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Abstract

Biofertilizers, fertilizers made from organic residues, could replace some mineral fertilizers, reducing energy consumption and

resource mining. The main treatment options are composting, anaerobic digestion, drying, pyrolysis and combustion, they can
be used alone or in combination. The quality of biofertilizers depend both on the original residue and on the treatment, but in
most cases not all the nutrients are immediately available to plants. It is difficult to predict how available the nutrients are, and
when they will become available. The methods to assess and predict nutrient availability are reviewed. Furthermore, the effect
of biofertilizers on the environment in the form of nutrient losses and greenhouse gas emissions are reviewed and compared to
mineral fertilizers. There is a need to produce biofertilizers with better and more predictable qualities, and also to understand their

effects over multiple seasons.
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Introduction
Organic waste as fertilizers

Many organic waste streams have high nutrient content.
Recent years have seen increasing restriction on release of such
waste to the environment, due to risk of eutrophication and other
environmental problems [1-4]. However, current management
usually only considers this aspect, and not the recycling of nutrients
as resources to replace mineral fertilizers. Production of mineral
fertilizers is energy intensive, particularly fixation of nitrogen
[5,6] and mine mineral resources in a way that is not sustainable
in the long run. Particularly phosphorus that is estimated to run
out in the next few centuries [7,8]. Potassium is also only mined in
Europe and Canada, making it difficult for developing countries to
get it at affordable prices [9]. It is therefore necessary to develop
better systems to recycle nutrients in organic waste streams beck
to agriculture to replace mineral fertilizers. There are a number of
obstacles to this and needs for both research and societal changes
[10,11].

@ @ This work is licensed under Creative Commons Attribution 4.0 License | W]JASS.MS.ID.000516.

Fertilizers based on organic residues are known under many
names, e.g. organic fertilizers, biofertilizers. The term “organic
fertilizers can be misinterpreted to mean “fertilizers for organic
agriculture”, and although organic agriculture may be the most
important user (see below) the goal has to be that fertilizers based
on organic rest products should be used also outside organic
agriculture. Further, current regulations prohibit the use of certain
organic rest products (e.g. sewage) in organic agriculture. The term
“organic” also excludes ash and precipitates, so “organically based”
will be a better term, but maybe too long. However, in this paper I
will use the term biofertilizer. It is meant to cover all fertilizers and

products used as fertilizers and soil improver of organic origin.

Types of Biofertilizers

Biofertilizers can be categorized based on substrate/origin
or treatment method or both. The main sources of biofertilizers
are residues from agriculture, forestry, fishery/aquaculture and
food processing, sewage and municipal waste. Treatment options
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include anaerobic digestion for biogas production, composting,
combustion and pyrolysis. Drying may be an option to reduce
weight if heat is available (e.g. waste heat from power plants or
sun). For liquid waste streams (e.g. sewage, digestate after biogas
production) there are also specific options, usually mainly aimed
at cleaning the water sufficiently to be released to the recipient.
Solids are usually separated out by settling, in some cases also
mechanical dewatering. To get soluble phosphorus in the solid
phase, precipitation chemicals (usually iron or aluminum) are
used. Unfortunately, efficient precipitation also means low
solubility and availability for plants [12-14]. Nitrogen in the liquid
is usually removed by nitrification and subsequent denitrification
[15,16]. The process is controlled to minimize losses as nitrous
oxide (a powerful greenhouse gas), but the reactive nitrogen is
lost as nitrogen gas. Better ways to recycle nutrients in liquid
waste streams are sought, but they would have to concentrate the
nutrients to reduce the energy cost involved in transporting large
volumes of liquid.

Bioavailability of nutrients in organic fertilizers

Plant roots take up nutrients dissolved in water [17]. Nutrients
therefore have to be soluble to be taken up by plants. Plants may
have some strategies to dissolve nutrients in the root zone, e.g. by
exuding acids [18] or induce nutrient mineralisation in the root
zone [19,20]. Symbiotic fungi (mychorizza) may also said the plant
uptake, at least in natural environments where nutrient availability
islow [21,22]. However, some salts are so insoluble (e.g. aluminium
phosphate that is found in treated sewage sludge) that very little
is taken up by plants [12,14,23]. Nutrients in organic matter is not
available to plants, but most of it will become available over time by

decomposition and mineralisation [24-27].

Biofertilizers usually consist of organic residues treated in some
way. Some of these treatments may include a decomposition and
mineralisation step (anaerobic digestion and composting). These
treatments will usually make the nutrients more or faster available
to plants. There is some controversy about how combustion and
pyrolysis processes affect nutrient availability in the ash or char,
but most reports suggest that nutrients become less available [28].
During open treatment processes, nitrogen is lost, mainly as gas,
mostly ammonia, but some nitrous oxide is also produced [28-32].
Lower losses can be achieved using feedstock with high carbon to
nitrogen ratio, but then the process will go slower, and the required
temperatures will usually not be achieved. However, composting
oxidizes some ammonia to nitrate [33], which is better for most
crop plants. During complete combustion, almost all the nitrogen is
lost, as well as sulphur. In pyrolysis, a large fraction of the nitrogen
is lost. These options are therefore usually not recommended for
feedstock rich in nitrogen unless sterilization is required. During
anaerobic digestion, most of the nitrogen is retained, because it is a
closed process. Biogas digestate has therefore been found to be the
biofertilizer that can best meet plant demand for nitrogen [34-37].
However, as the digestate is rich in ammonium and has relatively
high pH, large losses of ammonia can occur during spreading and
handling [38].
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As some of the nutrients are bound in organic matter in
biofertilizers, these nutrients will usually become available slowly
over time, and they can act as environmentally friendly slow release
fertilizers [39]. This may be an advantage for some crops (e.g. root
crops) that take up a large fraction of their nutrients late in the
season, but not for grain [40-42]. Biofertilizers usually also contain
organic matter, that can increase soil carbon content [43]. This may
increase soil fertility and nutrient retention in the longer term. It
can also sequester carbon in the soil, and so reduce global warming
[44-46]. However, nutrients are mineralised from organic matter
slowly. It can therefore be difficult to meet the needs of crops that
need to take up large amounts of nutrients early in the season (e.g.
grains) with only biofertilizers. As mentioned, biogas digestate is
the best candidate, as they contain a large fraction of mineralised
nutrients, including nitrogen.

Methods to assess fertilizer value of biofertilizers

The bioavailability of nutrients in biofertilizers is usually
compared to that in mineral fertilizers [47]. The availability in
mineral fertilizer is usually assumed to be 100 %. Mineral fertilizer
equivalent can be calculated as:

MFE (%) = (X,X,)/(X,,X,)* 100

full

Where X, is the yield or nutrient uptake with the biofertilizer,
X= is unfertilized yield or uptake and X full is the yield or uptake
with the same total amount of the nutrient applied as mineral
fertilizer. However, fertilizer use efficiency can also be calculated
based on the total amount of the nutrient applied (X applied):

NUE (%) = (X,X,)/X_ . *100

applied

Note that in both case an unfertilized treatment is required
as control. The total amount of the nutrient in question in the
biofertilizer must be measured, and the amount applied should
be optimal and equal to the total amount added with the mineral
fertilizer control. When availability is assessed, only one nutrient
can be assessed at the time, and all other nutrients should be
added in adequate amounts. Pot trials with initially nutrient poor
soils done like this are the gold standard of nutrient availability
assessment. Often grains are used as test crops [23,48-50].
However, for biofertilizers, there is also a time aspect, as some of the
nutrients only become available over time. This can be measured
to some extent with grasses as test crops with multiple harvests
[51,52]. However, this will still only measure one season. Freezing
thawing cycles or drying and re-wetting could affect mineralisation
and availability this aspect deserves further study. Field test can
assess nitrogen bioavailability [34,36,41,53], but it is often difficult
to get clear deficiencies of other nutrients than nitrogen. Field
experiments are therefore usually not so suitable to assess nutrient
availability of materials, but field trials will be needed eventually
before biofertilizers are marketed, to confirm what has been found
in other tests. Field experiments will be particularly valuable if they

can be run for multiple years.

Pot and field experiments are expensive and time consuming
to carry out. The large number of potential biofertilizer that also
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have a composition that can vary with production date means that
there is a need for faster and cheaper tests that can give at least
some idea of nutrient availability in the material. However, this has
turned out rather difficult. Whilst the total amount of any element
can easily be measured chemically, there are no chemical tests that
can tell the exact fraction that is bioavailable. There are, however,
some tests that correlate to bioavailability, but usually only under
certain conditions and only to some extent.

Mineral nitrogen occurs in two forms in soils, ammonium and
nitrate [54]. Both can be taken up by plants, but nitrate is more
soluble and can therefore be taken up faster and in larger amounts
[55]. Only ammonium as nitrogen source can also be somewhat
toxic. In agricultural soils ammonium is usually quickly nitrified to
nitrate, but this process acidifies the soil. Ammonium and nitrate
can easily be extracted and analysed in standard tests. Some soluble
organic nitrogen compounds can also occur in soils and in some
biofertilizers, and they will not be picked up by the tests. These may
be taken up by plants, it is disputed how important this is [56]. In
addition, many biofertilizers continue to mineralize and release
soluble nitrogen compounds after addition to the soil. There are no
chemical tests to predict how quick this release will be. However,

incubations experiments can be way to assess it.

Phosphorous in biofertilizers come in many forms, which can
be more or less available to plants [57]. Solubility also depends
on soil factors, particularly pH [58]. Organic phosphorus can
be mineralised over time and become bioavailable similarly as
nitrogen [59]. Mineral phosphorus can be more or less soluble, and
sequential extraction methods correlate to some extent with plant
availability [52,60]. Recently, passive samples have been developed
that can assess the rate of phosphorus release over time [61-63,50].
However, neither of these tests correlate well with bioavailability
under all conditions.

Potassium is almost completely soluble, and chemical
measurements are therefore usually adequate. Deficiency of other
elements needed for plant growth are also rare, although sulphur
deficiency can occur, and may not always be picked up because

symptoms are similar to nitrogen deficiency [64].

In conclusion, there is a need for better ways to predict plant
availability of at least nitrogen and phosphorus. Plant growth
trials are the gold standard, but there is a need for quick tests that
correlate well with the results of growth trials, or rules for which
tests to use under which conditions. Furthermore, there is a need to
look beyond the first season or growth cycle.

Treatment options to increase the fraction of nutrients
that are recycled

Most biofertilizers are produced from organic residues treated
in some way. Ideally treatment should produce a stable, odor free
product, where weight and water content is low, but nutrient are
kept concentrated and, on a plant, available form. In addition,
the product should be safe, free from pathogens and heavy metal

and micro-pollutant concentrations within safe limits. Naturally
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most treatment options do not meet all these criteria, and it is
also possible to combine treatment options. The main treatment
options for organic residues are composting, anaerobic digestion,
drying, pyrolysis and combustion. The effect of each method is
briefly summarized in Table 1.

Composting is often put forward as the best and most
environmentally friendly way of treating organic rest products
[65,66]. However, losses of nitrogen as ammonia can be large, and
some losses of greenhouse gases will occur. Most losses happen in
the early, thermophilic phase of composting [67]. High temperature
is necessary to get a sanitised product. Losses can be reduced
by composting in closed containers, reactors etc., however, then
aeration has to be ensured. The result of successful composting is a

smell free, stable product.

Vermicomposting is composting with earthworm. Often
the worms are only added after the thermophilic phase, but
there are also options to use earthworms during the entire
composting process if lower temperature can be maintained and
high temperature is not required to kill pathogens etc. There are
reports that vermicomposting makes nutrients plant available to
a larger extent than regular composting. During vermicomposting,
organic material is “treated” in the gut of earthworms in addition
to the microbial breakdown. This will generally make nutrients
more plant available than just standard composting [68]. Nitrogen
mineralization is quite intense in the gut of earthworms and
continues for several hours in fresh earthworm casts [69]. Gosh et
al.[70] measured the effect of earthworms on phosporous (P) forms
and found that the content of easily extractable P more than doubled
in many cases. Other authors have also found vermicompost to

improve availability of other nutrients [71-73].

Anaerobic digestion has the advantage of producing biogas for
energy in addition an organic rest. The organic rest called digestate
[74], is also good biofertilizer. Because anaerobic digestion
happens in a closed container, nutrient losses during the process
are small. However, because digestate is rich in ammonium and
usually has relatively high pH, losses of ammonia during handling
and spreading can be a problem. Digestate also has high water
content, making transport to areas of need costly in economic and
environmental terms [75]. It is possible to reduce water content
by dewatering (press or centrifugation), but the most plant
available nutrients are in in liquid phase. The solid phase contains
nutrients and organic matter and can be used as soil amendments.
Sometimes composting can be necessary to stabilize the product
and reduce odours. However, we have some evidence that at least
if the digestion process has not gone to completion, methane can
be emitted during composting (Bergersen, unpublished). There are
number of options to recover nutrients from digestate [76].

Drying is the simplest way to reduce water content and make
a stable, product that is cheap to transport. It requires energy, but
in some cases, this can be available at no or low cost, for example
waste heat from electricity generation or sun-drying.
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Ammonia will volatilize during drying, and some filters or
stripping can be used to trap the nitrogen. It is usually believed that
drying does little to change the plant availability of the nutrients,
but there is little research on this [77].

Pyrolyis produces charcoal, “biochar” in addition to some
other products and energy. Biochar has been promoted as good
soil amendment that can increase nutrient retention in soil among
other, and there has been an explosion in biochar research in
recent years [78,79]. However, most nitrogen and sulphur is lost
during pyrolysis (somewhat depending on conditions) and most
of the evidence suggest that phosphorus is left less plant available.
Pyrolysis may therefore be good option for organic residues with
low nutrient content. It could also be recommended when there is

Table 1: Options for treatment of organic rest products.

concern for pathogens in the residues. Recently, biochar has been
suggested as an amendment in composting or other processes, and
it appears that it can reduce nitrogen losses [80,81].

Combustion produces heat energy and ash as a rest product. All
nitrogen and sulphur is lost during combustion. Other elements are
left in the ashes, most evidence suggests that at least phosphorus
is left less plant available than in the original material. Combustion
also Kkills all pathogens etc., and also micro-pollutants are degraded

in complete combustion.

There are also a number of options to concentrate nutrients in
solution, or to take out products with high nutrient content from
liquid waste streams (Table 1).

Sanitation

Yes, during the process

Yes, during the process

Maybe, depending on
temperature

No, must be done
separately (before)

Yes, if the temperature
is high enough

No, but some
technologies can

wetted

Energy production Yes Yes No, requires energy Yes make use of the heat
produced
Yo 1 il re- Y hen th
Stable rest product Yes Yes es, at least until re Not always es, when the process

optimal and complete

Loss of nutrients

Yes, all nitrogen

Yes, but losses less
than complete
combustion

Yes, ammonia loss,
can be captured in
biofilters

No, little during the
process, but losses
during application can
be large

Yes, ammonia loss,
but amount of loss
depends on method

Suitable substrates

Dry, low nutrient
content

Same as combustion?

Relatively low water
and nutrient content

High water and
nutrient content

Wet, nutrient rich and
with some structural
material

Water content and
weight of rest product

No water, concentrated
nutrients

No water, somewhat
concentrated nutrients

Little water, weight
reduced

High water and
nutrients content.
Dewatering reduces
water content, but
also the content of

Relatively low water
content, nutrients
depends on feedstock
and process.

bioavailable nutrients

Biofertilizers in the environment

For all fertilizers, the goal is that they should be taken up by
plants when the plant needs them, and as little as possible should
be lost to the environment. Losses to the environment can be both
as leaching and runoff and for nitrogen also gaseous losses. Losses
is more or less the inverse of plant availability, nutrients that are
not taken up by plants will be lost to the environment in some way.
Good and predictable plant availability is therefore good both for
agronomic performance and for the environment. How beneficial it
is to use biofertilizers therefore depend on crop type, but in overall,
most of the evidence suggests that nutrient losses are higher when
biofertilizers are used, than when mineral fertilizers are used.
This is of course no argument against biofertilizers, because they
are recycled nutrients. However, there is a need both for better
treatment options for organic residues to produce tailor made
fertilizers, and better guidelines for how to use biofertilizers, both
alone, and in combination with mineral fertilizer.

Use of biofertilizers will in general decrease global warming
potential of agriculture, because production of nitrogen fertilizers

is energy intensive, and nitrogen in biofertilizers can reduce the

need for mineral fertilizers. However, greenhouse gases are also
produced in agricultural soil, nitrous oxide is the most important
[82-84]. Addition of nitrogen fertilizers stimulates production of
nitrous oxide in soil. Nitrous oxide production after addition of
biofertilizers has not been so much studied, but there are indications
that it could be somewhat higher per unit added nitrogen than
mineral fertilizers. The main reason for this is that organic matter is
then added with the nitrogen, which also stimulates emissions. This
is no reason not to use biofertilizers, but specific practises should

be developed to minimize emissions as much as possible.

Organic agriculture is often put forward as the solution to the
problems of modern intensive agriculture. However, the evidence
is inconclusive. Often as high or higher leaching losses are found in
organic as in conventional agriculture, and at least if it is taken into
account that yields are lower in organic agriculture, so that higher
areas are required, the total environmental impact of organic
agriculture is often higher [85]. However, organic agriculture does
provide an incentive to use the organic residues that are available,
even if mineral fertilizer is cheaper and easier to use. Rules for
organic agriculture differ somewhat in different countries and
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regions, but sewage is usually not allowed, and some other waste
products. Also, those residues that are allowed e.g. food waste are
often treated with some suspicion. However, if organic agriculture
is going to continue to expand, and sell products out of the farm,
recycling of nutrients back from society in one form or another
seems inevitable. Both rules and attitudes may need to be relaxed.
Then organic agriculture will be the best marked for biofertilizers.

Conclusion

In this review, we have seen that biofertilizers can partly replace
mineral fertilizers and thereby reduce resource mining and energy
use for production of mineral fertilizers. However, when applied
to soil, biofertilizers have the same problems as mineral fertilizers
and some more. One of the main drawback is that not all nutrients
in biofertilizers are immediately available, and it is difficult to
predict when and if they will become available. That means that
plant utilization is lower and losses to the environment are often
larger when biofertilizers are used. However, more research on how
to use biofertilizers optimally, possibly also in combination with
mineral fertilizers, as well as better standardization of biofertilizer
products may reduce some of these problems. Furthermore, until
now, bioavailability of nutrients has only been evaluated in finalized
products. Treatment options for organic residues should rather be
developed to maximize the utilization of nutrients. In this way a
circular economy can be developed.
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