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Abstract. Production of biogas using bioresources of agricultural origin plays an important role 
in Europe’s energy transition to sustainability. However, many substrates have been denounced 
in the last years as a result of differences of opinion on its impact on the environment, while 
finding new resources for renewable energy is a global issue. The aim of the study is to use a 
carbon balance method to evaluate the real impact on the atmosphere by carrying out a carbon 
balance to objectively quantify naturally or anthropogenically added or removed carbon dioxide 
from the atmosphere. This study uses Latvian data to determine the environmental impact of 
biogas production depending on the choice of substrate, in this case from specially grown maize 
silage. GHG emissions from specially grown maize use and cultivation (including the use of 
diesel fuel, crop residue and nitrogen fertilizer incorporation, photosynthesis), biogas production 
leaks, as well as digestate emissions (including digestate emissions and also saved nitrogen 
emissions by the use of digestate) are taken into account when compiling the carbon balance of 
maize. The results showed that biogas production from specially grown maize can save 
1.86 kgCO2eq emissions per 1 m3 of produced biogas. 
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INTRODUCTION 
 
The European Union is the most progressive global leader on the path to climate 

change mitigation, therefore The European Commission presented the vision for 
climate-neutral economy by 2050 to keep global temperature increase below 2 °C above 
the pre-industrial level (Bereiter et al., 2015), with decarbonising the energy sector as 
one of the key points (European Council, 2019). Production of biogas using bioresources 
of agricultural origin plays an important role in Europe’s energy transition to 
sustainability (European Council, 2014; European Council, 2019) due to the possibilities 
to use it for different purposes - transportation fuel, heat and electricity generation 
(Meyer et al., 2018). 

The biogas production process integrates production (Chen et al., 2015), processing 
and recycling of degradable by-products (Li et al., 2019). Not only does the biogas 
produced by anaerobic digestion prevent greenhouse gas emissions and produce 
renewable energy, but also provides for the production of processed fertilizers, 
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improving nutrient self-sufficiency in the agricultural sector (Timonen et al., 2019). The 
productivity of a biogas plant depends on different aspects, like the type of biomass 
(Melvere et al., 2017; Krištof & Gaduš, 2018; Bumbiere et al., 2020), digestion 
(Meiramkulova et al., 2018; Mano Esteves et al., 2019), availability of biomass, 
impurities that may harm microorganisms (Mehryar et al., 2017; Muizniece et al., 2019) 
and lignin content (Lauka et al., 2019). 

The most important element of the biogas production system, is the choice of a 
substrate, because by knowing the composition of biomass, it is possible to predict the 
yield of biogas and its ratio of methane (Ugwu et al., 2020). Almost any organic material 
can be used for the biogas production, for example, paper, grass, animal waste, domestic 
or manufacturing sewage, food waste, agricultural products (Ugwu et al., 2020), but 
whereas finding new sources of renewable energy production is a global issue (Sauthoff 
et al., 2016; Siddique & Wahid, 2018) at the same time specially grown substrates are 
being rejected for the production of biogas (Schulz et al., 2018). 

One of the substrates being rejected is the use of maize as a result of differences of 
opinion on its impact on the environment (Schulz et al., 2018), even though maize biogas 
yields and characteristics are far superior to other crops for biogas production (Pimentel, 
2003; Gowik & Westhoff, 2011). Not only does maize have a high carbon fixation and 
assimilation capacity (Crafts-Brandner & Salvucci, 2002), but it can also be grown 
worldwide due to its high photosynthesis and resource utilization (Arodudu et al., 2017), 
even in conditions of drought, high temperatures and lack of various nutrients (Patzek, 
2004). In addition, in the process of anaerobic digestion it is very important to use co-
digestion, which allows to increase the productivity of produced biogas from 25 to 400% 
over mono-digestion (Cavinato et al., 2010; Shah et al., 2015). Co-digestion is often used 
for the very reason that the optimal carbon-nitrogen ratio on biogas production is in the 
rage of 20:1 to 30:1, but in general, manure has very low carbon ratio and it is important 
to mix it with other substrates that are carbon-rich like maize to increase the biogas yield. 

Therefore, in this case, a carbon balance was developed and carried out to 
objectively quantify naturally or anthropogenically added or removed carbon dioxide 
from the atmosphere in order to determine the environmental impact of biogas 
production from specially grown substrates, in this case - maize silage.  

Although many authors have acknowledged that, when analyzing biomass life 
cycle analysis, the range of results is quite wide (Murphy et al., 2014) due to the 
differences in various factors and system boundaries (Muench & Guenther, 2013), it is 
considered to be the best method for calculating Greenhouse gas (GHG) balance 
(Cherubini, 2010). 

In this study carbon balance was carried out to determine the environmental impact 
in terms of greenhouse gas emissions by biogas production from specially grown maize. 

The methodology was based on life cycle analysis, which included calculations of: 
emissions from maize silage cultivation due to tillage, mineral nitrogen fertilizers and 
fuel use in heavy machinery (both in the process of growing maize, in the process of 
preparing the substrate for biogas production, and in the process of incorporating 
digestate into the soil); emissions collected due to the photosynthesis process; emission 
leaks from biogas production process; emissions from the use of maize digestate 
fertilizer; emissions saved from the mineral fertilizer replacement with digestate. 
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Although the carbon balance method has been used so far, for example, to model 
the change of land use (Guo et al., 2017) or of forestry under various effects of forestry 
(Zubizarreta-Gerendiain et al., 2006), but there are no studies that have developed carbon 
balances to determine the environmental impact of substrate selection in biogas 
production. 

 
METHODOLOGY 

 
In order to calculate fuel emissions, data from an agricultural farm in Latvia was 

collected. It is important to note that the results of the calculations may differ, if a more 
detailed calculation is made, considering factors such as soil consistency and the 
technologies used, the efficiency of tractors and other indicators. The more efficient the 
techniques and methods used, the lower the emissions from maize production process. 
First, the number of times specific tractor-tillage techniques that use diesel fuel and the 
tons of diesel fuel consumed per 1 ha of the particular activity by off-road vehicles and 
other machinery were collected to an indicator of how many tons of diesel needed per 
hectare and how many tons of diesel fuel are consumed per year to process 1 ha of biogas 
maize fields. In turn, knowing the area of land that was used to grow the biogas maize 
substrate in a given year, can provide an indicator of all year’s fuel consumption for 
biogas maize cultivation per ha (Table 1). Data from company producing biogas from 
maize in was used.  

 
Table 1. Diesel fuel consumption for the production of maize for biogas production 

 
Times 

Fuel needed, 
t ha-1  
at a time 

Fuel  
needed, 
t ha-1 

Area,  
ha 

Fuel consumed 
over the area, 
t yr-1 

Plowing 1 0.025 0.025 5,382 134.335 
Shuffle 1 0.008 0.008 5,382 44.778 
Cultivation 1 0.007 0.007 5,382 40.300 
Sowing 1 0.007 0.007 5,382 35.823 
Plant protection + microelements 3 0.006 0.017 5,382 94.034 
Shredding 1 0.029 0.029 5,382 156.724 
Fertilizer application 3 0.004 0.012 5,382 67.167 
Transportation field-farm 1 0.016 0.016 5,382 85.437 
Compression 1 0.031 0.031 5,382 167.918 
Picking from the pit, pouring, dumping 1 0.017 0.017 5,382 89.556 
Incorporation of digestate into soil 1 0.015 0.015 5,382 80.601 
In total - - 0.185 5,382 996.674 
 

By finding out the lowest combustion heat of diesel fuel, it is possible to obtain 
consumed energy for field treatment (Intergovernmental Panel on Climate Change, 
2006). But, knowing the energy consumed in the process in field cultivation as well as 
using the emission factors of the 2006 Intergovernmental Panel on Climate Change 
(IPCC) guidelines, it is possible to obtain the result in terms of tons of emissions from 
the use of fuel (Central Statistic Bureau, 2018). By determining the annual emissions, 
indicators - emissions from the processing of 1 ha of maize used for biogas production - 
are calculated. 
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During the special cultivation of maize, fuel is not the only source of emissions, it 
is also caused by the incorporation of crop residues into the soil, as well as the use of 
nitrogen, therefore the Tier 1 methodology from the 2006 IPCC guidelines was used to 
calculate nitrous oxide emissions from managed soils (IPCC, 2006). For direct nitrous 
oxide emissions from agricultural soils, the following equation was used. 

N2O - N = [(FSN + FCR)  EF], (1) 

where N2O – N – N2O emissions in units of nitrogen (direct N2O emissions from treated 
soils, kg N2O–N yr-1);  
FSN – the amount of nitrogen in the fertilizer applied to the soil kg N yr-1; FCR – N amount 
of maize residues entering the soil on an annual basis (above and below ground); 
EF – N2O emission factor from N input, kg N2O–N kg-1 N (input = 0.01). 
The following equation was used to report kg N2O–N emissions to N2O emissions: 

N2O = N2O – N  44/28 (2) 

One of the calculation parameters for estimating the direct nitrogen oxide emissions 
from the use of N in managed soils is the amount of pure nitrogen fertilizers per year. 
Data on the required inorganic fertilizers used in soils are taken from A. K rkli š book 
‘Calculation methods and standards for the use of soil treatment and fertilizers’, which 
states that a maize yield of 31.8 t ha-1 requires 0.1 t ha-1 N fertilizer (IPCC, 2006). 
Yield N per year is calculated on the Tier 1 methodology of the 2006 IPCC Guidelines: 

, (3) 

where  ha-1); DRY – dry matter 
part of harvested maize (kg dry matter kg-1 fresh matter);  – total area of maize; 
Area – the total part of the area harvested for maize (ha year-1); RAG – terrestrial, 
surface residue solids (AGDM) and maize harvest (Crop), kg dry matter (kg dry matter)-1; 

 – N surface plant residue content in maize (kg N kg-1 dry matter);  – ratio of 
underground residues to maize yield (kg dry fraction kg-1 dry fraction); RBG can be 
calculated by multiplying RBG-BIO by the total aboveground biomass to cereal yield 
ratio (RBG = [(AGDM 1,000 + Crop Crop)-1]; the N content of underground residues 
of maize (kg N kg-1 dry matter) (0.007) (Liu et al., 2019). 

To calculate the annual production of crop residues , the following calculation 
is required: 

 (4) 

as well as an additional equation to estimate terrestrial surface solids AGDM (Mg ha-1): 

 (5) 

And the correction factor for estimating the dry matter yield is determined as: 
Crop = Yield Fresh  DRY, (6) 

where Crop – harvested dry yield fraction T, kg dry matter ha-1; yield Fresh – part of 
fresh harvest T, kg fresh fraction ha-1; DRY – dry matter fraction of harvested crop T, 
kg dry fraction (kg dry fraction)-1 (IPCC, 2006). 
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Although the use of digestate in field fertilization reduces emissions compared to 
synthetic fertilizers, digestion of soil with digestate also generates greenhouse gas 
emissions (Ericsson et al., 2020). The results of analyzes obtained from the farm ‘X’ 
producing biogas from maize indicate that the N content of the digestate fertilizer is on 
average 3.8 kg t-1. By knowing the N content of the digestate and the tons of digestate 
obtained, digestate fertilization emissions were calculated by the 2006 IPCC guidelines. 

When looking at emissions from the biogas production process, it should be 
considered that although biogas is produced from maize, which is a renewable resource 
and recovers the carbon emissions that the plant has absorbed during its growth process, 
emissions from the biogas production process are taken into account. Based on the 
scientific article emission leakages account for 1% of biogas losses in biogas production, 
which includes both the 52% methane in it and the remaining 48%, which is assumed to 
be carbon dioxide (Blumberga et al., 2010). 

Although GHG emissions result from field cultivation during maize cultivation, 
maize growth involves photosynthetic processes that sequester  from the 
atmosphere. In order to calculate the amount of  captured in a year in a certain area 
of biogas maize, the amount of dry matter is multiplied by the sequestration factor 
(Scarlat et al., 2018). 

 
RESULTS AND DISCUSSIONS 

 
For the analysis of cultivation of maize and GHG emissions related with it, data 

about amount of total cultivated maize from 2017 were used. It can be seen that in 2017, 
GHG emissions are generated for the cultivation of maize, which was used as a substrate 
for biogas production, in total 3.53 kt CO2eq yr-1 to treat it with heavy agricultural 
machinery, which uses diesel fuel. Knowing that 5,382 ha of biogas maize were 
managed in 2017, a result is obtained which shows that 0.66 tCO2eq ha-1 per year of 
GHG emissions are generated in the management of biogas maize fields with agricultural 
machinery. Table 2 show fuel emission indicators per 1 ha of cultivated maize area used 
in calculations. 

 
Table 2. Fuel emission indicators per 1 ha of cultivated maize area (based on IPCC, 2006) 

  emissions, 
t ha-1 

 emissions, 
kg ha-1 

 emissions, 
kg ha-1 

Plowing 0.079 0.004 0.030 
Shuffle 0.026 0.001 0.010 
Cultivation 0.024 0.001 0.009 
Sowing 0.021 0.001 0.008 
Plant protection + microelements 0.055 0.003 0.021 
Shredding 0.092 0.005 0.035 
Fertilizer application 0.040 0.002 0.015 
Transportation field-farm 0.050 0.003 0.019 
Compression 0.099 0.006 0.038 
Picking from the pit, pouring, dumping 0.053 0.003 0.020 
Incorporation of digestate into soil 0.048 0.003 0.018 
In total 0.588 0.033 0.225 
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In order to objectively determine the total greenhouse gas emissions from fuel use, 
it is necessary to convert them into a single unit of measurement - CO2 equivalents. As 
the global warming potential (GWP) of 1 ton of CH4 equals 25 tons of C2 and 1 ton to 
N2O equals 298 tons of CO2, these values are used to produce total greenhouse gas 
emissions (IPCC, 2006). Table 3 shows CO2eq emission indicators per 1 ha of biogas 
produced from specially cultivated maize.  

 
Table 3. Fuel CO2eq emission indicators per 1 ha of biogas produced from specially cultivated 
maize (based on IPCC, 2006) 

  
emissions, 

eq ha-1 

 
emissions, 

 eq ha-1

 
emissions, 

 eq ha-1 

Total 
emissions, 
t  eq ha-1 

Plowing 79.28 0.11 9.04 0.09 
Shuffle 26.43 0.04 3.01 0.03 
Cultivation 23.78 0.03 2.71 0.03 
Sowing 21.14 0.03 2.41 0.02 
Plant protection + microelements 55.49 0.08 6.33 0.06 
Shredding 92.49 0.13 10.55 0.10 
Fertilizer application 39.64 0.06 4.52 0.04 
Transportation field-farm 50.42 0.07 5.75 0.06 
Compression 99.09 0.14 11.30 0.11 
Picking from the pit, pouring, dumping 52.85 0.07 6.03 0.06 
Incorporation of digestate into soil 47.57 0.07 5.42 0.05 
In total 588.16 0.82 67.06 0.66 
 

The obtained data show that the highest emissions per ha occur per year due to 
harvesting and shredding to prepare maize for placing in the bioreactor, as well as due 
to compaction. The lowest emissions occur during sowing. Total indicative emissions 

relatively similar, amounting to 0.468 tCO2 eq ha-1 and 0.443 tCO2 eq ha-1. In total 
indicative emissions from biogas production from specially grown maize creates 1.567 t 
CO2 eq ha-1. 

The biogas production process produces a very valuable by-product – digestate. It 
contains significant amounts of nutrients that are suitable for enriching the soil (Brown 
et al., 2010; Pereira et al., 2018). The dry weight of digestate from biogas production 
using only maize is approximately 58.22% (Tambone et al., 2019). Digestion of fields 
with digestate can indirectly reduce greenhouse gas emissions, for example, digestate 
from 1 ha of maize green matter with a yield of 30 t ha-1 fully provides the required 

from biogas production from specially 
grown maize per ha shown in Table 4. 

As a result, it can be seen that the 
highest emissions per ha are caused by 
the use of fuel to perform all the 
necessary treatment operations with 
heavy machinery, which is almost 0.66 
tCO2eq ha-1. Emissions from tillage 
with nitrogen fertilizers and crop residue 
incorporation in soil after harvest are  

 
Table 4. Total indicative emissions from 
biogas production from specially grown maize 
per ha (based on IPCC, 2006) 

Indicative emissions t eq ha-1 

Fuel emissions 0.656 
Crop residue emissions 0.443 
N fertilizer emissions 0.468 
In total 1.567 
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amount of potassium fertilizer and saves 31% phosphorus and 44–45% nitrogen fertilizer 
(Naglis-Liepa et al., 2014; Slepetiene et al., 2020). 

Accordingly, using a maize yield of 31.8 t ha-1, it is possible to provide fertilizer 
for 1.06 ha of maize. As a total of 25,700 ha of maize was grown in Latvia in 2017, the 
use of digestate is topical, as well as interviews with farmers conducted within the 
framework of this study revealed that unfortunately digestate for field fertilization is a 
shortage product, which is why additional synthetic fertilizers are used (Iocoli et al., 
2019; Verdi et al., 2019). 

Using digestate fertilizer in tillage, 1.19 ktCO2eq emissions were saved in 2017, 
while indicative emissions show a reduction of 0.22 tCO2eq ha-1.  

Although the use of digestate in field fertilization reduces emissions compared to 
synthetic fertilizers, digestion of soil with digestate also generates GHG emissions. The 
results of analyzes obtained from a farm producing biogas from maize indicate that the 
N content of the digestate fertilizer is on average 3.8 kg t-1. Assuming that the maize 
harvest in 2017 is 171,147.6 tons and that the amount of digestate from the amount of 
mass fed to the bioreactor usually ranges from 90 to 95%, in 2017 158,311.53 tons of 
maize digestate were obtained, while knowing the N content of digestate per 1 ton, it is 
obtained that the total N per 5,382 ha of the whole maize area was 0.60 kt (Central 
Statistic Bureau, 2021). Based on the level 1 methodology of the 2006 IPCC guidelines, 
it is estimated that digestate fertilization caused 2.82 ktCO2eq emissions in 2017 
indicating on indicative emissions - 0.0005 tCO2eq ha-1. 

The methane content of biogas produced exclusively from maize silage is known 
to be 52%, and the biogas yield per ton of maize is 202 cubic meters, which allows to 
calculate both the total amount of biogas produced from maize harvested in Latvia, 
which is 34,571,815.2 m3 from 171,147.6 t maize (Latvia's National Inventory Report, 
1990). 

At a 1% biogas leak in its production process in 2017, 2.63 kt eq GHG 
emissions were released into the atmosphere. 
 

CONCLUSIONS 
 
The research proves that carrying out carbon balance by the methodology based on 

life cycle analysis for assessment of the impact of biogas production from maize, it is 
possible to determine the environmental impact in terms of greenhouse gas emissions on 
the atmosphere. Despite the consumption of diesel fuel and emissions from the maize 
production process, maize absorbs much more carbon than is produced during 
photosynthesis, thus, if 1% of biogas leakage is assumed in its production process, as 
well as knowing by previous calculations that 34,571,815.2 m3 of biogas can be obtained 
from 5,382 ha specially grown maize, its production from specially grown maize can 
save 1.86 kg CO2 eq emissions per 1 m3 of produced biogas (in normal conditions, 
pressure 760 mm Hg). 

The carbon balance can be further improved by reducing emissions from the 
agricultural process by growing the substrate, for example, using zero-emission electric 
tractors for soil tillage, could reduce total biogas maize growing emissions by 43%. But 
there are also processes that would not be desirable to reduce emissions, for example, 
the tractor driving frequency reduction in the field - the fertilization process can 
theoretically be carried out immediately and at once, but fertilization is divided into 
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several stages in order to gradually spread the substances for a favorable plant vegetation 
process, as well as not to promote pollution of water due to drainage that leads to erosion 
(Oshunsanya et al., 2019). After harvest, 28% of total emissions come from nitrogen 
emissions from crop residues (above and below ground). Unfortunately, these are 
emissions that cannot be reduced because, although these residues could theoretically be 
used for biogas production, the removal of crop residues from maize fields would have 
a negative impact on the environment and soil quality (Industrial Vehicle Technology 
International, 2021). 

It is essential to combine efficiency in agriculture in order to reduce atmospheric 
emissions without losing sight of sustainable farming, so as not to have a negative impact 
on soil, water and the environment as a whole. 

Results of this study demonstrates that using the carbon balance methodology 
developed in this work, it is possible to calculate the impact of biogas production and 
how the environment is affected as a result of substrate selection. Such calculations can 
be applied to any country or company in the world and it can be an excellent tool for 
political decision making, based not on discussion, but on quantitative calculations. 
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