from its co-digestion with manure being used

Fig. 1 The “biomass-biogas-biomass” production cycle used as a
basis for evaluating GHG emissions and emission savings

Tilvikiene et al. Energy, Sustainability and Society           (2020) 10:13 Page 2 of 15



for fertilisation. The comparison of GHG emissions was
made between scenarios using different fertiliser applica-
tion systems for cocksfoot production. The cocksfoot
grass was established in the first year of the study, while
yields were evaluated in the subsequent six annual grow-
ing cycles.
It has been found that the energy potential per hectare

when using crops for anaerobic digestion is limited by the
level of yields [15]. The productivity of crops depends on
climate, soil and cultivation technology, annual growing
cycle, and the number of harvests per year. Energy conver-
sion efficiency has also been found to be important. Com-
pared to the energy input, perennial grasses produce a
larger amount of total energy than annual crops, because
they require less energy consumption for management.
More intensive cultivation, for example fertiliser applica-
tion and genetic modification, can increase crop product-
ivity by up to ten times compared to non-intensive crop
production [22, 30]. A trade-off must thus be made be-
tween the energy input and output. It should be noted
that perennial crops can be grown and be productive in
one place for more than 10 years. Therefore, a broad ap-
proach is needed to assess the environmental benefit of
agricultural management systems with longer rotations
and biogas production.
This publication is part of the national research pro-

ject “Biomass for Biogas.” The aim of the project was to
evaluate the possibilities and profitability of the use of
perennial grasses for biogas production. Two experi-
ments were established for the project. The data from
the first experiment, related to the production and diges-
tion of three different grasses, have been published [31–
33]. The second experiment was laid out to evaluate the
effectiveness of cocksfoot fertilisation with digestate and
nitrogen mineral fertiliser in a biomass-biogas-biomass
system. The effect of digestate fertilisation on biomass
quality is presented by Tilvikienė et al. [34], while the
aim of the work reported here was to analyse and com-
pare the GHG emissions from the circular biomass-
biogas-biomass production system based on cocksfoot
grass, grown under different fertiliser application sys-
tems, for mono-feedstock production of biogas.

Materials and methods
The study has two parts: first the field and laboratory
experiments and, second, the calculations (modelling)
of GHG emissions and emission savings. Data from
the field experiments (biomass productivity) and la-
boratory experiments (biogas productivity and energy
value) were integrated in a life-cycle analysis (LCA).
The field and laboratory experiments were planned to
obtain more precise information about GHG emis-
sions in near-operational conditions.

Field experiment
The field experiment was established with cocksfoot
grass (Dactylis glomerata) in central Lithuania (55° 23′
50″ N, 23° 51′ 40″ E) on an Endocalcari-Epihypogleyic
Cambisol (CMg-p-wcan) soil [35] in 2009. Eight different
fertiliser treatments were applied to the cocksfoot sward:
control (unfertilised), nitrogen (N) application with min-
eral fertiliser (180 and 360 N kg ha−1 year−1) and N ap-
plication with digestate (N application rates with the
added digestate were 90, 180, 270, 360, and 450 kg N
ha−1 year−1). Experimental plots were 3 × 5 m (15 m2)
arranged in randomised block design with four repli-
cates. Small-plot machinery, Hege-212, was used for the
harvesting. Fertilisers were applied manually.
Cultivation input in the year of establishment included

ploughing, soil cultivation, sowing, fertilisation and cut-
ting three times. At the year of establishment, perennial
grasses do not require much fertiliser, and therefore only
one-third of the annual rate of fertilisers was applied at
the cocksfoot germination stage. In subsequent years,
fertilisers (mineral or digestate) were applied twice a
year, with half the planned annual application rate being
applied each time. The first fertiliser application was
made in the spring at the beginning of the growing sea-
son, and the second was made after the first cut of the
sward. The sward was cut three times each growing sea-
son: first at the heading stage, second after regrowth at
the end of July and third after regrowth at the beginning
of October.
The digestate from a working plant using pig manure

and agro-biomass for the digestion was selected for the
experiment. The chemical composition of the digestate
varies greatly over the year, so the N concentration and
content were measured and calculated before each appli-
cation (Table 1). The chemical composition of the diges-
tate has been previously published [34].

Weather conditions
The weather conditions varied throughout the time of
the experiment (Table 2). The most stressful situation
for plants was in 2015 when the droughts started in June
and lasted until the late autumn. In that year, the aver-
age rainfall in July was only 57 mm, with all the rain fall-
ing in only 3 days.

Biogas production in the laboratory
Anaerobic digestion experiments, for which experimen-
tal design and methodology is described more fully else-
where [28], were carried out using cocksfoot grass silage.
The grass silage from each year was prepared from fresh
grass samples chopped to a particle size of 3–5 cm. For
ensiling, no preservatives were used. The chopped sam-
ples were ensiled in 3 l glass jars and sealed. The silage
was kept for 70 days at 14–18 °C before samples were
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removed to assess the quality of the silage and determine
its chemical composition. Prepared 150 g samples were
placed into an inoculum of anaerobically digested mater-
ial from the biogas digester of a piggery farm. After an
acclimation period of 50–60 days, an anaerobic digestion
experiment was started using batch mode to determine
the methane production potential of the biomass. The
experiments were conducted using laboratory-scale (20
l) anaerobic cylindrical continuous operation biogas di-
gesters in an experimental design with three replications.
The digester was maintained in a mesophilic environ-
ment at 38 ± 1 °C temperature and volumetric organic
loading rate of 2 kg m3 day−1. The biogas produced in
each digester was collected at the top and vented
through a drum-type biogas flowmeter to a gasholder
(Tedlar® bag). The biogas collected was analysed using
an Awite Bioenergie GmbH AwiFlex analyser. The total
biogas energy potential was calculated by the multiplica-
tion of biomass dry matter yield and biomethane yield.

Statistical analysis
One-way analysis of variance was used for the statis-
tical analysis of biogas productivity and biomethane
yield, and two-way analysis of variance for the crop

productivity using the SAS 9.4 software [36]. Pairwise
differences were tested with a Tukey’s studentized
range test in the MEANS statement. Statistical infer-
ences were made at the 0.05 significance level.

Assessment of GHG emissions and emission savings
An environmental impact assessment enables a mean-
ingful comparison of the impact on the environment
of the processes involved in different designs of the
biomass-biogas-biomass production cycle (scenarios),
both separate processes and in combination. Assess-
ment of sustainability indicators starts with the culti-
vation and harvesting of the raw material and ends
with the consumption of biogas for power generation
and spreading of the digestate on the field. The envir-
onmental impact assessment of the whole biogas pro-
duction cycle using cocksfoot grass was carried out in
accordance with ISO14040 and ISO14044 standards.
The IMPACT 2002+ model was used for the assess-
ment together with SimaPro v.8 software [37, 38], fo-
cussing on the climate change environmental impact
category over a 100-year period, with life-cycle GHG
emissions (CO2-eq) as the modelling output [39].

Table 1 Amount of mineral fertiliser and digestate spread on the fields for each of eight fertilisation scenarios (SC) (see further
details in the section “Evaluation scenarios”). Note, only one-third of the annual fertiliser rate was applied in the establishment year
2009 due to low nutrient demand of the germinating seeds

Scenario Mineral N fertiliser (kg ha-1) Digestate (t ha−1)

N application rate (kg ha−1) SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8

Year 0 180 360 90 180 270 360 450

2009 0 176.5 352.9 4.26 8.52 12.78 17.05 21.31

2010 0 529.4 1058.8 12.95 25.89 38.85 51.80 64.75

2011 0 529.4 1058.8 23.68 47.37 71.05 94.74 118.42

2012 0 529.4 1058.8 15.79 31.58 47.37 63.16 78.95

2013 0 529.4 1058.8 16.45 32.91 49.36 65.81 82.27

2014 0 529.4 1058.8 19.15 38.30 57.45 76.60 95.75

2015 0 529.4 1058.8 31.03 62.07 93.10 124.14 155.17

Table 2 Average monthly air temperature and rainfall during the vegetation period during the years of the experiment

Month
Year

Air temperature, °C Rainfall, mm month−1

04 05 06 07 08 09 10 04 05 06 07 08 09 10

2009 8.8 12.7 14.6 18.1 16.8 13.9 5.2 13 27 169 90 67 48 95

2010 7.3 13.7 16.2 21.7 19.9 11.9 5.0 44 95 72 142 71 52 38

2011 8.8 12.9 18.1 19.7 17.4 13.7 7.6 16 47 44 115 115 54 23

2012 7.3 13.3 14.9 18.8 16.6 13.2 7.3 47 38 79 121 82 43 62

2013 4.7 16.0 18.6 18.5 18.1 12.6 8.5 46 49 47 104 42 78 28

2014 8.9 13.0 14.4 20.0 17.7 13.3 7.3 27 76 65 69 111 22 39

2015 7.0 11.4 15.1 17.1 19.7 14.0 5.2 52 50 26 57 6 66 7
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Evaluation scenarios
Eight scenarios were created for the assessment of life-
cycle GHG emissions under the environmental impact
assessment framework. They varied by fertiliser type and
N application rate (Table 1).

Scope of system
The scope of the assessment covered the whole cycle of
cocksfoot grass biomass production and processing into en-
ergy under the different scenarios involving different rates
and types of fertiliser application to the grass. It included the
emission of pollutants and consumption of resources
throughout the whole cycle of the biomass-biogas-biomass
system, which was thus considered to be a complete and
closed cycle of technological operations, as in the environ-
mental evaluation of Nekrošius et al. (Fig. 2) [33].
The assessment was performed for each of 7 years

(2009–2015) of growing the cocksfoot grass. Total en-
ergy inputs in biogas production from the grass were
assessed for plant cultivation (soil preparation and other
cultivation activities, fertilisation, harvesting, transporta-
tion, and ensiling), processing into biogas, and digestate

distribution back to the field as a fertiliser. Direct and
indirect energy consumption were both included as sug-
gested in the literature [38, 40, 41]. Direct energy inputs
were, typically, diesel fuel and electricity used directly in
the production cycle. Indirect energy input included en-
ergy used for seed and mineral fertiliser production, pro-
duction and maintenance of machinery and equipment,
and embodied energy in buildings [42]. The boundaries
of the system included all material and energy inputs as
well as GHG emissions.
For energy inputs associated with grassland production,

the first year of grass establishment was distinguished
from the succeeding years of grass growth. Multiple com-
ponents of the complex biomass–biogas–biomass system
were considered in the assessment (Table 3).

The modelled system
The cocksfoot grass field was shallow-ploughed and the
soil was then loosened by a cultivator. The cocksfoot
was sown at a density of 18 kg ha−1 using a 3 m working
width seeder. The equipment’s arrival and departure
from the field, fuelling (delivery to the field) and

Fig. 2 Flow scheme of the biogas production cycle biomass–biogas–biomass of Nekrošius et al. [33], which was used for the purpose of this study
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turnaround at the headland (strip of land left un-
ploughed at the edge of the field) were included in the
calculations. The distance from the field to the farm (site
of equipment storage, digestate storage and ensiling) was
assumed to be 3.0 km. The cocksfoot grass biomass was
harvested with a chopper and tedded with a 5.5 m rotary
tedder. Biomass was transported from the field by a trac-
tor with an 8 t capacity trailer to the site where it was
later ensiled in trenches, being spread evenly and com-
pressed to the average on-farm ensiling density of 200
kg m−3 dry matter [12]. During cutting, transport and
ensiling, the grass wilted naturally, and it was assumed
that the biomass losses did not exceed 2% of the total
biomass produced [13]. The ensiling process took place
without the presence of organic acids or the use of
chemical preservatives. The quality and flavour of the
silage were not considered, because it was intended for
production of biogas. Later, the silage was transported
by tractor with a front-end loader to the stationary bio-
mass mixing and dosing device (5 m3), which mixed it
with the liquid fraction. The silage was delivered by a
screw conveyor to the anaerobic digester.
For the modelling, it was furthermore assumed that

anaerobic digestion of the cocksfoot grass as mono-
feedstock was carried out in a cylindrical steel, continu-
ous operation, biogas digester. The digester was main-
tained in a mesophilic environment at a temperature of
38 °C and volumetric organic loading rate of 2 kg m−3

day−1. Water was used in order to maintain a steady dry
matter concentration of 14–17% in the feedstock. The
increase in the quantity of digestate due to dilution was
taken into account. The loss of biogas in the production
process varies from 0.3 to 1.5% of the total amount of
biogas produced [2–4], and a loss of 0.5% was used in
the calculations. Our earlier studies showed that biogas
produced from cocksfoot grass usually contains 58.8–
61.3% methane [33] [43], while the rest is CO2, which, as
biogenic emission, was assumed to have net emissions
and a net global warming potential of 0. The extracted

biogas was cleaned of impurities, compressed and sup-
plied to the cogeneration unit where it was burned in an
internal combustion engine driving a 500 kWe generator
of 36.1% electrical and 46.5% thermal efficiency. The
biogas plant was in operation 8760 h year−1 with an an-
nual demand of 1.77 million m3 of biogas, with an en-
ergy content of 22.55 MJ m−3. The electricity generation
of this biogas plant is our functional unit.
Biogas plant operation used 8% of the electricity pro-

duced and the remaining power was supplied to the
power distribution network, thus replacing electricity
which was assumed to be the average European electri-
city mix (Union for the Coordination of the Transmis-
sion of Electricity [44]), in agreement with the
recommendations by Magiri-Skouloudi et al. [45]. Ther-
mal energy produced by the engine cooling and exhaust
systems was used to heat the feedstock and maintain the
required temperature in the digester (10% of produced
heat). Excess thermal energy was supplied to other con-
sumers. As the output of electricity was identical for all
scenarios and years, it was assumed that the excess heat
provided to consumers was also constant, with no impli-
cations for the comparison among scenarios and years.
A similar characterisation methodology for determining
biogas plant power was applied by Bacenetti et al. [13].
The digested substrate was pumped into a storage reser-
voir and was later spread on the fields as fertiliser in ac-
cordance with scenarios 4 to 8. The digestate applied to
the soil emits indirect N2O of biogenic origin due to the
release of N during periods when there is no uptake by
the vegetation. Following Møller et al. [46], the indirect
N2O emission from soil when applying digestate, con-
verted to a global warming potential, was on average
46.5 kg CO2-eq t–1 digestate. The average indirect N2O
emission factor used was 1.49% of the applied mineral
N, resulting in 2.32 kg CO2-eq kg–1 N in the applied
mineral fertiliser [47]. In this study, we defined direct
N2O emissions as those derived directly from energy
consumption, and indirect N2O emissions as those

Table 3 Components of energy inputs in calculation of GHG emissions for cocksfoot grass production and processing into biogas in
seven annual growing cycles

Only in year 1 of grass growth For all 1–7 years of grass growth

Direct energy input with
subsequent direct GHG emissions

Indirect energy input with
subsequent indirect GHG emissions

Direct energy input with
subsequent direct GHG emissions

Indirect energy input with
subsequent indirect GHG emissions

Soil tillage Agricultural machinery Cutting Agricultural machinery

Soil cultivation Fertilisers Raking Fertilisers

Sowing Seeds Chopping and collection Human work

Fertilisation Human work Transportation

Cutting Ensiling

Anaerobic digestion

Spreading of digestate
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generated during the industrial N fertiliser production
process and N2O emissions from soil when N fertiliser is
being applied.

Acquisition of input data
Data on plant biomass preparation, transportation, bio-
gas plant and equipment were taken from the ecoinvent
v3 database [48], while the biomass yields and biogas
productivity were taken from field trials and laboratory
experiments, respectively.

Ensuring comparability of the assessed scenarios
A consistent supply of biogas must be assured, but the
yields of perennial grass dry matter and biogas vary from
year to year. Therefore, the land area required to obtain
the quantity of biomass needed to produce 39917 GJ of
energy to maintain a 500 kWe biogas plant was calcu-
lated by dividing the annual amount of required biogas
by the methane potential and biomass yield. Biogas di-
gester sizes and technological equipment vary, so energy
input also varies. For this assessment, it was assumed
that the biogas plant operates 8760 h year−1, and the co-
generator 8000 h year−1. The lifetimes of the biogas
plant, process equipment and agricultural machinery
were estimated according to manufacturers and taken
from ecoinvent database as well as the technical parame-
ters and average fuel consumption of the agricultural
equipment. In the modelling, it was assumed that one
worker emits 0.52 kg of CO2 per hour based on household
expenditures [49]. Results were adapted and normalised

and are expressed as emissions of CO2-eq ha−1 as recom-
mended by Bird et al. [50]. The substitution of electricity
and heat from fossil fuels by biogas generated from cocks-
foot grass was taken into consideration.

Results
Biomass yield
The productivity of cocksfoot varied significantly with
fertiliser type (p < 0.05), N dosage (p < 0.05) and year (p
< 0.01). Biomass yields decreased with increasing N ap-
plication rate for mineral fertiliser, but increased with in-
creasing N application rate for digestate (Fig. 3, Table 3).
In the sixth year, the most productive system was cocks-
foot grass fertilised with digestate applied at a rate of
450 kg N ha−1.
The biomass yield of swards fertilised with digestate ap-

plied at a rate of 180 kg N ha−1 did not differ significantly
in any year from fields with N applied as mineral fertiliser
at the same rate, except 2012 and 2014 (Table 4). In 2011
the yield of cocksfoot fertilised with digestate was also
higher compared to mineral N application, but the differ-
ence was not significant.
The differences in biomass yield could be explained by

the different weather conditions, especially rainfall and
temperature in spring. When the rainfall in April was
lower and temperatures were higher than the multi-
annual average (in 2011 and 2014), the yield of cocksfoot
fertilised with digestate was higher compared to cocks-
foot fertilised with mineral N. But when the rainfall and
temperature were higher than the multi-annual average

Fig. 3 Biomass yield and biogas production (energy potential, with standard error) of unfertilised cocksfoot and cocksfoot fertilised with nitrogen
(N) as mineral fertiliser and as digestate. The energy potential is energy that can be produced from the amount of cocksfoot biomass in mono-
feedstock biogas production
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(2014), cocksfoot fertilised with mineral N presented
better biomass accumulation results than if fertilised
with digestate.
There were indications that cocksfoot swards fertilised

with digestate performed better in the varying weather
conditions experienced during the period 2010–2015
compared to swards fertilised with mineral N fertilisers.
Especially in dry years like 2015, when the biomass
yields of non-fertilised swards and those fertilised with
mineral N were very low, 2.0–5.8 t dry matter (DM)
ha−1, the swards fertilised with digestate produced from
4.1 to 8.4 t DM ha−1.

Biogas yield
Average biomethane yields from the cocksfoot grass varied
by up to 25% among scenarios (Table 5). The lowest
methane yield of 317 l kg−1 DM was found for SC1, where
no fertiliser was applied. Significantly higher methane yields
were obtained in SC2 and SC3, with 379 and 395 l kg−1

DM respectively, the highest yield being obtained from the
highest mineral N application rate of 360 kg ha−1 year−1.
The opposite tendency was found in SC4–SC8, where

the methane yield decreased with increasing N applica-
tion rate as digestate. At 90 kg N ha−1 year−1 (SC4), the
methane yield was 13.5% higher than at 450 kg N ha−1

year−1 (SC8). The methane yield decreased by about 3%
for each additional 90 kg N ha−1 year−1 applied.
For the same N application rates, the biogas yields

were lower for biomass produced with digestate com-
pared to mineral N fertiliser application (Table 4).
Cocksfoot fertilised with mineral fertilisers produced

379–395 l methane kg−1 DM, while cocksfoot fertilised
with digestate yielded 345–382 l methane kg−1 DM.
Only SC4 with addition of 90 kg N ha−1 year−1 gave a
biomass yield in the same range as that of biomass ferti-
lised with mineral N fertiliser.
The highest total biogas potential in a six-year period

was from fields of swards fertilised with digestate (Fig. 3),
due to higher yields outweighing the lower energy poten-
tial per biomass unit. Applying 180 kg N ha−1 year−1 as
mineral fertiliser gave a similar biomethane yield per hec-
tare compared to that from swards fertilised with the same
rate of N applied as digestate, while an application rate of
360 kg N ha−1 year−1 as mineral fertiliser produced lower
yields per hectare compared to the corresponding rate of
applied N as digestate.

Land area needed for the effective run of biogas plant
The annual amount of biogas that could be obtained
from the biomass produced from 1 ha was zero in the
first year (2009) when the biomass was not harvested,
and highest in 2010, when biomass yields were greatest
in all scenarios. The biogas that could be obtained was
lowest in 2015, when biomass yield was low, presumably
due to droughts (Table 2) and aging of the sward. In that
year, the unfertilised SC1, and SC2 and SC3 with appli-
cation of mineral N fertiliser had very low grass yields of
1.5, 2.4 and 1.8 t ha−1 year−1, respectively, compared to
5.5, 9.2 and 9.3 t ha−1 yea−1 in 2010.
As a result, the land areas needed to obtain the re-

quired quantity of biomass to supply the modelled bio-
gas plant in 2015 were high, 2394 ha in SC1, 1255 ha in

Table 4 Statistically significant differences between biomass yields of different fertiliser application treatments. Treatments within a
specific year (annual growing cycle) are significantly different when no letters are the same (α = 0.05)

Fertiliser type Mineral N fertiliser Digestate

N application rate (kg ha 1 year−1) 0 180 360 90 180 270 360 450

Scenario
Year

SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8

2010 a bcde bcde a b bc cde e

2011 a bc b b cd def f cdef

2012 a d b c b b b e

2013 a b b b b c cde e

2014 a b ab ab c cd d e

2015 a b b b b cd cd e

Table 5 Average methane yield of cocksfoot grass and standard deviation

Fertiliser type Mineral N fertiliser Digestate

N application rate (kg ha−1

year−1)
0 180 360 90 180 270 360 450

Scenario SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8

Methane yield (l kg−1 DM) 317.4 e ±
10.8

378.5 b ±
8.3

395.3 a ±
8.5

381.9 b ±
8.9

352.4 c ±
10.2

345.1 cd ±
4.1

342.8 cd ±
7.9

336.4 d ±
5.3

DM dry matter
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SC2 and 1602 ha in SC3 (Table 6). A reduction in bio-
mass yield thus led to an increased need for grassland
area to supply the modelled biogas plant and larger in-
puts from cultivation and fertiliser application to fulfil
the complete biomass–biogas–biomass cycle.
Depending on the annual yields over the 6-year period,

the average field area required to produce an equivalent
amount of energy varied from 277 to 1143 ha for fields
fertilised with digestate (SC4–SC8) and from 275 to
2394 ha for fields fertilised with mineral fertiliser (SC1-
SC3) (Table 6).

Greenhouse gas emissions per area
As the biomass yield varies between each scenario and
year, corrections were made to calculate the area needed
for the production of the same amount of biogas, with
GHG emissions per area corrected accordingly.
In the establishment year, all scenarios had net GHG

emissions because there was no yield of biomass for bio-
gas production, with the indirect emissions from soils
contributing significantly (Table 7). In the establishment
year, SC3 emitted 1294 kg CO2-eq ha−1 because the ap-
plication of mineral N fertilisers was associated with in-
direct energy inputs mainly from the fossil fuels used in
fertiliser production (Fig. 4). SC2 emitted 834 kg CO2-eq
ha−1. The GHG emissions from SC3, which were greater
by 55% than those from SC2, were caused mainly by the
greater application of mineral N fertiliser with no differ-
ences in the need for land area to produce the same
amount of biogas. In the establishment year, emissions
from SC2 and SC3, respectively, were lower than emis-
sions from cocksfoot fertilised with corresponding
amounts of N applied as digestate (SC5 and SC7).
Otherwise, the emissions from SC4-SC8 depended on
the rate of N applied as digestate. The application of
digestate as fertiliser strongly contributed to the overall
net GHG emissions, mainly because of higher N applica-
tion rates as digestate-inducing higher N2O emissions
from soil. SC4 emitted 1192 kg CO2-eq ha−1 gradually
increasing up to 4565 kg CO2-eq ha−1 in SC8.

After correcting for different areas needed to produce
the same amount of biogas in the years 2010–2015
(Table 7), the annual net GHG emission savings were
largest in the first year of cocksfoot grass harvesting
(2010), when biomass yields were also greatest in all sce-
narios, with net GHG emissions varying from − 2976 kg
CO2-eq ha−1 in SC1 to − 5171 kg CO2-eq ha−1 in SC3.
The total net GHG emissions in the 7-year period var-

ied from 1897 to − 8540 kg CO2-eq ha−1 depending on
the type of fertiliser and the rate of application (Fig. 4).
The total 7-year period showed net GHG emissions for
SC3 and SC8 scenarios, and net emission reductions for
SC1, SC2 and SC4–SC7. SC1 produced on average 2.7 t
DM ha−1 and thus had net GHG emission reductions of
− 3760 kg CO2-eq ha−1 which was similar to− 3598.6 kg
CO2-eq ha−1 for SC7 which on average produced 7.7 t
DM ha−1.
The high rate of digestate application caused higher

indirect N2O emissions from soil in SC4–SC8, compared
to the indirect N2O emissions from mineral fertiliser in
SC2–SC3. However, SC3 still had overall net GHG emis-
sions of + 1302 kg CO2-eq ha−1 rather than an overall
emission reduction. This was due to the low biomass
yield and large area requirements, as well as indirect
emissions from soil and fertiliser production (i.e. fossil
fuel consumption for mineral fertiliser production). Over
the 7-year period, SC8 emitted 1897 kg CO2-eq ha−1,
while SC3 emitted 1302 kg CO2-eq ha−1, which in SC8
was caused mainly by indirect N2O emissions from ap-
plication of high amounts of digestate, especially in 2009
with no energy production, and in SC3 due to indirect
emissions from mineral fertiliser production and applica-
tion. The indirect emissions from mineral fertiliser appli-
cation were thus 22% of the total emissions in SC3,
while they were 47% to 79% for SC4–SC8 where diges-
tate was applied.
Biomass yields from scenarios involving digestate ap-

plication (SC4–SC8) were more stable over time than
yields from scenarios with application of mineral N fer-
tiliser, and less land area was generally required to

Table 6 Land area (ha) required under different scenarios (SC) to produce the same quantity of energy (39,917 GJ) (see further
details in the section “Ensuring comparability of the assessed scenarios”)

Fertiliser type Mineral N fertiliser Digestate

N application rate (kg ha−1 year−1) 0 180 360 90 180 270 360 450

Scenario
Year

SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8

2010 627 296 275 417 364 339 305 277

2011 2144 510 623 698 454 391 350 434

2012 2041 530 627 691 443 435 378 465

2013 2270 974 1103 1098 975 810 698 644

2014 1984 1083 1403 1143 772 639 583 475

2015 2394 1255 1602 1105 829 674 616 499
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provide the feedstock to run a 500 kWe biogas power
plant. The transportation contributes very little to the
overall net emissions; applying digestate to the fields
accounted for emissions of between 24 kg CO2-eq ha−1

in SC4 and 120 kg CO2-eq ha−1 in SC8 (obtained from a
combination of results in Tables 6 and 7). Even trans-
porting additional amounts of digestate to the fields did
not outweigh the impact of mineral N fertilisation.
The application of digestate (SC4–SC7) as fertiliser

thus strongly reduced the net GHG emissions by avoid-
ing the fossil-fuel-based energy input associated with the
use of mineral N fertilisers. The transporting of add-
itional amounts of digestate to the fields only out-
weighed the impact of mineral N fertilisation at the
highest amount of digestate application (SC8).

Greenhouse gas emissions per energy unit
The highest total GHG emissions per energy amount
produced for each component in grass cultivation, based
on the biogas plant functional unit of 500 kWe, were
found for SC3 (360 kg N ha−1 as mineral fertiliser) with
22,106 t CO2-eq for the whole 7-year period (Table 7)
during which a total of 39,917 GJ (= 66528 MWhe) of
energy would be produced.

Over all scenarios, individual year net GHG emissions
ranged from a high of 0.868 kg CO2-eq kWhe

−1 (SC3,
2015) to emission reductions of 0.467 kg CO2-eq
kWhe

−1 (SC1, 2010) (Table 8).

Discussion
The aim of this study was to quantify and compare the
GHG emissions and emission savings from the cycle of
biomass-biogas-biomass production system based on
cocksfoot grass grown under different fertiliser applica-
tion systems. As in other studies [42, 45], we found that
the biogas yield mainly depend on the amount of bio-
mass produced per hectare, with emissions and the en-
ergy benefits directly influenced by the biogas yield
obtained per unit area. We also found that the biomass
yield per hectare, as well as the associated direct and in-
direct emissions for the full cycle of the biomass-biogas-
biomass system, depended significantly on the fertiliser
type, the rate of N application and the interaction be-
tween the two. A balance thus needs to be made be-
tween biomass yield, associated GHG emissions per
hectare, and the area needed to support a certain level of
energy production.

Fig. 4 Net greenhouse gas (GHG) emissions of the biomass-biogas-biomass cycle in the cocksfoot grassland establishment year (2009) and productive
years (2010–2015) (negative values represent a reduction of GHG emissions and positive values a higher net GHG emission compared to the average
European electricity mix). These numbers do nottake into account that different areas were needed to produce the same amount of energy; see Table
7 for area-corrected GHG emissions
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Net GHG emissions for mineral N fertiliser versus
digestate
Our results suggested that the trade-off can best be
made by applying organic digestate as fertiliser in
place of mineral N fertiliser, with an optimal rate of
application of 180 kg N ha−1 year−1, for which net
GHG emissions for the studied 7-year period (−
8539.6 kg CO2-eq ha−1) were lowest among all sce-
narios. Other research indicates that applying diges-
tate instead of mineral fertiliser may reduce the
energy input by up to three times for the same en-
ergy output [3]. We found that the biomass yield of
cocksfoot grass fertilised with N at a rate of 180 kg
N ha−1 year−1 as digestate was similar to the yield
when N was applied at the same rate as mineral fer-
tiliser. The methane yields were only lower by 9% for
the mineral fertiliser, but this difference was exacer-
bated by the indirect emissions of the N fertiliser pro-
duction process, which requires 69.3 MJ of primary
energy to produce 1 kg of ammonium nitrate fertiliser
[47].
Other studies also find that organic fertilisers, such as

biogas digestate, have the potential to improve the GHG
performance of the whole biomass-biogas-biomass pro-
duction cycle when it replaces mineral fertilisers, even if
it must also be considered that it has different effects on
biomass yield and quality [2, 45, 51, 52]. Zeshan [1] indi-
cates that the effective soil application of digestate can
avoid more than 93% of GHG emissions compared to
the storage of digestate.
Rösch et al. [45] found biogas yields in the range of

253 to 394 l kg−1 DM from perennial grasses digested as
mono-feedstock, with yield levels depending on the grass
species, agricultural management and maturity stage at
harvest and the number of harvests annually. They also
found a tendency for biogas yield per unit DM to de-
pend on whether mineral N fertiliser or organic digestate
was being applied, with opposite trends for the rate of N

application. As in this study, the biogas yield per DM in-
creased with increasing rate of N application for mineral
fertiliser, while it decreased for digestate.

Soil and water
There was no significant difference between biomass
yields when applying N at a rate of 180 or 360 kg N
ha−1 year−1 (Table 4). Oppositely, applying more N
with digestate continued to have a significant positive
effect on biomass yields over the whole range of fer-
tiliser application rates (Fig. 3, Table 4). It is desirable
to increase biomass productivity generally, but espe-
cially for older grass cultures, as the yield tends to
decrease with the number of years after initial estab-
lishment. Not only does digestate increase the amount
of biogas production that can be supported by a given
land area, but it also provides an important input of
organic matter to the soil [29]. The increased organic
matter in the soil may contribute to better plant nu-
trition, higher water-holding capacity and lower wind
erosion. A modelling study for Salix and Miscanthus
in Denmark showed that water availability is critical
[53]. Applying digestate to grass instead of mineral
fertiliser directly adds water as well as N and organic
matter to the soil. We hypothesize that the digestate
may have created more favourable conditions for
grass growth especially during dry periods, compared
to mineral fertiliser.
Applying as much as 450 kg N ha−1 year−1 applied as

digestate will likely cause some environmental problems,
but more knowledge is needed to assess, for example,
the amount of N leaching to waters from the soil. Geor-
giadis et al. [54] found that N leaching increases signifi-
cantly with one-time additions of 240 and 360 kg N ha−1

as mineral fertiliser in 2-year rotations, while the leach-
ing of N was insignificant for applications of up to 120
kg N ha−1 per rotation. However, when 240 kg N ha−1

per rotation was added with organic fertilisers, manure

Table 8 GHG emissions expressed as CO2-eq kWhe
-1 of electricity under different scenarios (SC)

Fertiliser type Mineral N fertiliser Digestive

N application rate (kg ha-1 y-1) 0 180 360 90 180 270 360 450

Scenario
Year

SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8

2010 − 0.467 − 0.246 − 0.355 − 0.426 − 0.372 − 0.317 − 0.282 − 0.253

2011 − 0.125 − 0.314 − 0.034 − 0.304 − 0.314 − 0.273 − 0.234 − 0.053

2012 − 0.148 − 0.303 − 0.031 − 0.307 − 0.322 − 0.235 − 0.204 − 0.013

2013 − 0.097 − 0.047 0.408 − 0.129 0.023 0.087 0.138 0.216

2014 − 0.161 0.016 0.684 − 0.110 − 0.109 − 0.060 0.015 0.000

2015 − 0.069 0.269 0.868 − 0.126 − 0.072 − 0.030 0.050 0.031

Total 2010− 2015 − 1.067 − 0.625 1.540 − 1.402 − 1.166 − 0.828 − 0.517 − 0.072
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or sludge, they found significantly lower N leaching
compared to additions of the same amount of N as min-
eral fertiliser.

Comparing GHG emissions in the literature
Other studies also address the life-cycle GHG emissions
from biogas production systems with a focus on the in-
fluence of feedstock production. Bacenetti et al. [13]
conducted an LCA evaluation of three biogas plants lo-
cated in Italy, where they compared a biogas plant with
electric power capacity of 520 kWe fed solely by maize
silage to a reference system with electric energy gener-
ated from fossil fuels in Italy (with 541.7 g CO2-eq
kWhe

−1 emission). They found GHG emission savings of
0.514 kg CO2-eq kWhe

−1, which agrees well with our
findings of 0.426 kg CO2-eq kWhe

−1 for SC4 in year
2010. The scenario by Bacenetti et al. [14] is close to
ours, because of mono-feedstock use and a biogas plant
producing electricity, as well as the rate of N application
being in the same range (346 kg N ha−1 year−1 applied
as organic digestate (75 t ha−1 year−1).
Furthermore, Meyer et al. [19] analysed GHG emis-

sions associated with a 500 kWe biogas power plant with
different maize and grass cultivation scenarios for feed-
stock production. The feedstock was digested together
with cattle manure, but GHG emissions due to digestion
of the cattle manure were not taken into account. They
found GHG emission savings ranging from 0.16 to 0.35
kg CO2-eq kWhe

−1, which was lower than the corre-
sponding values in this study (SC1 2010, Table 8), be-
cause the grasslands were cultivated with low rates of N
fertiliser application (0 to 143 kg N ha−1 year−1 added as
mineral fertiliser and digestate) and without taking into
account the full cycle of perennial grass, including the
establishment of the grass production system.
Rösch et al. [45] reported GHG emission savings of

4000 kg CO2-eq ha−1 year−1 using grass silage as mono-
feedstock in a 100 kWe biogas power plant, modelled
with the Global Emission Model for Integrated Systems
(GEMIS) software. These results were for grass cultiva-
tion without fertilisation, and had higher savings com-
pared to SC1 in 2010, with GHG emission savings of
2976 kg CO2-eq ha−1 year−1. Our study showed that
addition of fertiliser had a higher GHG mitigation
potential.

Sources of uncertainty
There are various sources of uncertainty around our re-
sults. One source is that the methane yield would be
lower in a continuous full-scale biogas plant compared
to experimental batch tests. A standard method for the
transfer of batch test to continuous working full-scale
systems is not yet available, even if results by Holliger
et al. [55] suggest a 10% higher methane potential is

obtained from batch tests compared to the full-scale bio-
gas plant yield.
Thinking of the biomass-biogas-biomass system as cir-

cular, it is also not consistent to use manure-based
digestate as fertiliser, while the biogas production poten-
tial is measured based on grass mono-feedstocks. Diges-
tate from grass-based mono-feedstock biogas production
may have other qualities as fertiliser compared to diges-
tate from co-digestion [56, 57]. However, the replace-
ment of mineral with organic fertilisers is important in
terms of environmental benefits, and the careful selec-
tion of co-substrates may even improve the results ob-
tained in this study.

Conclusions
Cocksfoot grass fertilised with digestate is a promising
feedstock for mono-feedstock biogas production. In the
present study, biomass productivity increased with the
rate of digestate applied. The biomass yield of cocksfoot
swards fertilised with 180 kg N ha−1 year−1 as digestate
was similar to that of swards fertilised with the same
amount of N as mineral fertiliser. The overall net GHG
emission savings increased when higher rates of N (up to
270 kg N ha−1 year−1) were applied as digestate, especially
under dry weather conditions and as the sward grew old.
Application of digestate as fertiliser in cultivation of cocks-
foot grass offered overall a higher GHG emission mitiga-
tion potential compared to mineral fertiliser, when the
same amount of energy is produced. The total reduction
in GHG emissions was strongly influenced by the type of
fertiliser, especially due to high indirect emissions associ-
ated with mineral fertiliser production. The results also
suggest that biogas generation from low-yielding grass-
lands grown in intensive agricultural management systems
is questionable in terms of the GHG emission mitigation
potential. In these conditions, minor variations in technol-
ogy can even lead to increased rather than decreased
GHG emissions.
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