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Abstract Few fertilizers are permitted for organic
farming, which is a challenge when securing nutri-
ent availability, particularly of nitrogen (N). Digestate
from biogas production could be a valuable fertilizer
for increasing crop yields, through its high content of
plant-available nitrogen (NH,-N), but is rarely used in
practice. This study evaluated how anaerobic diges-
tion of manure and use of digestate affected inflows
and outflows of nutrients and potentially toxic ele-
ments on four organic farms with different solutions
for digestate production. Mass flows and element con-
centrations were documented 3 years on three dairy
farms and one crop farm and used for calculating
farm budgets. Nitrogen and phosphorus (P) budgets
were also calculated for biogas reactor and storage
pits on three farms. Nitrogen surplus exhibited large
variation (18-87 kg N ha™! year™") at farm level, with
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purchased digestate or poultry manure giving major
N inputs. The risk of process losses was high, with up
to 40% of N and P in feedstock entering farm biogas
reactors not recovered in digestate. The proportion
of NH4-N in total N in digestate was slightly higher
(2-9%) or lower (37%) than in feedstocks enter-
ing farm biogas reactors. Improved stirring in farm
biogas reactors and storage pits to decrease N and P
sedimentation, particularly when digesting poultry
manure, would directly increase digestate value. Two
farms purchasing digestate from central biogas plants
received a digestate causing significant cadmium
inputs. Keeping records on element flows can help to
tailor the use of digestate for organic farms to achieve
a sustainable use of nutrients.

Keywords Anaerobic digestion - Plant nutrient
budgets - Nitrogen - Phosphorus - Poultry manure -
Sedimentation

Introduction

In 2019, 8.1% of agricultural area in the European
Union was organic (Willer et al. 2021). However, to
reach the target of at least 25% under organic farming
by 2030, considerable transition is required (Euro-
pean Commission, 2020). One challenge in success-
ful transition to organic farming is securing nutri-
ent availability, in particular of nitrogen (N). Inputs
of plant-available N, as ammonium N (NH,-N)
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or nitrate N, in organic crop production are often
below the optimum level for maximizing yield (R66s
et al. 2018). Nutrient management in organic farm-
ing is basically reliant on nutrient recycling within-
farm, inputs of nitrogen (N) through biological N
fixation, and some nutrient recycling from off-farm
waste streams (IFOAM 2019). Many organic farmers
are looking for alternative fertilizers containing more
plant-available N in order to increase crop yield. This
is of particular importance for spring-sown crops
in northern Europe, since low spring temperatures
slow down soil mineralization of N from commonly
applied animal manures and green manures contain-
ing N with low plant availability (Dahlin et al. 2005).
Due to lack of permitted fertilizers for use on organic
farms, those farmers often experience difficulties
in fertilizing with adequate amounts of N and other
nutrients (Reimer et al. 2020). Adapting N application
to crop needs is of particular interest, since N losses
can cause environmental impacts such as eutrophica-
tion and acidification of water bodies and GHG emis-
sions. Sustainable use of other essential nutrients,
such as phosphorus (P), potassium (K), and sulfur
(S), is also important, due to limited global reserves
and the environmental impact of extraction and fer-
tilizer manufacturing (Goulding et al. 2008). Hence,
even on organic farms with a significant on-farm cir-
culation of nutrients, such as dairy production, input
of nutrients may be required to ensure farm produc-
tivity and sustainable management of nutrients.
Integrating agricultural systems with biogas pro-
duction and using the digestate as fertilizer could be
one way to increase recycling of nutrients from fork
to farm, obtain a valuable fertilizer, and produce bio-
energy (Koppelmiki et al. 2019). Compared with
untreated cattle manure, digested cattle manure can
have a higher content of NH,-N, which is directly
plant-available N (Webb et al. 2013). However, diges-
tate also has high pH, which increases the risk of
ammonia (NH;-N) emissions at handling, storage,
and spreading which also cause nitrous oxide emis-
sions (Amon et al. 2006). Use of digestate could be an
option on animal husbandry farms in need of plant-
available N by anaerobic digestion of the manure
or co-digesting manure with off-farm substrates to
increase the N input. On farms with low access to
animal manure, input of digestate made of other sub-
strates than manure may be an option, and such diges-
tate may also be applied on animal husbandry farms.

@ Springer

When using digestate as fertilizers, their poten-
tially toxic element (PTE) concentrations must be
considered, to avoid crop nutrient deficiency or fer-
tilization with agronomically excessive amounts.
Copper (Cu) and zinc (Zn) are of specific interest,
as inputs via different types of fertilizers can result
in deficient or toxic levels in soils (Giller et al. 1998;
Goulding et al. 2008). Another PTE of interest is cad-
mium (Cd), which is toxic to humans and other liv-
ing organisms in low concentrations, including soil
biota in arable soils (Giller et al. 1998; WHO 2019).
The threshold for Cd inputs to organic farmland
posed by the Swedish certification body KRAV is
0.45 g ha™! year™! in applied purchased fertilizers or
soil amendments (KRAV 2021).

A number of on-farm biogas plants have been built
in Sweden in the past decade, under a rural devel-
opment scheme that provides a capital investment
subsidy of 40% for farm enterprises where animal
manure makes up at least 50% of the feedstock to
the biogas reactor (SJVFS 2019:56). There were 48
farm-based biogas plants in Sweden in 2020, some on
organic farms, and an additional 23 central co-diges-
tion biogas plants using a mix of feedstocks, includ-
ing animal manure (Swedish Energy Agency 2020).
The farm’s own manure commonly constitutes the
major feedstock in biogas production on organic
livestock farms. However, it is also possible to use
as feedstock some substrates that otherwise may not
be spread directly on organic arable land according
to the current organic farming standards for organic
agriculture (KRAV 2021). In such cases, the cor-
responding amount of dry matter in the substrate
(e.g., broiler manure) “imported” to the farm must be
“exported” as digestate from the farm. According to
this certification scheme, it is also possible to permit
a mixture of manure from organic and conventional
farming in central co-digestion plants, as a means
to promote production of biogas and replace non-
renewable energy sources (KRAV 2021). The use of
digestate on organic farmland is small but increasing,
and there is a lack of knowledge about how anaero-
bic digestion of farm manure in biogas production
systems affects nutrient cycling on farms (Nowak
et al. 2015; SCB 2020). A study by Koppelmiki et al.
(2019) highlighted the need for evaluation of on-farm
biogas production, as nutrient cycling can be expected
to be influenced by type of farm and type of feedstock
used. The agronomic value of digestate is also highly
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dependent on the handling and management practices
applied (Nkoa 2014).

A valid tool for investigating the nutrient deple-
tion or surplus in a farming system is to draw up a
nutrient budget that includes all nutrient inflows
and outflows to a defined system (Bengtsson 2005;
Oborn et al. 2005; Reimer et al. 2020). Budgets
can also be calculated for PTEs. Farm-gate nutrient
budgets consider inputs and outputs at the whole-
farm level, typically as flows of purchased and sold
products. Tools for calculating nutrient budgets are
now widely used by advisors and farmers for plan-
ning and monitoring on-farm management of N, P,
and K, and also for assessing fulfillment of environ-
mental goals concerning N and P. Nutrient inputs
and outputs within a part of the farm can also be cal-
culated, e.g., to identify potential nutrient accumu-
lation or depletion that is not visible in the whole-
farm budget, such as potential N losses or nutrient
sedimentation during manure handling. To decrease
uncertainties when investigating nutrient depletion
or surplus, farm-specific concentrations in recently
sampled and analyzed manure should be applied
instead of standard values recorded in manure some
decades ago, as the animal manure handling sys-
tem in practice changes over time due to develop-
ments in animal production (Steineck et al. 1999;
Reimer et al. 2020). When taking this into account,
the nutrient budget can be used to identify how new
fertilizers and new systems for managing different
anaerobic digestion feedstocks on organic farms
may affect nutrient demand or surplus.

The aim of this study was to evaluate the effects
of various systems for anaerobic digestion along a
gradient from self-sufficient dairy cow production to
arable crop production with no animal production on
the farm, and the related use of digestate on existing
organic farms, with respect to surpluses or depletions
of N and other nutrients and PTEs. The current state
of nutrient management on four farms over 3 years
was studied by:

1. Evaluating flows of plant nutrients and PTEs by
drawing up farm-gate balances for four farms using
digestate based on different feedstock composition.

2. Analyzing how digestion of different substrates
(feedstock) and manures affects plant-available
N (NH,4-N), total N, and other plant nutrients and
PTE:s in digestate.

3. Assessing opportunities and challenges concern-
ing anaerobic digestion, storage, and handling of
digestate on organic farms.

From these activities, we will conclude by pro-
viding advice for further development of anaerobic
digestion as a fertilizer for organic agriculture in
Sweden.

Materials and methods
Farms in the survey

Four organic farms situated in regions of Sweden
with different conditions for agricultural production
and using digestate with different strategies for inte-
grating farming and biogas systems were included in
the study during the same 3-year period, 2015, 2016,
and 2017. The farms also had different production
intensities as regards input of feedstocks. One of the
dairy farms was categorized as low input, defined as
purchasing small amounts of feed and manure, while
the other three farms were categorized as more inten-
sive, since they had higher inputs of feed, substrates,
manure, or digestate. Farm characteristics are pre-
sented in Table 1. One dairy farm (LOD =LOw-input
Dairy farm with biogas plant) has high feed self-suf-
ficiency and a biogas plant fed mainly with manure
produced on-farm (Fig. 1). This farm is situated in
central Sweden, in a region dominated by forest and
characterized by low population density and limited
access to local substrates for digestion. A second
dairy farm (ID=Intensive Dairy farm with biogas
plant) is more intensive and has a biogas plant rely-
ing on considerable amounts of purchased substrates
(mainly conventional broiler manure) to increase
biogas production and improve the nutritional value
of the digestate. This farm is situated in southern
Sweden, where livestock production is common, pro-
viding access to different substrates complementing
on-farm manure. A third dairy farm (IDC=Intensive
Dairy farm with Central biogas plant) cooperates
with a central biogas plant which digests manure from
several farms including IDC and applies additional
substrates from the food and feed industry (Johans-
son 2018). This farm is situated in southern Sweden,
in a forest region where milk production is common.
The fourth, a crop farm (ICC=Intensive Crop farm
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Table 1 Characteristics of

. . Biogas system Dairy farms Crop farm
the low-input dairy farm Abbreviation
with biogas plant (LOD), Low-input  Intensive  Intensive  Intensive
intensive dairy farm with LOD ID IDC ICC
biogas plant (ID), intensive
dairy farm co-operating Arable area, ha 138 487 245 225
with central biogas plant Crop distribution, %
(IDC), and 1pteps1ve Clover/grass ley 73 58 67 19
crop farm with imported .
digestate (ICC) Cereals, oilseed, potatoes 27 28 27 58
Pulses - 14 6 17
Fallow - - - 6
Dairy cows, number 50 282 110 -
Liter milk cow™! year™ 7000 9700 8900 -
Purchased substrates/digestate ~ No Yes Yes Yes
Biogas reactor On farm On farm Off farm On farm 1st year
Off farm 2nd, 3rd year
Import crop
Import manure @
: %’P
Centra
biogas plant
Dairy farm Dairy farm Import manure InTapnout:e y
biogas plant biogas plant ﬂ digestate Crop farm
20- N Y biogas plant
Import -O- .
digestate' Dalry farm ﬂ m
export

E & Manure

manure

W Digestate
—————

Fig. 1 Four organic farms situated in regions of Sweden with different conditions for agricultural production and using digestate

with different strategies for integrating farming and biogas systems

with Central biogas plant), purchased manure from
laying hens and horses for digestion in 2015. The
farm-based biogas plant was closed end of 2015,
due to low profitability, so in 2016 and 2017, the
farm purchased digestate from a central biogas plant,
mainly digesting crops from surrounding farms. In
2017, the farm mainly purchased manure from laying
hens for direct fertilization of the crop area, while a
minor part of the fertilizer used was purchased diges-
tate. The farm and biogas system were defined here
as intensive, due to high input of purchased digestate,
manure, and substrates from the local food industry.
This farm is situated in the southern plains area of
Sweden, where crop production dominates.
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All the four farms store the digestate in pits with-
out a cover and with no natural crust on the surface
of the digestate. The intensive dairy and crop farm
purchasing digestate from a central biogas plant had
a digestate input to farm pits regularly over the year.

Data sources

Data for calculating nutrient and trace element flows
and budgets were compiled by visiting each farm
in each of the three study years for a personal inter-
view with the farmer and receive farm documentation
from the previous year and by requesting additional
information via phone and email. The types and
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amounts of purchased and sold products, and of ani-
mal manures, digestate, crop yields, and animals for
year 1 (2015), year 2 (2016), and year 3 (2017), were
based on farm documentation (see Supplementary
Table S1). Volumes of stored and spread manure and
digestate were based on yearly farm documentation.
Calculations of flows of nutrients and PTEs in animal
manure, digestate, and harvested crops were based
on analyzed samples for each farm and year. On
each farm, bulk samples (0.5 L) of animal manures
and digestate were taken from the spreader tank just
before spreading on arable land in spring, summer,
and autumn each year, using a procedure described in
Steineck et al. (1999). Samples (0.5 L) of mixed fresh
digestate were taken in the pump well from the on-
farm biogas reactor and the two central biogas reac-
tors delivering digestate to the intensive dairy farm
(IDC) and the intensive crop farm (ICC) in the second
and third year for analyzing nutrient concentrations
before digestate storage. Bulk samples (0.5 L) were
also taken of some individual substrates from the food
industry that were occasionally purchased for the on-
farm biogas reactors (Supplementary Table S2). Total
N and NH,-N in solid and liquid matter was deter-
mined by an automated Kjeldahl procedure (Tecator
AB. Hogands Sweden). Calcium, Cd, Cu, K, Mg, P,
S, and Zn were analyzed according to SS 02 81 50-2.
Bulk samples (1-2 L) of harvested grain, oilseed,
pulses, clover/grass ley, and potatoes were taken after
harvest each year from well-filled silos on each farm
and sent for analysis according to instructions given
by Eurofins (2019) (Supplementary Table S3). The
number of samples depended on how frequently the
actual crop was grown. The bulk samples were kept
frozen until chemical analysis. Raw protein content
in silage was analyzed according to the Nordic Feed
Evaluation system, where total N was calculated from
total raw protein content (Akerlind et al. 2011). Total
N in cereals, oilseed, pulps, straw, and wood chips
was determined by an automated Kjeldahl procedure
(Tecator AB. Hoganis Sweden). Ca, Cd, Cu, K, Mg,
P, S, and Zn were analyzed according to the follow-
ing standards: ISO 11885 m:2009 for silage, EC No.
152/2009 for cereals, oilseed, pulps, straw, and wood
chips, and NMKL (1998) for potatoes.

n the calculations, information from the supplier
on concentrations of elements in purchased feed
concentrates, minerals, and labeled organic fertilizer
products was used, as such information is generally

declared. Data on estimated Cd concentrations in
purchased feed and mineral products and in cattle
were taken from Olsson (2002) and in milk from
Jorhem et al. (1984). Data on other elements in milk
were taken from Gustafson et al. (2007) and in cattle
from McDonald et al. (1995), as nutrient and trace
element composition in milk and cattle is stable. The
model VERA (Swedish Board of Agriculture 2018)
was used to document farm-gate flows, which in this
study were adjusted based on analyzed samples from
each farm. VERA was further used to estimate the
amount of symbiotic N fixation by legume crops
grown on the farms. VERA uses the empirical model
developed by Hggh-Jensen et al. (2004), which in
this study was based on farmers’ estimates of propor-
tion of clover in clover/grass leys and farmers’ docu-
mentation of yield per hectare. VERA also provides
data on N deposition, based on national monitoring
and farm location (Olstrup et al. 2018).

Statistical analysis of nutrients and potential toxic
elements in farm flows

Mixed statistical models were used to calculate
least square mean values of element concentrations
in order to establish current levels in main flows of
manures, digestate, substrates, and harvested crops
for each farm over the three experimental years (Lit-
tell et al. 2006). The least square mean values for
each farm flow were used in budget calculations.
The models were essentially split-plot models that
included year and the year X farm interaction, as ran-
dom effects. The fixed effects were farm, materials
(harvested crops, manures, substrates for digestion,
and digestate), and the interaction between these.
When there were significant differences within a fixed
effect or between two fixed effects, pairwise compari-
sons were made between them. The assumptions were
checked using diagnostic plots. The mixed procedure
in the SAS Institute Inc (2014)package was used for
the analyses.

Calculations of budgets and flows

Flows were calculated at farm-gate level for N, P, K,
S, calcium (Ca), Cd, Cu, magnesium (Mg), and Zn.
The farm-gate budgets were calculated as the differ-
ence between nutrient inputs to, and outputs from
the farm via purchased and sold animal and crop
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products, manure, digestate, and with symbiotic N
fixation and atmospheric N deposition also included
as farm inputs (Eq. 1). Calculations for Cd in the
farm-gate budgets included atmospheric deposition
of Cd in Sweden. Due to lack of site-specific data
concerning Cd deposition in the regions of Swe-
den where the farms are situated, the national aver-
age, which is estimated to be approximately 100 mg
per hectare and year (Olstrup et al. 2018), was used.
The amounts of N, P, and K lost as sedimentation
and/or ammonia (NH;-N) emissions in farm biogas
reactors and storage pits were calculated as the dif-
ference between flows into the farm biogas reactor
and out from farm digestate storage, including pur-
chased manures and substrates, and own farm manure
(Eq. 2). The results were expressed as surplus/deple-
tion per hectare of arable land.

Farm gate budget = (Animal and Crop products
(Feed + Animals + Seeds + Bedding)
+ Manure, Digestate, Substrate
+ Symbiotic N fixation + N deposition (1)
+Cd deposition — (Animal and Crop products
(Milk + Animals + Straw + Crops)
+Manure + Digestate)

Reactor and storage budget for N, P, K
)

= Manure + Substrate — Digestate after storage

Results

Farm-gate budgets for nutrients and potential toxic
elements

Results of budget calculations for N, P, K, and Cd are
presented in Figs. 2-3, and for Mg, S, Ca, Cu, and Zn
in Supplementary Figs. S1-S3. Mass flow data and
corresponding least square mean element concentra-
tions were applied in each farm budget calculation for
animal manure, substrates, digestate, and harvested
crops (Table 2 and Supplementary Tables S1-S3).
The farm-gate N budgets showed a surplus on the
four different farms in all 3 years, but the magnitude
of the surplus differed between farms (Fig. 2a). The
two intensive dairy farms (ID, IDC) and the intensive
crop farm (ICC) had an explicit strategy of importing
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N to the farm through purchased digestate or manure
from laying hens and broilers for digestion, resulting
in higher N surplus compared with the low-input dairy
farm (LOD). The sales of manure from farm IDC were
compensated by large inputs of digestate. The inputs
of manure and/or digestate comprised 35-40% of N
inputs to each farm. The estimated N input with sym-
biotic N fixation was considerable on all four farms,
but with a wide range (9-98 kg N ha™!) (Fig. 2a). On
the low-input dairy farm, symbiotic N fixation corre-
sponded to about 50% of total N input. The content of
plant-available N in stored digestate varied between
farms and was also influenced by type of digested
manures and substrate (Table 2 and Supplementary
Table S2). The intensive crop farm had a smaller sur-
plus in its N budget (range 15-38 kg N ha™! year™!)
than the intensive dairy farms, while its digestate con-
tained most plant-available N (3.7 kg NH,-N per ton
digestate). Presenting plant-available N contents per
ton is the practice a farmer needs for planning nutri-
ent application. The intensive dairy farms had the
largest surplus in N budgets (range 63-118 kg N ha™!
for IDC and 6886 kg N ha™! for ID), while the diges-
tate contained 2.8 and 1.9 kg NH,-N per ton for IDC
and ID. However, the IDC farm purchased a digestate
with significantly higher NH,-N concentration per kg
dry matter, compared to digestate at the other farms
(Table 2). Due to low dry matter content in this diges-
tate, the farmer in practice would need to apply larger
volumes to fertilize with same N amount per hectare
as with digestate at the ICC farm. The N budget on the
low-input dairy farm had the smallest surplus (range
8-32 kg N ha™!) and the digestate contained 1.5 kg
NH,-N per ton.

For P, the farm-gate budget showed a very even
surplus for ID (6 kg P ha™! each year) and a more
variable surplus for ICC (range 2-7 kg P ha™!)
(Fig. 2b). The farm-gate P budgets were stable
and slightly negative for LOD (—1 kg P ha™! each
year), whereas the P budget was clearly negative and
more variable for IDC (range—1 to—3 kg P ha™').
Although the P amounts in digestate into farm (about
8 kg P ha™!) were larger than P amounts in manure
delivered to the central biogas plant (about 7 kg P
ha™'), it was not enough to compensate for total P
flows out from farm. The P concentration in digestate
was higher than in liquid cattle manure for IDC and
purchasing extra digestate could be a way to increase
P input to farm (Table 2).
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15 e v biogas reactor (LOD), the intensive dairy farm with on-farm
10 biogas reactor (ID), the intensive dairy farm with central
W biogas plant (IDC), and the intensive crop farm importing
= 5 digestate (ICC). Values above bars indicate net surplus/deple-
o 0 M tion. Animal products include feed, milk, animals, and bed-
5 Ll ding. Crop products include crops and seed
-10
-15
20 LOD ID Ibc Icc variable over years. The IDC farm had a negative
O Animal/Crop products © Substrates 7zManures m Digestate K budget in two of 3 years, although the average K
c) 100 49 6 4 input with purchased digestate across all years was
80 larger (54 kg ha™!' year™!) than the K output with
60 / sold manure (46 kg ha™! year™!). The ICC farm
40 22 19 1 g showed the largest variation between years (range 49
T 2 10 é to—6 kg K ha™!), reflecting how much the K budget
S o 0B = Z may vary over time depending on how accurately pur-
2 chased inputs match sold crop products.
20 Imports of substrates, digestate, and manure to
-40 the farms also affected other nutrients and PTEs. The
-60 Lob D DG cC farm-gate budgets for Mg (range — 1 to 7 kg ha™!) and
-80 S (range O to 8 kg ha™') showed an average surplus,
O Animal/Crop products @ Substrate Manures m Digestate

Fig. 2 Farm-gate budget for a nitrogen (N), b phosphorus (P),
and ¢ potassium (K) in the three study years (2015-2017) on
the low-input dairy farm with on-farm biogas reactor (LOD),
the intensive dairy (ID) farm with on-farm biogas reactor, the
intensive dairy farm with central biogas plant (IDC), and the
intensive crop farm importing digestate (ICC). Values above
bars indicate net surplus/depletion. Animal products include
feed, milk, animals, and bedding. Crop products include crops
and seed

The farm-gate K budget on the LOD farm was
very near a balance, and on average slightly posi-
tive (Fig. 2c). The ID farm had a much higher
surplus (range 0-22 kg K ha™!), but again quite

where purchased poultry manure contributed a con-
siderable input (Supplementary Fig. S1). The farm-
gate budgets for Mg and S were near balance for the
LOD and IDC farms while the ID farm had a high
surplus and the ICC farm budgets varied between
years. The farm-gate Ca budgets were on average
slightly negative (range 0 to—5 kg ha™!) on the three
dairy farms, due to considerable exports in sold ani-
mal products (Supplementary Fig. S2).

The farm-gate budgets for Cu and Zn showed a
surplus on all four farms in all years (Supplementary
Fig. S3), but the range varied significantly between
the farms. The LOD farm had a very low surplus of
both Cu and Zn, on average 13 and 57 g ha™! year™!,
whereas the ICC farm again had quite variable
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Table 2 Element

. Farm DM gkg™! DM mg kg™! DM
concentrations (LSMeans)
per kg dry matter (DM) % Ca K Mg Total N NH4-N P S Cd Cu Zn
in manures and digestate
on the low-input dairy Liquid cattle manure (N=12)
farm with a biogas reactor LOD 7.1 132 498 58 394 17.4 5.8 32 0.073 52.0 126.1
on-farm (LOD), the D 78 165 49.1 85 586 306 110 65 0212 1122 380.8
intensive dairy farm with a
biogas reactor on-farm (ID), IDC 82 162 499 72 519 27.0 7.2 3.5 0.085 359 178.4
the intensive dairy farm Solid cattle manure (N=11)
with a central biogas plant LOD 174 138 37.7 43b 274 3.7 54 33 0071 37.7 923
(IDC), and the intensive ID 220 237 418 45b 28.1 34 66 30 0082 157 42.8
crop farm with a central
biogas plant (ICC). Values IDC 16.2 154 275 84a 238 1.8 5.4 4.1 0317 39.6 179.9
within element and type Cattle urine stored (N=6)
of manure or digestate LOD 1.7 243 128.1 7.5 446 35.1 6.6 50 0.195 104.9 ek
With. different letters differ Poultry manure (N=4)
?fi‘gjgﬂy between farms ID 490 212b312 81 S544a 194 139b 89 0169 278.1 6235a
ICC* 55.7 112.8a 264 9.1 346b 17.7 238a 7.9 0.330 50.2 456.5b
Horse manure (N=4)
ID 33.2 59 19.7 39 204 5.9 33 3.0 0.129 95.5 63.8b
ICC 26.9 3.1 268 3.8 187 3.1 5.6 2.9 0.104 29.8 110.0a
Digestate fresh (N=14)
LOD 48 123 642 63 550b 29.2b 6.3b 3.5b 0.093 132.2 1449b
ID 6.6 169 614 88 66.1b 39.7b 114a 7.2a 0.231 295.8 371.6a
IDC 54 242 663 85 827a 533a 12.1a 7.2a 0.205 170.4 3533 a
ICC* 74 18,5 30.8 6.7 61.5b 29.6b 13.8a 44b 0.323 10.8 107.8b
Digestate stored (N=34)
. LOD 51 170 646 69 542b 29.8b 72¢c 42c¢ 0.069c¢ 1235 184.5Db
Sﬁi‘;ya“d 3rd year of the D 59 146 649 77 629b 326b 9.6b 59b 0.182bc 230.8 231.7b
o IDC 50 213 64,7 74 829a 554a 93b 6.0b 0.334ab 203.6 4079a
Ist year of the study
Icc** 8.6 251 372 79 763a 428b 151a 11.8a 0.354a 591.1 232.0b

“*Below detection limit

budgets ranging from—3 to 27 g ha™!' year™! for
Cu and ranging from 69 to 235 g ha™! year™
for Zn. The two intensive dairy farms had sig-
nificant surpluses of both elements ranging from
138 to 209 g ha™! year™! for Cu and from 196 to
537 g ha™! year™! for Zn. Major inputs of Cu and Zn
were from purchased substrates (poultry manure) or
digestate, which also had high concentrations of Cu
and Zn (Table 2). The consequence for the IDC farm
was much more Cu and Zn input with digestate than
output with manure. In year two, the ICC farm had
a slightly negative Cu budget due to less input with
purchased manure and digestate than output with
sold crop products (Supplementary Fig. S3).

For Cd, the calculated farm-gate budgets showed
a surplus for all farms (Fig. 3). For the dairy farms,
the range was 95-275 mg Cd ha™!, and the magnitude
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of the surplus differed between farms. The LOD farm
had the lowest average surplus per hectare, where the
major input was Cd deposition (Fig. 3). The intensive
dairy farms ID and IDC received their main inputs of
Cd with purchased poultry manure or digestate, cor-
responding to 135 mg Cd ha™! year™! and 278 mg Cd
ha™! year™!. The intensive crop farm had a Cd sur-
plus with the range of 62-149 mg Cd ha™'. In this
case, the Cd output with sold crops was on the same
level (217 mg Cd ha™! year™) as the input with pur-
chased manure, substrate, or digestate (214 mg Cd
ha™! year™!), showing that Cd deposition contributed
to the surplus on the ICC farm. The LOD farm had
on average significantly lower Cd concentrations in
stored digestate (0.069 mg Cd kg~! dry matter) com-
pared with the IDC farm and the ICC farm (0.334 and
0.354 mg Cd kg~! dry matter) (Table 2).
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Biogas reactor and digestate storage budgets for
assessment of ammonia emissions and nutrient
sedimentation

The N, P, and K budgets for the combined farm
biogas reactor and storage tank of digestate were
calculated for the farms with on-farm biogas reac-
tors running in all 3 years (the LOD and ID) and for
1 year for the ICC farm. Average values are shown in
the unit kg nutrients per ha and year to facilitate com-
parisons between farms having biogas reactor and
storage tanks of different size and volumes. The total
N budgets on the LOD and ICC farms were near bal-
ance due to almost equal amounts entering the biogas
reactor and leaving the storage pits, indicating small
sedimentation of total N (Table 3). The amounts of
NH,-N in digestate leaving the storage tanks were
larger than the amounts in manures and substrates
entering the biogas reactor. The digestate at the LOD
and ICC farms had 5% and 9% higher proportions of
NH,-N compared with manures and substrates enter-
ing the biogas reactor. Also, NH,-N concentrations in
digestate after storage were higher than in digested
manures and substrates for these two farms (Table 2).
Thus, these two farms seemed to have low NH; emis-
sion during digestion in the biogas reactor and storage
of digestate.

On the ID farm, with imported poultry manure, the
total N amount in digestate after storage was about
40% lower than in manures and substrates enter-
ing the biogas reactor (Table 3). The proportion of
NH,-N in total N in the manures and substrates was
about 60%, decreasing to 52% in digestate after stor-
age. The fresh digestate in the biogas reactor had

Table 3 Average flows of total nitrogen (total N) ammonia N
(NH4-N), phosphorus (P), and potassium (K) into the on-farm
biogas reactor and out from digestate storage on the low-input
and intensive dairy farms (LOD and ID) over 3 years and on
the intensive crop farm (ICC) for the first year of the study

Farms Total N NH,-N P K
kg ha™! year™!

LOD In 35 15 6 40
Out 35 20 5 40

ID In 185 90 27 120
Out 105 55 17 119

ICcC In 40 15 12 21
Out 35 20 7 20

higher NH,-N concentration (39.7 g kg™' dry matter)
than the digestate available for spreading after stor-
age (32.6 g kg~! dry matter) (Table 2). This indicated
considerable sedimentation of total N in the bottom
of biogas reactor and storage pits, and/or potential
NH; emissions.

On the LOD farm, the amount of P in digestate at
spreading was 91% of the amount in manure enter-
ing the biogas reactor, indicating that most of the P
originally found in cattle manure was recovered in
digestate (Table 3). However, for a self-sufficient
farm, sedimentation of almost 10% of the P may need
awareness to avoid future difficulties to meet crop
needs of P. On the ID farm and the ICC farm, the
average P amount found in digestate at spreading cor-
responded to 64% and 54% of the amount in manures
and substrates entering the biogas reactor, demon-
strating substantial sedimentation of P in the biogas
reactor and storage pit. The amount of P detected in
digestate at spreading not only is influenced by type
of substrate and manure but also represents what is
captured in the sample of digestate taken after mixing
in farm storage pits. On the ID and ICC farms, the
P concentration in digestate after storage was lower
compared with P concentration in cattle and poultry
manures for digestion, which also indicated P sedi-
mentation (Table 2). The amount of K found in sam-
pled digestate at spreading was almost 100% of the
amount in manures and substrates entering the biogas
reactor (Table 3), which shows that the farmers’ vol-
ume documentations are reasonable. Since K has
high water solubility, it is fairly equally distributed
in digestate. The recovery of almost the full amount
of K indicated good accuracy in documentation and
sampling of mass flows on farm through the biogas
reactor and the storage pits.

Discussion

Farm-gate budgets are commonly used in agricul-
tural extension work in Sweden to identify risks of
accumulation, depletion, and losses of N, P, and
K (Swedish Board of Agriculture 2018). One of
the aims is to identify measures for more sustain-
able nutrient management on-farm. Organic dairy
farms typically have lower N and P surpluses than
conventional dairy farms, but there is large varia-
tion between farms (Wivstad et al. 2009; Einarsson
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et al. 2018). In a study from Europe, dairy farms
were found to have on average higher N surpluses
(77 kg N ha™! year™!) than farms with crop produc-
tion (19 kg N ha™! year™), illustrating some principal
differences between farm types (Reimer et al. 2020).
The average N surplus on Swedish organic dairy
farms is reported to be on the same level as on
European farms (72 kg N ha! year™') (Einars-
son et al. 2018). The three dairy farms in this study
showed large variations, both across the three study
years and between farms. The LOD farm had the low-
est average N surplus (18 kg N ha™! year™!), while
the IDC farm exchanging manure for digestate with a
co-digesting central biogas plant had the highest aver-
age N surplus (87 kg ha™! year™"). The N surplus on
the ID farm with its own biogas reactor was of the
same magnitude as the Swedish average. However,
it was striking that the input of N through biological
N fixation on two of the farms studied was consider-
ably lower than the Swedish average for organic dairy
farms (54 kg ha™! year™') (Einarsson et al. 2018).
On average, N fixation contributed 19, 32, and 70 kg
per hectare and year for the LOD and ID farms with
on-farm biogas plant and the IDC farm co-operating
with a central co-digestion plant, respectively. How-
ever, estimation of N fixation is associated with large
uncertainty, as fixation rates are known to vary widely
between years, with ley age, and between and within
fields (Carlsson and Huss-Danell 2003). That makes
it difficult to draw conclusions from the few farms
and years in this study. There is also a general sugges-
tion that increasing soil mineral N by fertilizing with
animal manure or green manure in organic farming
can have an inhibitory effect on biological N fixation
(Hatch et al. 2007). The extent to which biological N
fixation by growing legumes is affected by increased
N application with digestate on organic farms would
be an interesting topic to explore in future studies.
Most organic dairy farms in Sweden do not use
external manure originating from other farms. On
average, only 3 kg N per ha and year are imported
to Swedish organic dairy farms, according to a
compilation by Einarsson et al. (2018). In the pre-
sent study, the ID farm with on-farm biogas reactor
received considerably more N from external manure
(42 kg N ha™! year™), originating from conventional
broiler manure. Boosting the N content of the diges-
tate on organic farms is possible, since co-digestion
of manure from organic and conventional farms
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is promoted in Sweden as a means to improve flex-
ibility and profitability in biogas production systems
(KRAV 2021).

In this study, the LOD farm and the IDC farm
co-operating with an intensive co-digesting plant
both ended up with slightly negative farm P budgets,
although the magnitude of P flows into the farms dif-
fered (Fig. 2b). The IDC farm was not able to com-
pensate for total P output with digestate P input,
although this was the major P inflow. On-farm P
deficiency is a concern, since long-term soil P deliv-
ery capacity risks being affected (Niggli et al. 2016).
Similar concerns arise regarding K on the LOD and
ID farms with on-farm biogas plant (Fig. 2c). How-
ever, as regards P, most Swedish agricultural soils
have considerable amounts of readily soluble P stored
in the soil (Eriksson et al. 2010), implying that minor
depletions can be acceptable in a short-term per-
spective. Under regulations set by KRAYV, applying
surplus P is normally not allowed when sufficient
amounts of readily soluble P are present in the soil
(KRAV 2021). In practice, surpluses might thus be
more problematic than minor depletions. Soil deliv-
ery of K, on the other hand, is strongly related to the
clay content (Eriksson et al. 2010). The IDC farm co-
operating with a central biogas plant chose to keep
one-third of its cattle slurry, as a strategy to decrease
the net output of K. Keeping track of the nutrient
flows in co-digestion plants based on manure from
different farm types is thus important to avoid unin-
tentional accumulation or demands.

The farms in this study were seeking to increase
the plant-availability of N in manure and substrates
through anaerobic digestion. However, the propor-
tion of NH,-N in total N in farm digestate at spread-
ing was on average only 2-9% higher than in manure
and substrates entering the farm biogas reactor on
the LOD farm and ICC farm, and 37% lower on the
ID farm. The actual N fertilizer value was thus lower
than expected by the farmers. This was most likely
due to the impact of several interacting factors, such
as feedstock characteristics, the technique used for
stirring, and on-farm methods used for storage, han-
dling, and spreading digestate (Nkoa, 2013). Farmers
must therefore take measures to prevent sedimenta-
tion and enable efficient use of the nutrients in diges-
tate, including using a functional stirring technique in
the biogas reactor and in the storage pit before emp-
tying. It is also important to prevent gaseous NH;
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emissions in order to reduce N losses and maintain
the potentially higher N fertilizer value achieved after
digestion, using measures such as efficient covering
of digestate during storage (Amon et al. 2006).

By tracking the flows into the on-farm biogas reac-
tor and the flows out from digestate storage on farms
using purchased substrates and manures for digestion,
this study uncovered a considerable risk of NH;-N
emissions and sedimentation of nutrients. On the ID
farm and the ICC farm, about 40% of P in manures
and substrates entering the farm biogas reactor were
not found in digestate at spreading, but ended up as
sediments in the biogas reactor and in storage pits.
Earlier studies have found that about 20-25% of the
storage volume can be occupied by sediment with
85% dry matter content containing most of the P and
N in solid fractions (Sommer and Hansen 2005; Deng
et al. 2014). Manures have a natural separation effi-
ciency which varies depending on type of animal,
diet, bedding material, and treatment such as anaero-
bic digestion (Mgller et al. 2002). In this study, poul-
try manure formed a considerable part of digested
substrates in the on-farm biogas plants on the ID farm
and the ICC farm. Poultry manure is attractive on
such farms due to its high biogas potential and high N
content (Nasir et al. 2012). However, poultry manure
and pig manure also have higher separation efficiency
than cattle manure (Deng et al. 2014). Farms digest-
ing poultry manure should therefore expect more
sedimentation in their biogas reactor and storage pit
than dairy farms digesting only cattle manure. It has
been shown that it is difficult to bring larger particles
into suspension in storage pits with the mixers used in
practice (Mgller et al. 2002). Inappropriate equipment
for mixing digestate within the biogas reactor and in
the storage pit was one likely cause of the lower than
expected N and P content in digestate after storage
seen in this study.

Mass flow calculations can give information on
how inputs and outputs affect PTE accumulation or
depletion (Bengtsson 2005). The organic certifica-
tion scheme commonly applied in Sweden limits the
maximum application of Cu and Zn with purchased
fertilizers in organic crop production to 300 g Cu and
600 g Zn ha™! year™! (KRAV 2021). In this study,
all four farms had a net input of Cu and Zn below
the permitted threshold. The ID farm with on-farm
biogas reactor had the highest Cu and Zn inputs
(210 g Cu and 466 g Zn ha™! year™!, respectively).

The source of this Cu and Zn was purchased conven-
tional broiler manure, which can have a high content
of Cu and Zn compared with cattle slurry (Salomon
and Rodhe 2006). The Cu and Zn inputs with diges-
tate on the IDC farm co-operating with a central
biogas reactor were likely an effect of co-digesting
with conventional pig manure in the central biogas
reactor (Johansson 2018; Nkoa 2014).

Under KRAV standards, application of Cd to ara-
ble land via purchased fertilizer and soil amendments
must not exceed 0.45 g ha™' year™! over 5 years
(KRAY, 2021). In this study, the IDC farm receiving
digestate from a central biogas plant had the high-
est input of Cd in all 3 years, due to Cd in purchased
digestate. The Cd input was close to the permitted
threshold (Fig. 3).

Previous studies have suggested that biogas pro-
duction can enable recycling of nutrients from
local society and redistribute them between farms,
thereby improving the reuse of nutrients (Kop-
pelmiki et al. 2019). In the present study, the IDC
farm cooperating with a central co-digesting biogas
plant gained about 20 kg N per hectare by replacing
manure with digestate, while the amounts of P and
K stayed the same. Nine other organic dairy farms
in Sweden co-operating with a central biogas reactor
have also been reported to receive more N, but less P
and K, with digestate than they export with farm cat-
tle manure (Johansson 2018). Thus, a central biogas
plant co-digesting manures from different farm ani-
mals together with substrates from the food indus-
try will result in redistribution of nutrients between
different livestock farms and nutrient export to crop
farms purchasing digestate. To adjust for imbalances
between farms over time, co-digestion plants involv-
ing different farms need to keep a record of nutrient
distribution to their collaborating farms. Such records
can be an important tool on-farm for adjusting
unwanted accumulation/depletions and for assessing
the long-term sustainability of local nutrient cycles in
agriculture.

The ICC farm in this study purchased various local
manures, food residues, and digestate, which con-
tributed inputs of P and other nutrients, resulting in
a farm P surplus of between 3 and 7 kg P per hectare.
This is similar to the average farm surplus of 6 kg
P per hectare and year reported for 76 organic crop
farms in Sweden (Wivstad et al. 2009). The ICC farm
was able to pursue this nutrient management strategy

@ Springer



290

Org. Agr. (2022) 12:279-292

due to its location in a region dominated by animal
farms and food processing industry. Access to diges-
tate from a central biogas plant improved the potential
to balance the farm’s need for nutrients in a way that
was not possible when the farm had its own biogas
production. Hence, access to digestate from the
neighboring biogas plant increased the flexibility and
the possibilities for the organic crop farm to achieve
higher yields and less nutritional surplus by better tai-
loring the nutrient supply to crop requirements.

Conclusions

A strategy of purchasing digestate or poultry manure
for anaerobic digestion on intensive organic dairy
farms contributed to considerable N imports, which
tended to exceed the N inputs via biological N fixa-
tion. Thus contributions from these N sources must
be tailored in order to achieve resource-efficient N
use on organic farms.

The actual N fertilizer value of digestate on
organic farms with on-farm biogas reactor and stor-
age pits was considerably lower than expected. The
proportion of plant-available N (NH,-N) in total N
in digestate increased slightly or decreased markedly
compared with that in purchased manure and on-farm
manure entering the biogas reactor. A high risk of
sedimentation in farm biogas plants digesting poultry
manure was identified. Improved handling by, e.g.,
appropriate stirring techniques in biogas reactors and
storage pits would directly contribute to higher ferti-
lizer value in digestate. Such measures would incur
investment costs, but these could be compensated for
by higher digestate value.

On an intensive farm purchasing digestate from a
central co-digesting biogas plant, the digestate had
a high content of plant-available N compared with
manure, while amounts of P, K, and other nutrients
were on the same level. Thus, purchasing digestate
increased that farm’s possibilities to tailor nutri-
ent supply to crop requirements. On the other hand,
purchasing digestate also brought major Cd, Cu, and
Zn inputs to the farm. This shows the importance of
keeping records on PTE flows and using the data in
budget calculations to help identify trends, so that
farmers can avoid unwanted accumulation or deple-
tion of elements over time.
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