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D22: Energy balance optimisation for an integrated arable/livestock farm unit

1 Introduction

Energy balance optimisation was made by evaluating and simulating energy balances of
“Biogas from energy crops”-system. System started from cultivation of crops and ended
up with biogas. Digestate was returned to the crop production and inorganic fertilisers
were used only for compensating losses due to leaching and denitrification. With this
model was also calculated a scenario where half of the produced crop was feeded to live-
stock.

2 System definition and source data

All calculations were made in primary energy. As the process has no by-products, all en-
ergy inputs can be allocated to biogas energy produced. In crop based scenarios, biogas
production system consists of crop production, harvesting and pretreatments, storage,
biogas reactor as well as post treatment and digestate storage. Energy inputs and output
are out of system border (Fig. 1). Based on these allocations, energy balance is calculated
as percentage how much of produced energy is required in production process. Results
are also expressed as output:input ratio, which can be calculated as in formula 1.

Output:Input ratio=Eouput* Einpur -, Where 1)
Eoupui=Energy produced from system
Einpur=Energy required to run energy production system
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Figure 1. Biogas production system and system borders in crop based scenarios.
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Calculations were made based on timothy grass, which can be easily cultivated with ex-
isting livestock infrastructure and prepared to silage. Timothy has also relatively high dry
matter yield in boreal growing conditions compared to many other crops.

Cultivation and transporting was assumed to be made with Valtra tractor which fuel con-
sumption is 18 | h™ (FAT 2006). Energy content of fuel oil was assumed to be 11.6 kWh
I, Crops and solid digestion residue was transported in 10 ton trailer and liquid digestate
in 15 m® container and returned empty. Average transport distance was assumed to be 4
km.

It was assumed that cultivation was made with machinery and practices that are generally
used on Finnish farms (Table 1, Hyytidinen ym. 1995, Evira 2006, Pahkala ym. 2005).
Value below 1 indicates that procedure is carried less frequently than annually. Expected
dry matter yield for timothy grass was 9 t hata™, but in first year half of normal, and as-
sumed pasture renewal interval was four years. Pesticides (0,15 kg ha™) were assumed to
be used every other year and silage was prepared using additive (formic acid 3 kg t™).
Fertiliser requirements were 220 kg N, 10 kg P, 70 kg K and 1750 kg lime per hectare per
annum. Energy requirements of chemical agents varied from 0.12 kWh kg™ to 15.83 kWh
kg™ (Table 2). If digested residue is returned to crop production, the nutrients is cycled
between digester and field. However, some of the nutrients are lost due to leaching and
denitrification, which must be compensated with external fertilisation. In this study, an-
nual loss of nutrients is estimated to be 10 % (Bouwman 1996, Esala 1998, Tolppa ym.
2002). Calculations were also done with assumption that digested residue was not used in
crop production.

Energy usage of production of seed and packages were excluded from the study, since it
has been shown to have only small effect and inclusion would have been complex (Kata-
jajuuri ym. 1995). Production of farm machinery was also excluded due to the complex-
ity, although it may be significant because the usage of some machinery may be minor
during their life cycle (Borjesson 1996).

Table 1. Data used in order to calculate energy consumption in cultivation.

Ploug- Liquid Solid Harro- Seedbed Rol- Sowing and Mov- Harvest Liming Sprayn-

hing fertili- fertili- wing cultiva- ling fertilisation ing ing
sation  sation tion

Workwidth, 2 15 6 4,5 4 4,5 3 3,2 6,4 12 20
m
Speed, 7 8 8 7 7 7 6 7 7 7 8
km ht
Procedure 0,25 2 025 0,25 0,5 0,5 0,25 2 2 0,25 0,5
carried pa
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Table 2. Primary energy consumption of fertilisers, lime, pesticides and silage additive.

Chemical agent Energy consumption kWh kg™ Source:

N fertiliser 13.89 Ramirez and Worrel 2005

P fertiliser 2.67 Ramirez and Worrel 2005

K fertiliser 1.86 Ramirez and Worrel 2005
Lime 0.12 Katajajuuri et al. 2000
Pesticides 15.83 Pimentel 1980

Silage additive 1.03 Gronroos and Voutilainen 2001

Biogas potential from timothy silage was 0.34 m*CH, kg™ VSageea (Lehtoméki 2006).
During full scale digestion, 89 % of total potential was assumed to be achieved as this
percentage is achieved during 50 day digestion in assay. Organic loading rate used in cal-
culations was 3 kgVS m™ d™, which is commonly used loading rate in agricultural bio-
gas plants digesting energy crops (FAL 2005).

Electricity used in model was assumed to be average electricity produced in Finland. En-
ergy efficiency in electricity production was calculated by dividing utilised electricity and
heat energy produced by primary energy used in production (Tilastokeskus 2006). Aver-
age electricity production efficiency in Finland was 61 % when calculated this manner.

Heat transfer coefficients used in calculations were 0.06 W m™ °K™ for rock wool insula-
tion and 1.2 W m™ °K™ for concrete (Ympéristdministerio 2002). Parts of digester above
ground were assumed to be insulated with 200 mm rock wool and foundation to be 400
mm thick concrete. Reactor was assumed to be cylindrical in shape, with diameter:height
ratio of 1:1.5 and with working volume of 80 % of total reactor volume. Silage was as-
sumed to have same specific heat as water, as silage has moisture content of 70-80 %.
Average outside temperature was assumed to be 2 °C, which is average temperature in
Central Finland. Efficiency in heat production was assumed to be 85 %, and 30 % of en-
ergy demand of heating feedstock was assumed to be met with heat exchangers. Formulas
2 and 3 were used to calculate heat energy demand of the biogas plant.

hl = UAAT, where 2
hl = heat loss, (kJ s™)
U = overall coefficient of heat transfer, (W m™.°C)
A = cross-sectional area through which heat loss is occurring, (m?)
AT = temperature drop across surface in question, (°K).

q=CQAT, where 3)
C = specific heat of the feedstock (MJ t* °C)
Q = amount of feedstock added (m3)
AT = temperature difference between digester and feedstock, (°K).

Technical data of machinery in biogas plant were obtained from full scale plants and
manufacturers. Constant energy requirements are mixing, 5 W m™c.cior and keeping the
pressure in gas holder, 0.2 kW. Pumps were assumed to be 4 kW with capacity of 20 m®
h™and screw conveyors 15 kW and capacity 50 m* h™. Dewatering was made with belt
press, power 1 kW and capacity of 200 kgDM h™. For vehicle use, biogas was purified
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which uses 0.3 kWh electricity per m® of scrubbed gas, and 2 % of methane is lost during
process. In addition, compression to 250 bar uses 0.2 kWh electricity per m® (Nilsson
2003).

With this model, a scenario where half of the silage was used for livestock feeding was
calculated as well. Calculations were made according to the assumption that one dairy
cow produces 0.76 t of manure from 1 t of silage and methane production from manure
was 0.22 m*CHy kg™ TSaqeed. One dairy cow consumes heat energy and electricity of 1.25
MWh a™ and 2.4 MWh a™, respectively (Hagstrém et al. 2005).

3 Results

Biogas production system using energy crops with reactor size of 1000 m® and with pre-
ceding assumptions uses 16.8 % of produced energy in production process. If expressed
as output:input ratio, figure is 6.1. Required acreage of crop production for plant would
be 140 ha. Net energy production per hectare would be 20 MWh per annum and plant’s
continuous power 374 kKW.

Major energy consumer is heat energy required by heating the feedstock and maintaining
the digester temperature, using 9.1 % of produced energy. Crop production uses 3.9 % of
produced energy and electricity demand is 2.6 %. Transport and chemical additive to si-
lage are lesser energy users, requiring 0.9 % and 0.5 % corresponding.

3.1 Sensitivity analysis

Specific methane yield affects energy balance; 20 % decrease or increase gives out-
put:input ratios of 4.8 and 7.3. Specific methane yields can be affected to some extent by
well-timed harvesting (Lehtomaki 2006). Selected level for crop yield also affects the
energy balance. If dry matter yield of crop is 25 % lesser or greater, will output:input ra-
tio be 5.5 or 6.3. Optimal harvest timing should be optimised regards both yield and
methane potential.

If timothy grass is changed to an annual crop, oat, which is also utilised as silage, the
share of crop production increases to 7.2 % of produced energy. Increase derives from
more frequent tilling practices.

Of process parameters, organic loading rate has significant effect on energy balance, as
higher load enables smaller reactor volumes and therefore decreases the reactor size and
required heating and mixing energy. If organic loading rate could be raised from 3 kgVS
m= d™*to 5 kgVS m™ d*, output:input ratio would increase to 7.3. Organic loading rate of
5 kgVS m™ d? is realistic target, as it is currently used at several agricultural digesters
(FAL 2005).
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Heat demand of the digester is a major factor in energy balance. Removing heat exchang-
ers from the system decreases output:input ratio to 5.4. Relative energy demand of the
plant can be decreased by increasing volume, as reactor area increases slower than vol-
ume. Thermophilic process temperature uses 1.6 times more energy than mesophilic in
1000 m® reactor. If same energy output:input ratio is required in both process tempera-
tures, thermophilic reactor must have 2.5 times higher organic loading rate and smaller
reactor size in proportion.

In base scenario, metabolic heat produced by anaerobic bacteria was not taken into ac-
count when calculating heat energy demand. It has been reported that all heat energy de-
mand can be satisfied with this metabolic heat, and even excess is produced, when co-
digesting energy crops and manure in central Europe (Lindorfer et al. 2005, Weiland
2005). If in boreal conditions half of the heat energy demand would be met with meta-
bolic heat, the output:input ratio rises to 8.2.

Transport has relatively small effect on energy balance. Transport distance has to be over
400 kilometres before energy balance turns negative despite of empty return. Although
transportations energetical effect is small, it may be significant in economical approach.

3.2 Effect of biogas utilisation alternatives and system boundaries on energy balance

In base scenario, crop production was carried out with nutrient recycling. If system is as-
sumed to be run with artificial fertilisers only, will output:input ratio decrease to 3.5. If
annual nutrient loss is doubled from assumed, will output:input ratio be 5.5. In livestock
scenario, energy requirements of livestock are 2.2 % of produced energy and total plant
power decreases to 298 kW compared to 374 kW in base scenario.

If biogas upgrading to transport fuel is included in the system, decreases output:input ra-
tio to 4.1, as it requires electricity and some of the methane are lost during upgrading
process. Primary energy demand of upgrading (8.2 %) is almost as high as energy de-
mand of heating.

If some of the energy used in the production chain will be covered by utilising biogas,
will output:input ratio increase, but total plant power decrease as some of the gas is used
in parasitic requirements. In these calculations, efficiency in heat production was as-
sumed to be 85 %, CHP efficiency in electricity and heat 30 % and 55 %, respectively. If
biogas is not upgraded to transport fuel and parasitic electricity of plant is met with own
CHP, rest of the parasitic heat is covered with gas burner. If upgrading to transport fuel is
included, parasitic electricity demand will be so high that excess heat will be produced.
Energy balances taking into account scenarios with artificial fertilizers and parasitic en-
ergy requirements are presented in figures 2 and 3.
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Figure 2. Effects of different biogas utilisation alternatives to energy balance and total
plant power.
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Figure 3. Effects of different system boundaries to energy balance and total plant power.

As a conclusion, energy output:input ratio varied significantly with different assumptions
and system boundaries. Lowest ratio was with using artificial fertiliser instead of diges-
tate recycling (3.5) and highest when metabolic heat produced by anaerobic bacteria was
taken into account (8.2).

CROPGEN Deliverable D22 Page 7 of 9



References

Bouwmann, A.F. 1996: Direct emissions of nitrous oxide from agricultural soils. Nutrient
cycling in agroecosystems 46: 53-70.

Borjesson, P 1996: Energy analysis of biomass production and transportation. Biomass
and Bioenergy 11: 305-318

Esala, M 1998: Typen ympdristohaitat ja lannoitus. Maatalouden tutkimuslaitosen
julkaisuja, sarja A 40: 83-90, Jokioinen (in Finnish).

Evira 2006: Viljelystarkastajan ké&sikirja. Elintarviketurvallisuusvirasto Evira, Helsinki
(in Finnish).

FAL 2005: Ergebnisse des Biogas-Messprogramms. Bundesforschunganstalt fur
Landwirtschaft, Gulzow, Germany (in German).

FAT 2006: FAT Traktor Testberichte. http://www.fat.admin.ch/d/publi/tbon/index.html
—Referred 24.8.2006.

Hagstrom, M., Vartiainen, E. and Vanhanen, J. 2005: Biokaasun maatilatuotannon
kannattavuusselvitys. Loppuraportti. Gaia Group Oy (in Finnish).

Hyytidinen, T., Hedman-Partanen, R. & Hiltunen, S. 1995: Kasvintuotanto 2. Kirjay-
htyma Oy, Helsinki (in Finnish).

Katajajuuri, J-M., Loikkanen, T., Pahkala, K., Uusi-Kampp4, J., Voutilainen, P., Kurppa,
S., Laitinen, P., Mikkola, H., Kivinen, T. & Salo, S. 2000: Ymparistohallin-
taa tukevan tietopohjan kehittdminen osana maatilojen laatujarjestelmaa.
Case: Rehuohran elinkaariarvionti. VTT tiedotteita 2034. VTT, Espoo (in
Finnish).

Lehtomaki, A 2006: Biogas production from crops and crop residues. Jyvéskyla Studies
in Biological and Environmental Sciences 163. University of Jyvaskyla. Jy-
vaskyl.

Lindorfer, H., Kirchmayr, R. & Braun, R. 2005: Self-heating of anaerobic digesters using
energy crops. ADSW 2005 Conference proceedings Vol. 1: 511-518. Co-
penhagen, Denmark.

Nilsson, M 2001: Livscykelinventering for biogas som fordonsbrasle. SGC rapport 117.
Svenskt gastekniskt center AB (in Swedish).

Pahkala, K., Isolahti, M., Partala, A., Suokannas, A., Kirkkari, A-M., Peltonen, M., Sah-
ramaa, M., Lindh, T., Paappanen, T., Kallio, E. & Flyktman, M 2005:

CROPGEN Deliverable D22 Page 8 of 9



Ruokohelven viljely ja korjuu energian tuotantoa varten. 2. korjattu painos.
Maa- ja elintarviketalous 1. MTT tietopalvelut, Jokioinen (in Finnish).

Tilastokeskus 2006: Kotimainen s&hkdn ja lammon tuotanto tuotantomuodoittain 2004.
http://www.stat.fi/til/salatuo/2004/salatuo_2004_2006-06-16_tie_001.html —
Referred 26.10.2006.

Tolppa, R, Eklund, S & Hiltunen S. 2002: Ravinnetase — ravinnehuollon tehokkuuden
mittari. ProAgria, Pirkanmaan maaseutukeskus (in Finnish).

Weiland, P. 2005: Results and bottlenecks of energy crop digestion plants — required
process technology innovations. http://www.novaenergie.ch/iea-bioenergy-
task37/Dokumente/utrecht/Peter Weiland.pdf —Referred 27.7.2006

Ymparistoministerié 2002: Ymparistoministerion asetus lammoneristyksestd. Ym-
paristoministerid, Asunto- ja rakennusosasto, Helsinki (in Finnish).

CROPGEN Deliverable D22 Page 9 of 9



