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Abstract

There is a pressing need for implementing more sustainable fertilizers in agriculture. Through a
laboratory incubation trial and subsequent data analysis of a previously perfomed field trial, this
study aimed to evaluate the nitrogen (N) release dynamics of soil treated with novel fertilizers
derived from human urine and black soldier fly larvae (BSFL) frass, and to assess their potential
compared to commercial NPK fertilizer. Soil samples underwent various treatments, including
urine pellets, BSFL frass, commercial NPK fertilizer, and no fertilizer. Incubated at 15 °C,
samples were periodically sampled over a 63-day period for nitrate-N and ammonium-N
extraction analysis. The findings suggested that urine pellets demonstrated promise as a viable
alternative to commercial NPK fertilizer, exhibiting comparable mineral N release dynamics. This
observation was reinforced by field trial results, which revealed significantly higher barley yields
in urine fertilized soil compared to unfertilized soil, with yields similar to those of NPK fertilized
barley. Additionally, BSFL frass showed potential as a slow-release N fertilizer in both the
laboratory and field trials. Moving forward, continued research is essential to optimize the
utilization of urine pellets and BSFL frass among various crops and soil types.

Keywords: nitrogen mineralization, urea hydrolysis, black soldier fly larvae, incubation trial,
nitrogen recovery, nutrient recycling, nitrate, ammonium, barley
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Introduction

The planetary boundaries include nine critical environmental processes for
humanity to stay within to uphold resilient and safe Earth systems (Rockstrom et
al. 2009). In 2023, six of these had already been transgressed, with the
biogeochemical flows of nitrogen (N) and phosphorus (P) being among the
affected boundaries (Richardson et al. 2023). The N biogeochemical cycle is
strongly affected by agricultural systems (Sutton et al. 2013), where the industrial
fixation of reactive N (Nr), i.e., to produce synthetic fertilizers, is the dominating
driver of the cycle (Fowler et al. 2013) (Figure 1). The N: includes the mineral
forms ammonium (NH4") and nitrate (NO3"), both of which are important plant
nutrients and enter the agricultural sector through three primary sources: 1)
biological fixation, mainly driven by legume cultivation, ii) atmospheric
deposition, or iii) Haber-Bosch synthesized fertilizers. Additionally, N: can
originate from the mineralization of soil organic matter (SOM) or the application
of organic N fertilizers (Bodirsky et al. 2014). However, N: is often lost from
agricultural systems as NO3~ through leaching or transferred to the atmosphere as
ammonia (NH3), nitric oxide (NO), dinitrogen gas (N2), or nitrous oxide (N20).
Once lost or transferred, the N atom can trigger a cascade of environmental
effects. For instance, excessive N, in combination with other nutrients, can
disrupt aquatic and terrestrial ecosystems through eutrophication (Galloway et al.
2003). In the atmosphere, it can lead to stratospheric ozone depletion
(Ravishankara et al. 2009; Billen et al. 2021) and contribute to global warming
(Galloway et al. 2003).
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Figure 1. Illustration of the key N pathways and dynamics (Tg N) within the agro-food system
of Europe during the period 2009—2013. The figure highlights major inputs from synthetic
fertilizers (red circles) and losses from cropland (green circle). Figure adapted from Billen et al.
(2021).

While the production of synthetic fertilizers is on the rise, so is the generation of
waste, both within the food supply chain and in other fronts. According to the
definition in the Swedish Environmental Code (SFS 1998:808), waste
encompasses any object or matter that the bearer disposes of, is obliged to dispose
of, or intends to dispose of. In Sweden, each person generated an average of 449
kg of household waste in 2022, comprising 36% bulky waste, 34% residual waste,
15% packaging waste, 10% food waste, and 5% hazardous waste and waste from
electrical and electronic equipment (WEEE) (Avfall Sverige 2022). Food waste in
particular represents an opportunity to utilize valuable resources like N and return
them to agricultural land, promoting circularity (Dobermann et al. 2022).
Similarly, human excreta (urine and feces) is another waste product that contains
valuable resources. Urine for instance is rich in N, yet its agricultural potential
remains significantly undervalued (Heinonen-Tanski & van Wijk-Sijbesma 2005).

Various technologies exist for recycling human excreta and organic waste
materials, such as food waste, to improve circularity. In Sweden, it is most
common to treat sorted-out food waste by anaerobic digestion to produce biogas
and biofertilizer (Avfall Sverige 2022). Additionally, sewage sludge from
wastewater treatment can be repurposed as fertilizer, although it typically contains
only a small proportion of the N present in the wastewater, with most being lost
during treatment (Ostermeyer 2022). The development of more alternative
fertilizers that close the N cycle and minimize N: loss is essential. This approach
is vital for enhancing the sustainability of agricultural systems and society at
large.



1. Background

1.1 Nitrogen in plants

Nitrogen is an essential macronutrient for plants, constituting a component in
chlorophyll, proteins, and nucleic acids. The nutrient is required by plants in
significant amounts for several metabolic processes, implying that N deficiency is
one of the most limiting factors to growth for most crops (Campbell et al. 2018).
The atmosphere contains 78% N, but it is in an inert form as N2 (Sutton et al.
2013). Only a minority of plants can use this form of N, through symbiotic
relations with specific bacteria, and therefore, mainly the mineral forms NHs" and
NOs™ are absorbed by the roots of most plants (Campbell et al. 2018; Lasa et al.
2001), with NOs~ being the preferred source for most species (Li et al. 2012).
Hence, plants rely on the availability of N in these forms, either from the
mineralization of organic N existing in soils or from the application of fertilizers
containing N to optimize their growth and development (Dari et al. 2019).

Approximately 40% of the arable land in Sweden is dedicated to cereals,
primarily barley (Hordeum vulgare L.), oats (Avena sativa L.), and wheat
(Triticum aestivum L.) (Jordbruksverket n.d.). A shortage of N in cereals can
result in decreased crop protein content and yield losses (IFA 2007), particularly
during phases of vigorous growth (Shafi et al. 2011). During the early spring
growth stages of barley up to Zadoks Growth Stage (GS) 31 (Figure 2), N uptake
is relatively low. The highest demand for N occurs during stem elongation (GS
31-39). As the canopy reaches its maximum size and ears start to emerge, N
uptake slows down again, typically from GS 39 to GS 59. Following ear
emergence, N uptake becomes very limited as N stored in leaves and stems is
redistributed to support the development of grain protein. The N accumulation in
<spring barley at harvest is typically 25-30% lower compared to that of winter
barley due to spring barley’s shorter growing season (Yara 2024).
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Figure 2. Zadoks cereal development scale. Adapted from Alqudah (2015).

Consequently, adequate N availability early in the growing season generally
results in higher yields, while higher N levels later in the growing period tend to
increase protein content. For instance, Giordano et al. (2022) observed a linear
increase in wheat protein content with higher proportions of late N and later
applications. Additionally, Sardana and Zhang (2005) found that N application at
the initial stages is crucial for achieving desired growth in barley, but N
application at the boot stage did not contribute to yield significantly. Conversely,
excessive N application can lead to lodging (Shafi et al. 2011), pests, diseases
(Gomez-Trejo et al. 2021), and environmental losses. The release of organically
bound N late in the season after annual crops have completed their N uptake also
increases the risk of losses. Therefore, the timing of N release from fertilizers is
crucial and should guide fertilizer selection and application timing. To achieve
optimal crop growth and yield, it is essential for N mineralization patterns to align
with fluctuations in crop nutrient requirements and uptake, thereby ensuring
synchrony between N supply and N demand (Johnson et al. 2012).

1.2 Nitrogen in soils

Nitrogen compounds undergo several transformations, including mineralization,
immobilization, nitrification, and denitrification (Figure 3). The compounds are
exchanged between the soil and the atmosphere through processes such as
volatilization, denitrification, biological N fixation and atmospheric deposition.
Exchanges also occur between the soil and the hydrosphere through leaching,
erosion/runoff, and irrigation (IFA 2007). The stable SOM typically contains
about 5—6% N, constituting the primary N stock in most soils. Approximately
1-3% of this N can be gradually made available to plants each year through
microbial processes. Organically bound N within the soil is also found in various
organic forms, such as soil-living organisms, fungal hyphae, plant roots, and
rhizomes (Eriksson et al. 2011).
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The N mineralization process is characterized by the conversion of N from
organic to inorganic (mineral) forms during the turnover of organic material by
soil microorganisms, and the reverse process is known as immobilization (see
Equation 1). Specific enzymes produced by fungi and bacteria catalyze
mineralization by facilitating the transformation and breakdown of organic
molecules. Mineralization and immobilization occur simultaneously. The
available N supply for growing crops is determined by the net mineralization or
net immobilization. Whether the turnover of organic material results in net
mineralization or net immobilization depends on several factors, including the
microorganisms’ access to energy-rich and easily exploited material for
synthesizing building blocks of the cells for microbial growth, as well as the N
content of this material (Eriksson et al. 2011). The ratio of the mass of C to the
mass of N in the material, i.e. the C:N ratio, can also have a significant effect on
decomposition. Soil microbes typically have a C:N ratio near 8:1 and must
acquire enough C and N from their environment to maintain that ratio in their
bodies. That corresponds to a diet with a C:N ratio near 24:1, which will be
consumed relatively quickly by the microorganisms with essentially no excess C
or N left over (USDA 2011). Microbes use C as a source of energy, and an
adequate supply of N promotes the growth of microbial biomass. When the
available N exceeds microbial demand and the C:N ratio is lower than 24:1, it
leads to net N mineralization, resulting in the release of mineral N into the soil.
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Conversely, if the available N is insufficient for microbial needs and the C:N ratio
is higher than 24:1, additional mineral N must be immobilized from the soil to
allow microbial growth and facilitate the completion of the decomposition process
(Cabrera et el. 2004; USDA 2011).

mineralization
R—-NH2 + 2 H20 = OH + R-OH + NH4" (Eq. 1)

immobilization

The mineralization process is also influenced by other aspects of the chemical
composition of organic matter, such as contents of cellulose, hemicellulose,
lignin, and polyphenols (Mohanty et al. 2011). These compounds are differently
metabolized by the microbes present in the soil, which is reflected in the rate of
carbon dioxide (COz2) production, i.e., soil respiration. Other than providing
insight into the organic matter and its decomposition, the respiration reflects the
soil’s capacity to support soil life, including microorganisms, invertebrates, plants
and other living organisms interacting with the soil. Additionally, soil respiration
can serve as a tool for estimating soil microbial biomass and for inferring the
processes involved in nutrient cycling in the soil (USDA 2009).

As shown in Equation 1, NH4" is formed during the mineralization, which in turn
can be oxidized to NO3;  under aerobic conditions, a process known as
nitrification. Ammonium is in equilibrium with NH3 as follows:

NHs* = NHs;+H* (Eq. 2)

The equilibrium is pH-dependent (with a pKa of 9.9 at 10 °C), shifting towards
the production of NH3 as the pH value increases. Ammonia is oxidized as follows
in two main steps:

2NH3+302 — 2NOz (nitrite) + 2H"+ 2H20 + energy (Eq. 3a)

2NO2"+ 02 = 2NOs3 + energy (Eq. 3b)

The NO2" concentration is typically very low in soils because NO2  does not
normally accumulate and is oxidized to NO3™ at a rate similar to its formation
(Eriksson et al. 2011).
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1.3 Nitrogen fertilizers

An increased fertilization level of N generally enhances plant growth more
significantly than other nutrients (Maheswari et al. 2016), although plant growth
can also be constrained by deficiencies in other essential nutrients. Consequently,
global demand, production, usage, and losses are most significant for N (FAO
2019). Fertilizers can contain organic (carbon-containing) or inorganic nutrients
and other compounds, but the minerals a plant absorbs are in the same form, NH4"
and NOs~ when it comes to N. Thus, N in organic materials needs to be
mineralized to become plant available (Campbell et al. 2018).

1.3.1 Synthetic fertilizers

There are three primary forms of N in synthetic fertilizers: ammoniacal, nitric and
ureic (CO(NH2)2), being used either individually or in combinations (Dari et al.
2019). The invention of the Haber-Bosch process in the early 20th century
revolutionized the production of synthetic fertilizers on an industrial scale,
enabling an intensification of agricultural production and contributing to global
growth of the human population, as illustrated in Figure 4. Erisman et al. (2008)
estimate “that the number of humans supported per hectare of arable land has
increased from 1.9 to 4.3 persons between 1908 and 2008, primarily due to the
use of Haber-Bosch derived N. This method converts inert atmospheric N2 into
NH3s by reacting N2 with hydrogen gas (Hz2) at high temperatures and pressures
(Wan et al. 2023). Ammonia can further be combined with CO2 to create urea
(Ding et al. 2023).
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Figure 4. Patterns in world population and N utilization across the 20th century. The solid line
represents the registered world population, while the long-dashed line depicts the estimated world
population that could be supported without N, from the Haber-Bosch process. Adapted from
Erisman et al. (2008).

Synthetic fertilizers allow precise application in terms of nutrient supply, dosage,
and timing. Its known N content and uniform composition enables accurate
application, and the applications can be divided to meet the changing needs of a
crop as it develops. Using the right fertilizer product at the right time, right place
and right rate is a fundamental principle for improving the N use efficiency
(NUE) (IFA 2007; Govindasamy et al. 2023), i.e., the ratio of N output (in the
harvested plant) to N input. Consequently, synthetic fertilizers can theoretically
ensure a high NUE in crop production. However, in practice the use of N
fertilizers in agriculture results in substantial losses to the environment through
leaching, volatilization, and runoff, leading to a lower NUE (Govindasamy et al.
2023). For instance, the cereal NUE in 2015 was 35% for the world (Omara et al.
2015). Considering food losses during harvesting, transport, and consumption,
only 4—14% of N: used globally in agricultural systems ends up as consumable
plant-based and animal protein (Pikaar et al. 2017).
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Additionally, due to the significantly higher energy content in NH3 compared to
N2 (Heinonen-Tanski & van Wijk-Sijbesma 2005), the Haber-Bosch process
demands excessive energy inputs, accounting for approximately 2% of the global
energy expenditure (Sutton et al. 2013). Moreover, the process currently relies on
non-renewable resources such as natural gas as the source of H2 (Martin et al.
2022).

1.3.2 Organic fertilizers

Organic fertilizers were defined by Huntley et al. (1997) as naturally occurring
compounds containing plant nutrients produced from waste materials or by-
products, where only the processing steps or physical extraction are
anthropogenically assisted. Commonly used organic fertilizers include farmyard
manure, green manure, compost, sewage sludge, bone meal, and food processing
wastes (Huntley et al. 1997). The use of dried pelletized human urine and black
soldier fly larvae (BSFL) frass as fertilizers is relatively new.

The application of organic materials contributes to the improvement of various
soil properties. For instance, Bulluck et al. (2002) compared the influence of
organic and synthetic fertilizers on soil microbial, physical and chemical
properties. The results showed that the utilization of organic fertilizers improved
soil quality by enhancing beneficial soil microorganisms, reducing pathogen
populations, increasing SOM and total C, and lowering bulk density.

The N content in organic materials can vary widely depending on factors such as
the origin and type of wastes, the fertility of the soil where a crop residue or a
green manure crop is grown, the diet of the animals producing manure, and the
methods used for storage and application (IFA 2007). Moreover, predicting the
pattern and quantity of N released from organic N sources during the growing
season is challenging because the release of nutrients is highly dependent on the
degree and rate of mineralization. The release of N varies considerably, affected
by soil moisture, temperature, and texture among many other factors, as
demonstrated by Agehara and Warncke (2005), who performed a comparable
study on N release from four organic fertilizers. In general, the mineralization rate
was positively correlated with soil moisture (up to 90% water holding capacity
(WHC)) and temperature (up to 25 °C), due to an increase in microbial activity.
Furthermore, variations in N release patterns among the fertilizers could also be
explained by their chemical composition. Fertilizers with high N content in a
readily mineralizable form, low C:N ratio, and low lignin:N ratio exhibited a more
rapid N release. The net N release followed this order: urea > blood meal > alfalfa
pellets > partially composted chicken manure. For urea, the mineralization rate
was suggested to depend on the activity of and contact with the enzyme urease in
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soil, facilitating the hydrolysis of urea to NH4" when applied to soil (Agehara &
Warncke 2005), as shown in Figure 3.

1.3.2.1 Human urine pellets

Every year, a healthy adult on average produces around 500 L of urine
(Heinonen-Tanski & van Wijk-Sijbesma 2005), containing 5000—7000 mg L' of
total N (Karak & Bhattacharyya 2011), which varies based on factors such as
climate, water intake, body weight, and dietary protein content (Heinonen-Tanski
& van Wijk-Sijbesma 2005). Human urine also contains 2000-3000 mg L' of
potassium (K) and 300—500 mg L' of phosphorus (P) (Karak & Bhattacharyya
2011). Approximately 85% of N in fresh urine is present as urea, 10% as other
organic N, and 5% as ammoniacal N (Udert et al. 2006). Urea is a by-product of
protein metabolism in the body (Korrapati & Mehendale 2014). An artificially
produced version of urea is often used in synthetic fertilizers (see 1.3.1 Synthetic
fertilizers). Whether excreted or synthetically produced, the chemical composition
is the same, yet the concentration can differ, and the concentration of the synthetic
fertilizer will be higher and more consistent (Kishor et al. 2020).

Given that urine contains some of the essential macronutrients required for plant
growth (N, P and K), it serves as a viable fertilizer (Heinonen-Tanski & van Wijk-
Sijbesma 2005; Winker et al. 2009). Despite its potential, the use of urine as
fertilizer is currently constrained, leading to poor nutrient recycling and return to
cropland (Martin et al. 2022). The recovery of all human excreta, of which urine
is the primary source of N (Vinnerés et al. 2006) that is not recycled today could
potentially reduce the global inputs of synthetic N fertilizers in agriculture by
16—21% (Trimmer et al. 2019).

Several studies have shown that human urine can be used as a liquid fertilizer
(Kirchmann & Pettersson 1994; Lindén 1997; Ranasinghe et al. 2015; Sene et al.
2018). However, this direct pathway comes with several challenges, such as the
need to collect and store urine at the household level, transport it over long
distances and apply large volumes to cropland (Larsen & Gujer 2013). Moreover,
urea tends to hydrolyze (Mazzei et al. 2019) and volatilize from urine as NHj3
during storage (Kirchmann & Pettersson 1995), potentially leading to N losses
(Dari et al. 2019). To overcome these obstacles, various treatment technologies
have been developed over the last 20 years to reduce the volume of the collected
urine, stabilize N and avoid NHs volatilization (Maurer et al. 2006). One such
technology is alkaline dehydration, in which urine is alkalized (pH > 10) and
dehydrated by warm air circulation to concentrate and reduce its volume into a
dry product (Simha et al. 2020). These conditions hinder urea degradation,
facilitate water evaporation, and minimize N losses (Senecal 2020). A further
possibility for facilitating the use of dry urine is by pelletizing it, transforming
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urine into an easy-to-handle fertilizer, which simplifies storage and transport and
allows the farmers to use their existing conventional farming equipment.

The environmental impacts of producing wheat with three different urine-based
fertilizers (stored urine, alkaline dehydrated urine, and nitrified concentrated
urine) were evaluated in a comparative analysis by Martin et al. (2022). This
evaluation was performed using a life cycle assessment (LCA), with synthetic
fertilizer used for wheat production serving as the reference scenario. The study
identified that, in terms of greenhouse gas (GHG) emissions, eutrophication,
water consumption, and fossil resources, the environmental impacts of the
scenarios utilizing urine-based fertilizers were lower than those of the reference
scenario. However, the study also revealed that both stored and alkaline
dehydrated urine could lead to higher NH3 volatilization compared to synthetic
fertilizers. Additionally, the nitrified concentrated urine and alkaline dehydrated
urine fertilizers exhibited higher electricity consumption values associated with
their production than the reference system. The need to optimize the energy
consumption of these technologies has been addressed in other studies as well
(e.g., Gunnarsson et al. 2022).

Considerable attention has been dedicated to the development of techniques for
producing urine-based fertilizers, as compiled by Harder et al. (2019), Martin et
al. (2020), and Chipako and Randall (2020). Moving forward, N fertilizing value
and mineralization patterns need to be evaluated, to adapt fertilization strategies
with these novel fertilizers, mitigate pollution and enhance the NUE by plants.

1.3.2.2 Black soldier fly larvae frass

Various methods exist for treating organic waste materials such as food waste,
including thermophilic composting and anaerobic digestion. Mertenat et al. (2019)
stated that “one of the most innovative biowaste treatment options” is to feed
waste to insect larvae, such as the black soldier fly larvae (Hermetica illucens L.)
(BSFL). Through this method, waste undergoes a composting-like process,
resulting in its conversion into two primary products: firstly, a larval biomass that
is rich in fats and proteins, suitable for animal feed (Surendra et al. 2020), and
secondly, a residual by-product known as frass that contains several plant
nutrients and microorganisms (both bacteria and fungi) (Lopes et al. 2022). BSFL
frass constitutes a mixture of substrate residues (i.e., uneaten feed materials), and
BSFL feces and shed exoskeletons (Schmitt & de Vries 2020; Basri et al. 2022).
In comparison with conventional composting processes, BSFL. composting is
faster and more efficient in terms of nutrient recycling (Lalander et al. 2015).
According to recent studies, frass can be considered a multifaceted fertilizer with
various benefits (Beesigamukama et al. 2020b; Quilliam et al. 2020;
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Klammsteiner et al. 2020). It can improve soil health by suppressing plant
pathogens (Choi & Hassanzadeh 2019) and fungal diseases, reducing soil acidity,
increasing microbial abundance and diversity (Beesigamukama et al. 2021),
resulting in higher crop growth and yield (Beesigamukama et al. 2020b). Frass
may also contribute to an increased nutrient uptake efficiency as it has been
reported to contain microbial strains that produce auxins (Poveda et al. 2019),
which are regarded as the primary group of hormones crucial for the process of
adventitious root formation (Rout 2006). On the contrary, other studies have
reported that frass has no significant effect on crop growth (Gebremikael et al.
2022) and that frass can have negative effects on crop growth and soil quality,
such as phytotoxicity if not post-treated and stabilized (Alattar et al. 2016). Frass
is often biologically unstable and immature due to the rapid composting process
with BSFL, which is related to a decreased availability of nutrients and increased
content of potentially phytotoxic compounds (Song et al. 2021). In this sense,
frass could be post-treated by thermophilic composting or anaerobic digestion,
aiming to increase its maturity degree and safety for use.

The quality of frass appears to vary depending on the specific substrate fed to the
larvae. According to a review conducted by Lopes et al. (2022), micronutrient
levels vary depending on the feed substrate, while pH (around 7.5) and C:N ratio
(around 15) show less variation. However, the frass always exhibits a lower C:N
ratio compared to the feed substrate provided (Sarpong et al. 2019). Palma et al.
(2020) demonstrated that high levels of protein and starch/sugar, along with lower
levels of fiber in food waste, have a positive effect on BSFL frass composition
and promote nutrient release. Klammsteiner et al. (2020) showed that BSFL fed
with chicken feed obtained higher N concentrations than larvae fed with grass
waste and fruit/vegetable waste. When larvae are fed bread waste, the N
concentration is lower than the ones reported by Klammsteiner et al. (2020), in
comparison to findings of Lopes et al. (2020). Basri et al. (2022) suggest that a
mixture of two or different types of substrates may be preferable to produce high-
nutrient BSFL frass.

The quality of frass utilized as fertilizer has been reported to influence the
mineralization patterns of N when it is applied to the soil. For instance, most of
the inorganic N in frass is in the form of NHs" (Lalander et al. 2015;
Beesigamukama et al. 2020a; Kawasaki et al. 2020). The conversion of NH4" into
NOs~ through nitrification processes requires time. Concurrently, NH4" is highly
absorbed by soil microorganisms, increasing the likelihood of immobilization.
This has been reported by several studies, showing an initial phase of
immobilization that lasted 30—70 days after the application of frass
(Beesigamukama et al. 2021; Gebremikael et al. 2022). Consequently, this may
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limit N availability to plants during early growth stages, depending on the timing
of frass application.

1.4 Field trial

Human urine pellets and BSFL frass have previously been utilized in a field trial
conducted by an external actor on the Swedish island of Gotland during the 2023
growing season to assess their impact on yields. Barley (Hordeum vulgare L.
Planet) was sown on May 26 and harvested on August 27. The crop received
fertilization at sowing, with the following fertilizers and doses applied: 567 kg
ha™! of pelletized dried urine, 1000 kg ha™! of frass, and 370 kg ha™' of NPK.
Thus, all treatments received 85 kg N ha™!. The NPK treatment was employed as
the positive control to provide a reference for expected outcomes, while an
untreated plot served as the negative control.

The field trial rendered interesting results in terms of crop productivity, with the
following yields: 7.3 tons ha™! from urine pellets, 7.0 tons ha™! from frass, 7.4 tons
ha! from NPK, and 5.2 tons ha'! from the unfertilized treatment (Table 1),
demonstrating a significant potential of the fertilizers. However, the dynamics of
N from the fertilizers in that agricultural soil were not yet assessed, leading to the
formulation of the hypotheses and aim of this study.

Table 1. Yield results from the field trial.

Dried BSFL frass NPK Un-
urine + NS 274 24—4-5 fertilized
+ P20

Yield 7 359a 7 048a 7 429a 5248b

(kgha™)

P20 refers to a phosphorus (P) fertilizer containing 20% P. NS 27—4 denotes a fertilizer with 27%
nitrogen and 4% sulfur. Mean values that share a letter are not significantly different at p>0.05.
Statistical differences were assessed using ANOVA followed by Tukey’s test.

1.5 Aim, objectives, and hypotheses

This study aimed to provide data on the N release patterns, under laboratory
conditions, from human urine-based fertilizer and BSFL frass over time. The
specific objectives were to answer the following questions:

1) What nitrogen release dynamics are observed in soil treated with fertilizers
derived from human urine and BSFL frass?
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i1) Can the nitrogen release patterns observed during incubation explain any
variations in yield of the barley in the field trial?

Urine pellets were hypothesized to function as short-term N fertilizers similar to
synthetic ones, as evidenced by initial high mineral N concentrations observed
early in the incubation period. Conversely, frass was hypothesized to act as a
long-term fertilizer with a gradual release of N, as indicated by slower N release
observed during the incubation.

1.6 Delimitations

This study focused on analyzing soil samples treated with distinct fertilizers
regarding their mineral N release over time. The fertilizers tested included urine
pellets and BSFL frass, with a positive control (commercial NPK fertilizer) and a
negative control (unfertilized soil) also included. The study did not address
hygiene-related aspects, the presence of undesirable substances (e.g., heavy
metals, pharmaceuticals, hormones, and pathogens), or practical feasibility and
limitations (e.g., regarding logistics, legal aspects, and socio-cultural acceptance).
Neither was the different techniques regarding urine diversion, urine treatment, or
BSFL treatment examined.
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2. Material and Methods

2.1 Soll

The soil used in this experiment was collected in November 2023 from a field
(57°39'13.7"N, 18°28'30.0"E) near Roma on the Swedish island of Gotland
(Figure 5), where barley (Hordeum vulgare L. Planet) was grown last season
(2023). The location is situated in an area dominated by Calcaric Cambisols (Soil
Atlas of Europe 2005).

Roma

Figure 5. The geographical location of the field trial. (Image source: Pixabay (n.d.).)

The 0—10 cm topsoil was sampled to ensure no subsoil with higher pH was
included in the soil sample. The soil was partially air-dried at room temperature to
allow sieving and then passed through a 2 mm sieve to remove coarse particles,
plant residues, and stones. Earthworms and all signs of lime (white vague spots)
were also removed. The dry matter (DM) of the soil was determined by weighing
the soil before and after oven-drying at 105 °C until constant weight. To
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determine the WHC, dried soil was weighed, saturated with water, allowed to
drain, and weighed again. The DM content was found to be 88%, while the WHC
was determined to be 51%. Additionally, three samples (250 g) were taken and
sent to an accredited laboratory (Eurofins, Kristianstad) for further analysis of the
soil characteristics, showing an electrical conductivity (EC) of 270 pS cm™! and
pH value of 6.7. The chemical properties of the soil are shown in Table 2.

Table 2. Chemical properties of the soil, urine pellets, BSFL frass, and commercial NPK pellets
used in the current study.

NOs-N  NH4*-N  Urea-N Mineral N  Tot-N P K S Ca Mg Na Zn Mn Cu
mg kg™ ngkg! ————

Soil 69.9 ~ 0% - 69.9 0.78 288 19.5 ~0* 748 169 ~0* ~0* ~0*
Fertilizers %
Urine - 245 11.1 245 1355 125 8 - 24 03 - - - -
pellets
NPK 10.3 13.3 - 23.6 236 36 46 3.0 - 05 - - - -
pellets
BSFL frass ~ 0* 0.68 - 0.68 3.8 1.10 131 0.71 6.69 048 0.86 0.057 0.051 0.0096

* Below detection limit

2.2 Fertilizers

The experiment involved three types of fertilizers: urine pellets, BSFL frass, and
NPK pellets. The frass used in this experiment was obtained from a BSF colony
that has been maintained since 2015 at the Swedish University of Agricultural
Sciences (SLU) in Uppsala. The colony primarily serves to provide young larvae
for scientific experiments, and its management procedures are based on the
second edition of the publication “Black Soldier Fly Biowaste Processing: A Step-
by-Step Guide” by the Swiss Federal Institute of Aquatic Science and Technology
— Eawag (Dortmans et al. 2021), with adaptations. To supply young larvae for
experiments, adult flies are kept in reproduction cages for egg collection. Most of
the produced larvae are used for experiments, while a small portion is retained in
the colony to complete their development until they reach adulthood, thus
perpetuating the colony. After egg collection, the young larvae hatch within 3
days. These larvae are then fed for five days (when they reach a size that is
possible to count them manually and utilize them in known proportions for waste
treatment) with a commercial chicken feed diet (Granngarden Honsfoder Start)
mixed with water, aiming to achieve an approximate moisture content of 70%.
Subsequently, when they reach a desired size, the larvae are fed with the same
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diet for another 12 days until they reach the last larval stage (6th instar). During
this period, all feed substrate is consumed by the larvae and transformed into what
is known as frass. At this stage, larvae and frass are separated by sieving (using a
5—10 mm mesh) and stored for further use (—20 °C). The chemical properties of
the frass are shown in Table 2, together with the ones of the urine pellets and NPK
pellets.

Since the production of urine fertilizer is under development, the companies
involved were unable to share the specific details regarding the technology and
pelletization process. However, the overview is that for the collection of urine, a
stabilizer was added to the urinals’ urine collection tank. This step limits the
hydrolysis of the urea to NHs. After this, the stabilized urine was condensed 25
times through drying with warm air. The condensed liquid was then mixed with a
binding agent (organic waste product) and further dried until <5% moisture
remained. The dried product was pelletized and sieved to achieve particles with a
diameter ranging from 2 to 5 mm.

The NPK 24—4-5 pellets were sourced from Yara (YaraMila 24—4—5) and served
as a positive control to provide a reference for expected outcomes. This fertilizer,
in addition to N, P, and K, also contained sulfur (S) and magnesium (Mg). The N
content consisted of approximately equal parts of NH4" and NOs™. As a negative
control, an unfertilized treatment was utilized.

2.3 Experimental design

The quantities of fertilizers (urine pellets, BSFL frass, and NPK pellets) applied in
the incubation trial were intended to reflect the fate of N in the fertilizer at the
doses applied in the field (excepting the presence of plants). Thus, an effort was
made to estimate the amount of soil interacting with the fertilizers in the field and
using the same relation between fertilizer and in the incubation. The doses used in
the incubation trial were thus determined by considering a known plant row
distance of 12.5 cm and an estimated width of the fertilizer band in the field
(Figure 6), which was approximately 2 cm as estimated from photographs of the
equipment. To calculate the proportion of field surface area interacting with the
applied fertilizer, the width of the fertilizer band was divided by the row distance,
resulting in a total of 16%. Translated to area per hectare (10 000 m?), 1600 m?
per hectare were thus assumed to be supplied with fertilizers in the field trial.
Moreover, it was assumed that the fertilizers were uniformly mixed into the
topsoil with a depth of 20 cm and a bulk density of 1.2 tons m—. Consequently,
384 tons of soil per hectare were assumed to interact with the fertilizers in the
field. The doses utilized in the field trial (85 kg N ha™! per treatment: 567 kg ha™!
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of urine pellets, 1000 kg ha™! of frass, and 370 kg ha™! of NPK) was recalculated
to usage rates of 1.47 kg urine, 2.60 kg frass, and 0.96 kg NPK per ton soil,
considering the soil interacting with the fertilizers. Finally, using the same
proportions between soil and fertilizer to the incubation trial with soil portions of
40 g gave the following application rates: 0.059 g of urine pellets, 0.104 g of
frass, and 0.039 g of NPK pellets. The doses in terms of total N, NO3~, and NH4"
in each sample are shown in Table 3.

20cm

Figure 6. Schematic illustration of the field in cross-section, with a row distance of 12.5 cm,
fertilizer band of 2 cm, and topsoil depth of 20 cm. The figure is not made to scale and the plant
depicted is not barley.

Table 3. Concentrations of N pools in samples of 40 g soil from urine pellets, BSFL frass, and
NPK pellets.

Treatment Tot-N(mgg!) Urea(mgg!) NO; (mggh) NHs" (mgg™h
Urine pellets 8.0 6.5 - 1.4
BSFL frass 43 - 0* 0.7
NPK pellets 9.2 - 4.0 5.2

* Below detection limit <50 mg kg™
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2.3.1 Soil respiration pilot test

A preliminary test was conducted to evaluate whether respiration could be
measured. Two samples of urine pellets, BSFL frass, and NPK pellets,
respectively, were mixed separately with 40 g (fresh weight) of soil in 250 mL
plastic jars and placed at room temperature. Two samples of 40 g of unfertilized
soil were also included. In each jar, 12 mL of deionized water was added as well
to further wet the soil. One CO2 trap consisting of 10 mL of 0.5M KOH solution
pipetted into scintillation vials was placed in each jar to absorb the evolved COa.
The conductivity and temperature in the traps were measured on days one, two,
five, and six using a conductivity electrode (ProfiLine Cond 3310 Portable
Conductivity Meter, WTW, Weilheim, Germany). The traps were replaced with
identical, but unspent, traps when the previous set of traps were removed for
measurements of the conductivity and temperature. The CO:2 content was
calculated using the following formula:

N(CO,) = A x )¢t Eq. (4)
C(to)

where C(to) is the conductance at the beginning of the incubation (time to) before
any absorption of CO2 by KOH, C(t1) is the conductance at time ti, and A is an
empirically determined constant expressing the theoretical maximum amount of
COz2 absorbed. A value of A=174.5 mg CO: was used. The results showed that
respiration could not be determined due to carbonate content in the soil which
inflated the CO:z release from the soil and resulted in overestimated values of
respired C. After this, the incubation therefore focused solely on N.

2.3.2 Incubation procedure

Portions of 40 g dw soil were weighed into 250 mL plastic jars and adjusted to
60% of the WHC and the lids closely sealed. The soil samples then underwent a
pre-incubation period of two weeks at 22.3 + 2.4 °C and two days in an incubation
chamber at 14.7 £ 0.2 °C. The jars were opened for approximately 45 minutes on
days three and six to allow gas exchange. Weekly weight checks were conducted
to monitor potential weight loss, revealing no losses.

After the pre-incubation, urine pellets, BSFL frass, and NPK pellets were added to
the pre-incubated soil samples and mixed gently using a spatula. A fourth
treatment was also prepared, where no fertilizer was added but otherwise treated
the same way as the other treatments. All treatments had four replicates. In total,
96 samples were prepared to allow destructive sampling of four replicates at each
of the seven sampling times. The soil samples were then incubated at an air
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temperature of 14.7 + 0.2 °C. A temperature logger was placed by the jars to keep
track of the temperature.

2.3.3 Mineral nitrogen analysis

After 1, 2, 3, 5, 7, and 9 weeks of incubation, four replicates of each treatment
were removed from the incubation chamber for determination of the NO3-N and
NH4*-N concentrations. For the initial sampling (week zero), four additional
samples of unfertilized soil were used. After removal from the incubation
chamber, the samples (in their individual jars) were placed in a freezer for a
minimum of 24 h. For the extraction, they were removed from the freezer and the
extraction solution (100 mL 2M KCl) immediately added to each jar, as standard
procedure in the laboratory (Lindén 2013). The jars were subsequently shaken on
a horizontal shaker for 18 h. Afterward, 50 mL of the homogenized mixture from
each jar was separately poured into falcon tubes and centrifuged at 2800 rpm and
20 °C for ten minutes. Finally, the mixture was filtered using a syringe filter (0.20
um), after which 10 mL of the extract was stored in falcon tubes at —18 °C until
analysis.

Ammonium-N and NO3 -N were measured in the Thermo Fisher Scientific
Gallery Discrete Analyzer, according to the manufacturer instructions. Thus,
NH4'-N was measured by means of a colorimetric test based on Berthelot
reaction, where phenol is substituted with salicylate (performed at 37 °C using a
660 nm filter). The principles of the procedure are that all NH4"-N is converted to
NHs, which subsequently reacts with hypochlorite ions produced through the
alkaline hydrolysis of sodium dichloroisocyanurate. This reaction results in the
formation of monochloramine, which then reacts with salicylate ions in the
presence of sodium nitroprusside at approximately pH 12.6, leading to the
formation of a blue compound. The absorbance of this compound is measured
spectrophotometrically and is related to the NH3 concentration by means of a
calibration curve. Similarly, NO3-N was also measured by a colorimetric
(hydrazine) method. The principle of the procedure for this ion is that NO3 -N is
reduced to NO2~ by hydrazine under alkaline conditions. The total NOz™ ions are
then reacted with sulphanilamide and N-I1-naphthylethylenediamine
dihydrochloride under acidic conditions to form a pink azo-dye. The absorbance
was measured at 540 nm and is related to the total oxidized N concentration by
means of a calibration curve.

2.3.4 Calculations of nitrogen release

The recovery of N throughout the incubation period describes the percentage of N
from each fertilizer that was retained as mineral N in the soil after the period. It
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was calculated by subtracting the mineral N obtained in the control treatment
from the mineral N (NHs" + NOs") accumulated in the fertilized soils, and then
expressing that quantity as a proportion of the total N existing in the fertilizers,
according to their characterization.

The net mineralization/nitrification per subperiod (days) aimed to describe the
transformation of N between different mineral forms from one measurement to
the next. It was calculated by subtracting the amount of N (NH4", NO3~, and total
mineral N, respectively) accumulated in one period from the amount accumulated
in the subsequent period.

2.4 Statistical analysis

Prior to the statistical analysis, data (concentrations and accumulated NH4", NO3
and total mineral N) were submitted to either the Ryan-Joiner or Kruskal Wallis
tests to assess normality of errors or to the Levene’s test for assessing the
homoscedasticity of variances. The data that fitted normal distribution and
homogeneity were evaluated by a one-way analysis of variance (ANOVA). In
case significant differences among groups were observed, a multiple comparison
of means test of Tukey was applied subsequently at a 5% significance level. In
case the data did not present a normal distribution, the non-parametric test of
Kruskal Wallis was performed followed by the Dunn’s test. The statistical
analyses of ANOVA and Tukey’s test were conducted using Minitab Statistical
Software, version 21.4.2 (Minitab LLC 2023). Kruskal Wallis test and Dunn’s test
were performed in R (R Core Team 2020).
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3. Results

3.1 Concentrations of ammonium, nitrate, and total
mineral nitrogen

The concentrations of NH4"™-N were significantly higher in the soils fertilized with
NPK pellets and urine compared to the BSFL frass treated soil and the unfertilized
soil until day 21. After that, the concentrations of all treatments remained
relatively consistent around 4 mg NH4"-N kg™ (Figure 7). The NPK treatment
initially exhibited a high level since much of the N was applied as NH4". In
contrast, the urine treatment started at a lower level compared to the NPK
treatment and then increased from the start to 7 days.
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Figure 7. Concentrations of NHy'-N in soil fertilized with urine pellets and BSFL frass during 63
days of incubation. The data at t=0 are theoretical calculations based on the basic soil at t=0 and
the application rates. Soil fertilized with NPK and unfertilized soil are controls. Values are the
means of quadruplicates and error bars indicate standard deviations (SDs) of the means. Within
the same day, mean values that share a letter are not significantly different at p > 0.05.

Application of urine and NPK pellets resulted in significantly higher
concentrations of NOs3 -N during the entire incubation period compared to soil
fertilized with BSFL frass and unfertilized soil (Figure 8). The concentrations
increased for all treatments throughout the period, with the most significant
change observed in the urine fertilized soil.
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Figure 8. Concentrations of NOs -N in soil fertilized with urine pellets and BSFL frass during 63
days of incubation. The data at t=0 are theoretical calculations based on the basic soil at t=0 and
the application rates. Soil fertilized with NPK and unfertilized soil are controls. Values are the
means of quadruplicates and error bars indicate SDs of the means. Within the same day, mean
values that share a letter are not significantly different at p > 0.05.

The concentrations of total mineral N were significantly higher throughout the
incubation period in the urine and NPK fertilized soils compared to soil fertilized
with BSFL frass and unfertilized soil (Figure 9). At the end of the experiment, the
soil fertilized with NPK exhibited the highest concentration of accumulated total
mineral N (206 mg N kg!') with 98% present in nitric form and 2% in
ammoniacal form. Following closely behind NPK, the soil fertilized with urine
pellets showed a statistically similar concentration of accumulated N (205 mg N
kg"), with the same proportions between NO3~ and NH4" as the NPK fertilized
soil. The soil fertilized with BSFL frass exhibited significantly lower
accumulation of total mineral N at the end (84 mg N kg ') in comparison to NPK
and urine, with 94% present as NO3™ and the remaining as NHa". Conversely, the
unfertilized soil showed the significantly lowest concentration of accumulated N
(39 mg N kg '), with 89% in nitric form and 11% in ammoniacal form.
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Figure 9. Concentrations of total mineral N and urea in soil fertilized with urine pellets and BSFL
frass during 63 days of incubation. The data at t=0 are theoretical calculations based on the basic
soil at t=0 and the application rates. Soil fertilized with NPK and unfertilized soil are controls.
Values are the means of quadruplicates and error bars indicate SDs of the means. Within the same
day, mean values that share a letter are not significantly different at p >0.05.

The recovery of the applied N in the mineral N pool was calculated to be 83% for
urine pellets, 73% for NPK pellets, and 45% for frass.

3.2 Net mineralization and nitrification per subperiod

The net changes in NH4"-N concentrations of all treatments were overall negative,
with the most significant decrease occurring within the first 14 days of incubation
for all treatments (Table 4). From day 14 onwards, the urine treated soil exhibited
net changes statistically similar to those of the NPK fertilized soil.
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Table 4. Net changes per subperiod (days) of ammonium, nitrate, and total mineral + urea
nitrogen concentrations observed in unfertilized and soil fertilized with urine pellets, BSFL frass
and a commercial NPK fertilizer. Values are presented as means (n = 4).

Parameter Time (days) Urine Frass NPK Unfertilized p-value
0 40.51 22.05 134.05 4.37
7 19.89a —14.60b —91.34a 0.51b **
NH4"-N 14 —44.65¢ —1.28ab —30.03bc 0.22a ok
(mg kg™ 21 —10.15b —0.92ab —6.76b —0.15a *
35 —2.44 —0.58 -2.73 —0.08 ns
49 0.18 —-0.07 0.10 0.16 ns
63 0.92a 0.67a 1.04a —0.86b *
0 13.04 13.04 113.47 13.04
7 110.17a 25.57b 61.53a 7.22b *E
NOs;™-N 14 42.55a 9.25bc 24.05ab 1.44c *E
(mg kg ™) 21 18.85a 10.01a —10.42b 4.88a *
35 3.54 9.69 28.11 8.93 ns
49 12.80 6.83 —2.67 —0.55 ns
63 0.00 4.46 —12.26 0.10 ns
0 217.26 35.08 247.50 17.40
Total 7 —33.65a 10.97b —29.80a 7.74b **
mineral N 14 —2.09 7.98 —5.98 1.67 ns
+ urea 21 8.70a 9.09a —17.18b 4.73a ok
(mg kg™ 35 1.10 9.10 25.38 8.85 ns
49 12.98 6.75 —2.57 —-0.39 ns
63 0.92 5.13 -11.22 —0.76 ns

*¥** p<0.001, ** p<0.01, * p<0.05, ns =not significant at p > 0.05. Per parameter and within the
same row, mean values that share a letter are not significantly different at p>0.05. Statistical
differences were assessed using ANOVA followed by Tukey’s test for parametric data, or the
Kruskal-Wallis test followed by Dunn’s test for non-parametric data.

The application of fertilizers had a significant impact on the net nitrification
during the first 21 days of incubation, as presented in Table 4. The most
significant net nitrification among the treatments was observed during the first 7
days of incubation in the soil fertilized with urine, which did not receive NOs™ as
part of the N application. Similarly, in the BSFL frass treatment, where NO3™ was
not included in the N application as well, the largest net nitrification also occurred
during the first 7 days of incubation.

The net mineralization, as revealed by the total mineral N, remained relatively
steady in the frass treated soil throughout the incubation period (Table 4). In
contrast, the net changes varied more in the urine and NPK fertilized soils.
Specifically, application of frass resulted in net changes 1-5 times higher
compared to urine fertilized soil during days 14—35 and day 63.
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4. Discussion

This study aimed to provide data on N mineralization dynamics in soil treated
with fertilizers derived from human urine and BSFL frass, under laboratory
conditions, and to give insight to the results observed in a field trial. However,
translating results from laboratory experiments to field conditions presents
challenges. Laboratory incubation conditions optimize the mineralization process
but overlook environmental fluctuations that significantly influence
mineralization, such as precipitation, soil moisture content, temperature, and
microbial abundance (Beesigamukama et al. 2021). For example, the WHC was
adjusted to 60%, a level previously reported to maximize microbial activity (Linn
& Doran 1984), and that varies significantly under field conditions, not being as
stable as it was in this study. Neither was the complex interactions between crops
and soil considered. Despite these limitations, integrating laboratory findings with
field trial data can provide valuable insights into the efficacy of urine pellets and
frass as N fertilizers.

4.1 Human urine pellets

The results showed that the urine fertilized soil exhibited significantly higher
concentrations of mineral N (NHs" + NO3~) compared to both the soil treated with
BSFL frass and unfertilized soil. Furthermore, the mineral N from the urine
pellets was released most rapidly in the first week of incubation, probably due to
the high proportion of initial total N (14%), with the majority present in ureic
form (11%). In comparison to the NPK fertilized soil, the urine pellets displayed
similar concentrations of mineral N and a higher recovery of the applied N (83%
and 73%, respectively), indicating efficient hydrolysis of urea and subsequent
nitrification of NH4". Urea has been previously reported to hydrolyze fast in soil
(Tomar & Soper 1981; MacLean & McRae 1987). Baldi and Toselli (2014)
observed that applications of urea resulted in a peak of NH4" concentration within
the first 7 days, consistent with the findings in the current study. Additionally, the
results align with the observations in the field trial where the yield of urine
fertilized barley was statistically similar to that of NPK fertilized barley (7.3 and
7.4 tons ha™!, respectively).
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However, the patterns of urea hydrolysis are soil dependent, for instance
regarding soil moisture (Vlek & Carter 1983) and temperature (Sadeghi et al.
1988). Studies have also shown that urea hydrolysis increases with increasing soil
organic-C, because the soil urease activity depends on the microbial biomass,
which is proportional to SOM (McGarity & Meyers 1967; Garcia et al. 1993).
This indicates that urine pellets need to be evaluated in soils with different
characteristics, to optimize the fertilizing strategies.

The results showed that the most significant net nitrification occured during the
first 7 days of incubation in the soil fertilized with urine. Nitrate serves as the
preferred source for most species (Li et al. 2012), yet it also constitutes the form
in which a majority of N is lost (Stenberg et al. 1998), posing a risk of
environmental losses if the application is not timed to align with plant uptake
(Masunga et al. 2016). This is particularly relevant in this case given that N
uptake is relatively low at this initial growth stage, with higher demands observed
later in the season, particularly during stem elongation (Yara 2024). The Swedish
Board of Agriculture (2023) recommends splitting N fertilizer applications to
adjust fertilization throughout the growing season, ensuring the crop’s N demands
are met while minimizing losses and enhancing both quantity and quality of the
crop. For example, the optimal protein level for malting barley falls within the
range of 9.0—11.5% (Paynter 1996), while wheat destined for bread making
typically requires a protein content exceeding 10% (preferably >12%) (Rosenqvist
& Thylén 2002). Consequently, further research on the effects of split applications
of urine pellets is warranted.

4.2 Black soldier fly larvae frass

The results revealed that the application of BSFL frass resulted in significantly
lower concentrations of mineral N compared to the soils fertilized with urine
pellets and NPK, with net mineralization remaining relatively steady throughout
the incubation period. Despite this, the accumulated concentration at the end of
the experiment was also significantly lower than in the urine and NPK treatments,
though proportions of NH4" and NO3~ were similar to those in urine and NPK
fertilized soils, suggesting aerobic conditions within the jars throughout the
experiment. Moreover, the recovery of N for frass was 45%, contrasting with the
73% recovery observed for NPK. These findings suggest that the N availability of
BSFL frass may not be optimally aligned with the N demands for the growth of
annual crops in a cool temperate climate, depending on application rates.
Nonetheless, it may serve as a slow-release N fertilizer when immediate plant N
demands are not critical. For short-term N supply, very large application rates
would likely be required to satisfy the needs of the crop (and those of the
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microbial community). This was also verified in a lettuce production trial
conducted under greenhouse conditions, where the authors applied frass to the soil
according to the N demand of the plant and observed that the nutrient
requirements of this short-cycle crop were not met over a 42-day period due to
low mineralization (Esteves et al. 2022).

On the contrary, the results contrast with prior research, where strong net
immobilization was observed following the application of BSFL frass, likely due
to a higher soluble C content and C:N ratio of the frass used in those studies
(Beesigamukama et al. 2021; Gebremikael et al. 2022). Moreover, Lopes et al.
(2022) argued that it is plausible that the behavior of frass in the soil is highly
variable due to the variability of frass compositions and their associated structural
matrices. For instance, Masunga et al. (2016) reported that low rates of N
mineralization are associated with composts containing a high proportion of stable
compounds, with a high C:N ratio and N complexed in organic forms. If the soil
respiration test had been conducted, the results could have provided insights into
the stability of the frass. This is because moderately biodegradable compounds
tend to generate lower rates of CO: production compared to when abundant
amounts of easily degradable compounds are present, which results in an intense
microbial activity (Hue & Liu 1995).

The results from the field trial showed a slightly lower yield when frass was used
(7.0 tons ha™") compared to the yields of barley fertilized with urine pellets and
NPK (7.3 and 7.4 tons ha™!, respectively), yet significantly higher than the
unfertilized barley (5.2 tons ha™'). However, it is important to note that barley was
cultivated for several months compared to the 63 days of incubation in the
laboratory study, indicating that under field conditions, mineralization processes
were likely close to releasing almost all of the N in frass, or at least more than the
45% recovered in this study. Furthermore, no definitive conclusions can be drawn
solely from the field trial results regarding an exclusive use of BSFL frass as
fertilizer, as frass was also supplemented with synthetic fertilizer (NS 27—4) in the
field. Studies have reported that a combination of synthetic N fertilizer and
organic fertilizer can enhance the net mineralization and nitrification rates of the
organic-N (Kaleem Abbassi & Khaliq 2016), regardless of soil characteristics
(Han et al. 2004). Moreover, as previously reported, frass has been associated
with higher yields through improvements in soil health (Beesigamukama et al.
2021) and enhanced nutrient uptake efficiency (Poveda et al. 2019). However,
these effects were not measured or evaluated in the current study.

Ultimately, it is essential to recall that applications of organic materials such as
frass have several benefits other than only providing nutrients. For instance, they
can improve soil quality and fertility by enhancing beneficial soil
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microorganisms, reducing pathogen populations, increasing SOM and total C, and
lowering bulk density, benefits that synthetic fertilizers do not offer (Bulluck et al.
2002).
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5. Conclusion

In summary, this 63-day incubation trial demonstrated the potential of urine
pellets as a viable alternative to commercial NPK fertilizer, exhibiting comparable
mineral N release dynamics. Field trial results further supported this, showing
significantly higher yields in urine fertilized barley compared to unfertilized soil,
with yields similar to those of NPK fertilized barley. Additionally, BSFL frass
displayed promising results as a slow-release N fertilizer, although further
research is needed to fully understand its efficacy when used exclusively, under
both laboratory and field conditions. Moreover, the outcomes of this study
provide a foundation for developing tailored fertilization strategies across diverse
crops and soil types, or at least the beginning steps in optimizing N fertilization
for these novel fertilizers.

37



References

Agehara, S. & Warncke, D. D. (2005). Soil Moisture and Temperature Effects on
Nitrogen Release from Organic Nitrogen Sources. Soil Science Society of
America Journal. 69(6), 1844-1855. https://doi.org/10.2136/ss52j2004.0361

Alattar, M. A., Alattar F. N. & Popa, R. (2016). Effects of microaerobic fermentation and
black soldier fly larvae food scrap processing residues on the growth of corn
plants (Zea mays). Plant Science Today. 3(1), 57-62.
https://doi.org/10.14719/pst.2016.3.1.179

Alqudah, A. M. (2015). Developmental and genetic analysis of pre-anthesis phases in
barley (Hordeum vulgare L.). Doctoral thesis. Martin-Luther-Universitit Halle-
Wittenberg. http://dx.doi.org/10.25673/1519

Avfall Sverige (2022). Svensk avfallshantering 2022. Avfall Sverige.
https://www.avfallsverige.se/media/whafyutn/svensk avfallshantering 2022.pdf

Basri, N. E., Azman, N. A., Ahmad, I. K., Suja, F., Jalil, N. A. & Amrul, N.

F. (2022). Potential Applications of Frass Derived from Black Soldier Fly Larvae
Treatment of Food Waste: A Review. Foods. 11(17), 2664.
https://doi.org/10.3390/foods11172664

Baldi, E & Toselli, M. (2014). Mineralization dynamics of different commercial organic

fertilizers from agro-industry organic waste recycling: an incubation experiment.
Plants, Soil, and Environment. 60(3), 93-99. doi: 10.17221/735/2013-PSE

Beesigamukama, D. Mochoge, B., Korir, N. K., Fiaboe, K. K. M., Nakimbugwe, D.,
Khamis, F. M., Subramanian, S., Wangu, M. M., Dubois, T., Ekesi, S. & Tanga,
C. M. (2020a). Low-cost technology for recycling agro-industrial waste into
nutrient-rich organic fertilizer using black soldier fly. Waste Management. 119,
183-194. https://doi.org/10.1016/j.wasman.2020.09.043

Beesigamukama, D., Mochoge, B., Korir, N., Ghemoh, C. J., Subramanian, S. & Tanga,
C. M. (2021). In situ nitrogen mineralization and nutrient release by soil
amended with black soldier fly frass fertilizer. Scientific Reports. 11(1), 1-14.
https://doi.org/10.1038/s41598-021-94269-3

Beesigamukama, D., Mochoge, B., Korir, N., Musyoka, M. W., Fiaboe, K. K.,
Nakimbugwe, D., Khamis, F. M., Subramanian, S., Dubois, T., Ekesi, S. &
Tanga, C. M. (2020b). Nitrogen Fertilizer Equivalence of Black Soldier Fly Frass
Fertilizer and Synchrony of Nitrogen Mineralization for Maize Production.
Agronomy. 10(9), 1395. https://doi.org/10.3390/agronomy10091395

Billen, G., Aguilera, E., Einarsson, R., Garnier, J., Gingrich, S., Grizzetti, B., Lassaletta,
L., Le Nog, J. & Sanz-Cobena, A. (2021). Reshaping the European agro-food
system and closing its nitrogen cycle: The potential of combining dietary change,

38


https://doi.org/10.2136/sssaj2004.0361
https://doi.org/10.14719/pst.2016.3.1.179
http://dx.doi.org/10.25673/1519
https://www.avfallsverige.se/media/whafyutn/svensk_avfallshantering_2022.pdf
https://doi.org/10.3390/foods11172664
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1038/s41598-021-94269-3
https://doi.org/10.3390/agronomy10091395

agroecology, and circularity. One Earth. 4(6), 839-850.
https://doi.org/10.1016/j.oneear.2021.05.008

Bodirsky, B. L., Popp, A., Dietrich, J. P., Rolinski, S., Weindl, I., Schmitz, C., Miiller, C.,
Bonsch, M., Humpendder, F., Biewald, A. & Stevanovic, M. (2014). Reactive
nitrogen requirements to feed the world in 2050 and potential to mitigate
nitrogen pollution. Nature Communications. 5(1), 1-7.
https://doi.org/10.1038/ ncomms4858

Bulluck, L., Brosius, M., Evanylo, G. & Ristaino, J. (2002). Organic and synthetic
fertility amendments influence soil microbial, physical and chemical properties
on organic and conventional farms. Applied Soil Ecology. 19(2), 147-160.
https://doi.org/10.1016/S0929-1393(01)00187-1

Cabrera, M. L., Kissel, D. E. & Vigil, M. F. (2004). Nitrogen Mineralization from
Organic Residues. Journal of Environmental Quality. 34(1), 75-79.
https://doi.org/10.2134/1eq2005.0075

Campbell, A.N., Urry, A.L., Cain, L.M., Wasserman, A.S., Minorsky, V.P. &

Reece, B.J. (2018). Biology. A Global Approach. 11th edition, Pearson
Education.

Chipako, T. & Randall, D. (2020). Urine treatment technologies and the importance of
pH. Journal of Environmental Chemical Engineering. 8(1), 103622.
https://doi.org/10.1016/j.jece.2019.103622

Choi, S. & Hassanzadeh, N. (2019). BSFL Frass: A Novel Biofertilizer for Improving
Plant Health While Minimizing Environmental Impact. The Canadian Science
Fair Journal. 2(2). doi: 10.18192/cst].v2i220194146

Dari, B., Rogers, C. W. & Walsh, O. S. (2019). Understanding Factors Controlling
Ammonia Volatilization from Fertilizer Nitrogen Applications. University of
Idaho. https://www.uidaho.edu/-/media/Uldaho-
Responsive/Files/Extension/publications/bul/bul926.pdf?la=en

Ding, J., Ye, R., Fu, Y., He, Y., Wu, Y., Zhang, Y., Zhong, Q., Kung, H. H. & Fan, M.
(2023). Direct synthesis of urea from carbon dioxide and ammonia. Nature
Communications. 14(1), 1-4. https://doi.org/10.1038/s41467-023-40351-5

Dobermann, A., Bruulsema, T., Cakmak, I., Gerard, B., Majumdar, K.,

McLaughlin, M., Reidsma, P., Vanlauwe, B., Wollenberg, L., Zhang, F. &
Zhang, X. (2022). Responsible plant nutrition: A new paradigm to support food
system transformation. Global Food Security. 33.
https://doi.org/10.1016/1.¢15.2022.100636

Eriksson, J., Dahlin, S., Nilsson, 1. & Simonsson, M. (2011). Markldra. 1:1,
Studentlitteratur.

Erisman, J. W., Sutton, M. A., Galloway, J., Klimont, Z. & Winiwarter, W. (2008). How
a century of ammonia synthesis changed the world. Nature Geoscience. 1.
https://www.ial.int/admin/site/sites/default/files/uploads/2008.Erisman-et-
al_NatureGeo.pdf

Esteves, C., Fareleira, P., Castelo-Branco, M. A., Lopes, I. G., Mota., M., Murta., D. &
Menino, R. (2022). Black soldier fly larvae frass increases the soil’s residual

39


https://doi.org/10.1016/j.oneear.2021.05.008
https://doi.org/10.1038/ncomms4858
https://doi.org/10.1016/S0929-1393(01)00187-1
https://doi.org/10.2134/jeq2005.0075
https://doi.org/10.1016/j.jece.2019.103622
https://www.uidaho.edu/-/media/UIdaho-Responsive/Files/Extension/publications/bul/bul926.pdf?la=en
https://www.uidaho.edu/-/media/UIdaho-Responsive/Files/Extension/publications/bul/bul926.pdf?la=en
https://doi.org/10.1038/s41467-023-40351-5
https://doi.org/10.1016/j.gfs.2022.100636
https://www.iai.int/admin/site/sites/default/files/uploads/2008.Erisman-et-al_NatureGeo.pdf
https://www.iai.int/admin/site/sites/default/files/uploads/2008.Erisman-et-al_NatureGeo.pdf

nutrient content and enzymatic activity — a lettuce production trial. Journal of
Insects as Food and Feed. 8(12). https://doi.org/10.3920/JIFF2022.0005

FAO. (2019). World fertilizer trends and outlook to 2022. Food and Agricultural
Organization of the United Nations.

Fowler, D., Coyle, M., Skiba, U., Sutton, M. A., Cape, J. N., Reis, S., Sheppard, L. J.,
Jenkins, A., Grizzetti, B., Galloway, J. N., Vitousek, P., Leach, A., Bouwman, A.
F., Butterbach-Bahl, K., Dentener, F., Stevenson, D., Amann, M. & Voss, M.
(2013). The global nitrogen cycle in the twenty-first century. Philosophical

Transactions of the Royal Society B: Biological Sciences. 368(1621).
https://doi.org/10.1098/rstb.2013.0164

Galloway, J. N., Aber, J. D., Erisman, J. W., Seitzinger, S. P., Howarth, R. W., Cowling,
E. B. & Cosby, B. J. (2003). The Nitrogen Cascade. BioScience. 53(4), 341-356.
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO:2

Garcia, C., Hernandez, T., Costa, F., Ceccanti, B. & Ganni, A. (1992). Hydrolases in the
organic matter fractions of sewage sludge: Changes with composting.
Bioresource Technology. 45(1), 47-52. https://doi.org/10.1016/0960-
8524(93)90142-X

Gebremikael, M. T., Wickeren, N. V., Hosseini, P. S. & De Neve, S. (2022). The Impacts
of Black Soldier Fly Frass on Nitrogen Availability, Microbial Activities, C
Sequestration, and Plant Growth. Frontiers in Sustainable Food Systems. 6,
795950. https://doi.org/10.3389/fsufs.2022.795950

Giordano, N., Sadras, V. O. & Lollato, R. P. (2022). Late-season nitrogen application
increases grain protein concentration and is neutral for yield in wheat. A global
meta-analysis. Field Crops Research. 290, 108740.
https://doi.org/10.1016/j.fcr.2022.108740

Gomez-Trejo, L. F., Hernandez-Acosta, E. & Peralta-Sanchez, M. G. (2021). N, P, K
nutrition differentially affects the incidence and severity of the attack of pests

and diseases in plants. Agro Productividad. 14(05).
https://doi.org/10.32854/agrop.v14i05.2050

Govindasamy, P., Muthusamy, S. K., Bagavathiannan, M., Mowrer, J., Jagannadham, P.
T. K., Maity, A., Halli, H. M., Sujayananad, G. K., Vadivel, R., Das, T. K., Raj,
R., Pooniya, V., Babu, S., Rathore, S. S., Muralikrishnan, L. & Tiwari, G.
(2023). Nitrogen use efficiency—a key to enhance crop productivity under a

changing climate. Frontiers in Plant Science. 14.
https://doi.org/10.3389/fpls.2023.1121073

Gunnarsson, M., Lalander, C. & McConville, J. R. (2022). Estimating
environmental and societal impacts from scaling up urine concentration
technologies. Journal of Cleaner Production. 382, 135194,
https://doi.org/10.1016/j.jclepro.2022.135194

Han, K-H., Choi, W-J., Han, G-H., Yun, S-1., Yoo, S-H. & Ro, H-M. (2004). Urea-
nitrogen transformation and compost-nitrogen mineralization in three different
soils as affected by the interaction between both nitrogen inputs. Biology and
Fertility of Soils. 39, 193-199. doi: 10.1007/s00374-003-0704-4

40


https://doi.org/10.3920/JIFF2022.0005
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1641/0006-3568(2003)053%5b0341:TNC%5d2.0.CO;2
https://doi.org/10.1016/0960-8524(93)90142-X
https://doi.org/10.1016/0960-8524(93)90142-X
https://doi.org/10.3389/fsufs.2022.795950
https://doi.org/10.1016/j.fcr.2022.108740
https://doi.org/10.32854/agrop.v14i05.2050
https://doi.org/10.3389/fpls.2023.1121073
https://doi.org/10.1016/j.jclepro.2022.135194

Harder, R., Wielemaker, R., Larsen, T. A., Zeeman, G. & Oberg, D. (2019) Recycling
nutrients contained in human excreta to agriculture: Pathways, processes, and
products. Critical Reviews in Environmental Science and Technology. 49(8),
695-743, https://doi.org/10.1080/10643389.2018.1558889

Heinonen-Tanski, H. & van Wijk-Sijbesma, C. (2005). Human excreta for plant
production. Bioresource Technology. 96(4), 403-411.
https://doi.org/10.1016/j.biortech.2003.10.036

Hue, N.V. & Liu, J. (1995) Predicting Compost Stability. Compost Science & Utilization.
3(2), 8-15. doi: 10.1080/1065657X.1995.10701777

Huntley, E. E., Barker, A. V. & Stratton, M. L. (1997). Composition and Uses of Organic
Fertilizers. In: Rechcigl, J. & MacKinnon, H. C. (Eds.) Agricultural Uses of By-
Products and Wastes. American Chemical Society. 120-139.

IFA (2007). Sustainable Management of the Nitrogen Cycle in Agriculture and
Mitigation of Reactive Nitrogen Side Effects. International Fertilizer Industry

Association. https://www.fertilizer.org/wp-
content/uploads/2023/01/2007_ifa reactive-nitrogen.pdf

Johnson, H. J., Colquhoun, J. B., Bussan, A. J. & Laboski, C. A. (2012). Estimating
Nitrogen Mineralization of Composted Poultry Manure, Organic Fertilizers, and
Green Manure Crops for Organic Sweet Corn Production on a Sandy Soil Under
Laboratory Conditions. HortTechnology hortte. 22(1), 37-43.
https://doi.org/10.21273/HORTTECH.22.1.37

Jordbruksverket (2023). Rekommendationer och strategier for godsling.

https://jordbruksverket.se/vaxter/odling/vaxtnaring/rekommendationer-och-

strategier-for-godsling#h-Strategierochriktgivorforkvavegodsling [2024-02-01]
Jordbruksverket (n.d.). Facts about Swedish Agriculture. [Fact sheet]. Jordbruksverket.
https://www?2.jordbruksverket.se/webdav/files/SJV/trycksaker/Pdf ovrigt/ovr2gb
pdf
Kaleem Abbassi, M. & Khaliq, A. (2016). Nitrogen Mineralization of a Loam Soil
Supplemented with Organic—Inorganic Amendments under Laboratory

Incubation. Frontiers in Plant Science. 7.
https://doi.org/10.3389/fpls.2016.01038

Karak, T. & Bhattacharyya, P. (2011). Human urine as a source of alternative
natural fertilizer in agriculture: A flight of fancy or an achievable reality.

Resources, Conservation and Recycling. 55(4), 400-408.
https://doi.org/10.1016/j.resconrec.2010.12.008

Kawasaki, K., Kawasaki, T., Hirayasu, H., Matsumoto, Y. & Fujitani, Y. (2019).
Evaluation of Fertilizer Value of Residues Obtained after Processing Household
Organic Waste with Black Soldier Fly Larvae (Hermetia illucens). Sustainability.
12(12), 4920. https://doi.org/10.3390/sul2124920

Kirchmann, H. & Pettersson, S. (1995). Human urine — Chemical composition
and fertilizer use efficiency. Fertilizer Research. 40, 149-154.
https://doi.org/10.1007/BF00750100

Kishor, N., Kale, S. & Agrawal, P.S. (2020). Use of fertilizers derived from urine

41


https://doi.org/10.1080/10643389.2018.1558889
https://doi.org/10.1016/j.biortech.2003.10.036
https://www.fertilizer.org/wp-content/uploads/2023/01/2007_ifa_reactive-nitrogen.pdf
https://www.fertilizer.org/wp-content/uploads/2023/01/2007_ifa_reactive-nitrogen.pdf
https://doi.org/10.21273/HORTTECH.22.1.37
https://jordbruksverket.se/vaxter/odling/vaxtnaring/rekommendationer-och-strategier-for-godsling#h-Strategierochriktgivorforkvavegodsling
https://jordbruksverket.se/vaxter/odling/vaxtnaring/rekommendationer-och-strategier-for-godsling#h-Strategierochriktgivorforkvavegodsling
https://www2.jordbruksverket.se/webdav/files/SJV/trycksaker/Pdf_ovrigt/ovr2gb.pdf
https://www2.jordbruksverket.se/webdav/files/SJV/trycksaker/Pdf_ovrigt/ovr2gb.pdf
https://doi.org/10.3389/fpls.2016.01038
https://doi.org/10.1016/j.resconrec.2010.12.008
https://doi.org/10.3390/su12124920
https://doi.org/10.1007/BF00750100

as a plant growth regulator. Materials Today: Proceedings. 32, 504-509.
https://doi.org/10.1016/j.matpr.2020.02.761

Klammsteiner, T., Turan, V., Oberegger, S. & Insam, H. (2020). Suitability of Black
Soldier Fly Frass as Soil Amendment and Implication for Organic Waste
Hygienization. Agronomy. 10(10), 1578.
https://doi.org/10.3390/agronomy10101578

Korrapati, M. & Mehendale, H. (2013). Urea. Encyclopedia of Toxicology (Third
Edition). 885-888. https://doi.org/10.1016/B978-0-12-386454-3.00357-2

Lalander, C.H., Fidjeland, J., Diener, S., Eriksson, S. & Vinneras, B. (2015). High waste-
to-biomass conversion and efficient Salmonella spp. reduction using black
soldier fly for waste recycling. Agronomy for Sustainable Development. 35, 261—
271. https://doi.org/10.1007/s13593-014-0235-4

Larsen, T. & Gujer, W. (2013). Implementation of source separation and decentralization
in cities. In: Larsen, T., Udert, K. & Lienert, J. (Eds). Source Separation and
Decentralization for Wastewater Management. IW A Publishing. 135-150.

Lasa, B., Frechilla, S., Lamsfus, C. & Aparicio-Tejo, P.M. (2001). The sensitivity
to ammonium nutrition is related to nitrogen accumulation. Scientia
Horticulturae. 91(1-2), 143-152. https://doi.org/10.1016/S0304-4238(01)00239-4

Li, L. & Li, S. (2014). Nitrogen Mineralization from Animal Manures and Its Relation to
Organic N Fractions. Journal of Integrative Agriculture. 13(9), 2040-2048.
https://doi.org/10.1016/S2095-3119(14)60769-3

Li, S., Wang, Z. & Stewart, B. (2012). Responses of Crop Plants to Ammonium and
Nitrate N. Advances in Agronomy. 118, 205-397. https://doi.org/10.1016/B978-0-
12-405942-9.00005-0

Lindén, B. (1997). Humanurin som kvivegddselmedel tillfort i vixande groda vid
ekologisk odling av hostvete och havre. (Series B Crops and Soils, Report 1).
Department of Agricultural Research Skara, Swedish University of Agricultural
Sciences. https://pub.epsilon.slu.se/3304/1/RAPP1IMV.PDF

Lindén, B. (2013). Metoder for forvaring och homogenisering av jordprover vid

bestdmning av mineralkvive. (Report 11). Department of Soil and Environment,
Swedish University of Agricultural Sciences.
https://pub.epsilon.slu.se/9480/1/linden_b_130312.pdf

Linn, D. M. & Doran, J. W. (1984). Effect of Water-Filled Pore Space on Carbon
Dioxide and Nitrous Oxide Production in Tilled and Nontilled Soils. Soil Science
Society of America Journal. 48(6), 1267-1272.
https://doi.org/10.2136/sssaj1984.03615995004800060013x

Lopes, 1. G., Lalander, C., Vidotti, R. M. & Vinnerés, B. (2020). Using Hermetia illucens
larvae to process biowaste from aquaculture production. Journal of Cleaner
Production. 251, 119753, https://doi.org/10.1016/].jclepro.2019.119753

Lopes, I. G., Yong, J. W. & Lalander, C. (2022). Frass derived from black soldier
fly larvae treatment of biodegradable wastes. A critical review and future
perspectives. Waste Management. 142, 65-76.
https://doi.org/10.1016/j.wasman.2022.02.007

42


https://doi.org/10.1016/j.matpr.2020.02.761
https://doi.org/10.3390/agronomy10101578
https://doi.org/10.1016/B978-0-12-386454-3.00357-2
https://doi.org/10.1007/s13593-014-0235-4
https://doi.org/10.1016/S0304-4238(01)00239-4
https://doi.org/10.1016/S2095-3119(14)60769-3
https://doi.org/10.1016/B978-0-12-405942-9.00005-0
https://doi.org/10.1016/B978-0-12-405942-9.00005-0
https://pub.epsilon.slu.se/3304/1/RAPP1MV.PDF
https://pub.epsilon.slu.se/9480/1/linden_b_130312.pdf
https://doi.org/10.2136/sssaj1984.03615995004800060013x
https://doi.org/10.1016/j.jclepro.2019.119753
https://doi.org/10.1016/j.wasman.2022.02.007

MacLean, A. A. & McRae, K. B. (1987). Rate of hydrolysis and nitrification of urea and
implications of its use in potato production. Canadian Journal of Soil Science.
67, 679-686.

Maheswari, M., Murthy, A. & Shanker, A. (2016). Nitrogen Nutrition in Crops and
Its Importance in Crop Quality. The Indian Nitrogen Assessment, 175-186.
https://doi.org/10.1016/B978-0-12-811836-8.00012-4

Masunga, R.H., Uzokwe, V.N., Mlay, P.D., Odeh, 1., Singh, A., Buchan, D. & De
Neve, S. (2016). Nitrogen mineralization dynamics of different valuable organic

amendments commonly used in agriculture. Applied Soil Ecology. 101, 185-193.
https://doi.org/10.1016/j.aps0il.2016.01.006

Martin, T.M.P, Aubin, J., Gilles, E., Auberger, J., Esculier, F., Levavasseur, F.,
McConville, J. & Houot, S. (2022). Comparative study of environmental impacts
related to wheat production with human-urine based fertilizers versus mineral

fertilizers. Journal of Cleaner Production. 382.
https://doi.org/10.1016/j.jclepro.2022.135123

Martin, T.M.P., Esculier, F., Levavasseur, F. & Houot, S. (2020). Human
urine-based fertilizers: A review. Environmental Science and Technology. 890-
936. https://doi.org/10.1080/10643389.2020.1838214

Maurer, M., Pronk, W. & Larsen, T. (2006). Treatment processes for source-separated
urine. Water Research. 40(17), 3151-3166.
https://doi.org/10.1016/j.watres.2006.07.012

Mazzei, L., Cianci, M., Benini, S. & Ciurli, S. (2019). The Structure of the Elusive
Urease-Urea Complex Unveils the Mechanism of a Paradigmatic Nickel-
Dependent Enzyme. Angewandte Chemie. 131(22), 7493-7497.
https://doi.org/10.1002/ange.201903565

McGarity, J. W. & Meyers, M. G. (1967). A Survey of Urease Activity in Soils of
Northern New South Wales. Plant and Soil. 27(2), 217-238.

Mertenat, A., Diener, S. & Zurbriigg, C. (2019). Black Soldier Fly biowaste
treatment — Assessment of global warming potential. Waste Management. 84,
173-181. https://doi.org/10.1016/j.wasman.2018.11.040

Minitab, LLC (2023). Minitab Statistical Software (21.4.2). www.minitab.com

Mohanty, M., Reddy, K.S., Probert, M., Dalal, R., Rao, A.S. & Menzies, N.
(2011). Modelling N mineralization from green manure and farmyard manure
from a laboratory incubation study. Ecological Modelling. 222(3), 719-726.
https://doi.org/10.1016/j.ecolmodel.2010.10.027

Omara, P., Aula, L., Oyebiyi, F. & Raun, W. R. (2018). World Cereal Nitrogen Use
Efficiency Trends: Review and Current Knowledge. Agrosystems, Geosciences
& Environment. 2(1), 1-8. https://doi.org/10.2134/age2018.10.0045

Ostermeyer, P., Capson-Tojo., Hiilsen, T., Carvalho, G., Ochmen, A., Rabaey, K. &
Pikaar, 1. (2022). Resource recovery from municipal wastewater: what and how

much is there? In: Pikaar et al. (Eds.). Resource Recovery from Water: Principles
and Application. IW A Publishing. 1-19. doi: 10.2166/9781780409566

Palma, L., Fernandez-Bayo, J., Putri, F. & VanderGheynst, J. S. (2020). Almond by-
product composition impacts the rearing of black soldier fly larvae and quality of

43


https://doi.org/10.1016/B978-0-12-811836-8.00012-4
https://doi.org/10.1016/j.apsoil.2016.01.006
https://doi.org/10.1016/j.jclepro.2022.135123
https://doi.org/10.1080/10643389.2020.1838214
https://doi.org/10.1016/j.watres.2006.07.012
https://doi.org/10.1002/ange.201903565
https://doi.org/10.1016/j.wasman.2018.11.040
http://www.minitab.com/
https://doi.org/10.1016/j.ecolmodel.2010.10.027
https://doi.org/10.2134/age2018.10.0045

the spent substrate as a soil amendment. Journal of the Science of Food and
Agriculture. 100(12), 4618-4626. https://doi.org/10.1002/jsfa. 10522
Paynter, B. (1996). Grain protein and malting quality in barley. Farmnote / Western

Australian Department of Agriculture. 40(96).

Pikaar, 1., Matassa, S., Rabaey, K., Bodirsky B.L., Popp, A., Herrero, M. &

Verstraete, W. (2017). Microbes and the Next Nitrogen Revolution.
Environmental Science & Technology. 51(13), 7297-7303.
https://doi.org/10.1021/acs.est.7b00916

Pixabay (n.d.). https://pixabay.com/sv/vectors/sverige-karta-land-europa-23576/ [2023-
12-01]

Poveda, J., Jiménez-Gomez, A., Saati-Santamaria, Z., Usategui-Martin, R., Rivas, R. &
Garcia-Fraile, P. (2019). Mealworm frass as a potential biofertilizer and abiotic
stress tolerance-inductor in plants. Applied Soil Ecology. 142, 110-122.
https://doi.org/10.1016/j.aps0il.2019.04.016

Quilliam, R.S., Nuku-Adeku, C., Maquart, P., Little, D., Newton, R. & Murray, F.
(2019). Integrating insect frass biofertilisers into sustainable peri-urban agro-food
systems. Journal of Insects as Food and Feed. 6(3), 315-322.

R Core Team (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/

Ranasinghe, E., Karunarathne, C., Beneragama, C. & Wijesooriya, B. (2015). Human
Urine as a Low Cost and Effective Nitrogen Fertilizer for Bean Production.
Procedia Food Science. 6, 279-282.
https://doi.org/10.1016/j.prof00.2016.02.055

Ravishankara, A. R., Daniel, J. S. & Portmann, R. W. (2009). Nitrous Oxide
(N20): The Dominant Ozone-Depleting Substance Emitted in the 21st Century.
Science. 326(5949), 123-125. https://doi.org/10.1126/science.1176985

Richardson, K., Steffen, W., Lucht, W., Bendtsen, J., Cornell, S.E., Donges, J.F.,

Driike, M., Fetzer, 1., Bala, G., Feulner, G., Fiedler, S., Gerten, D., Gleeson, T.,
Hofmann, M., Huiskamp, W., Kummu, M., Mohan, C., Nogués-Bravo, D., Petri,
S., ... Rockstrom, J. (2023). Earth beyond six of nine planetary boundaries.
Science Advances. https://doi.org/adh2458

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Chapin, F. S., Lambin, E. F., Lenton,
T. M., Scheffer, M., Folke, C., Schellnhuber, H. J., Nykvist, B., De Wit, C. A.,
Hughes, T., Rodhe, H., Sorlin, S., Snyder, P. K., Costanza, R., Svedin, U.,
Falkenmark, M., . .. Foley, J. A. (2009). A safe operating space for humanity.
Nature. 461(7263), 472-475. https://doi.org/10.1038/461472a

Rosenqvist, H. & Thylén, L. (2002). Mdjligheter till sortering av spannmdl — Ekonomiska
aspekter. (JTI-rapport Lantbruk & Industri 301). Institutet for jordbruks- och
miljoteknik. https://www.diva-
portal.org/smash/get/diva2:959563/FULLTEXTO01.pdf

Rout, G.R. (2006). Effect of Auxins on Adventitious Root Development from Single
Node Cuttings of Camellia sinensis (L.) Kuntze and Associated Biochemical

44


https://doi.org/10.1002/jsfa.10522
https://doi.org/10.1021/acs.est.7b00916
https://pixabay.com/sv/vectors/sverige-karta-land-europa-23576/
https://doi.org/10.1016/j.apsoil.2019.04.016
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/j.profoo.2016.02.055
https://doi.org/10.1126/science.1176985
https://doi.org/adh2458
https://doi.org/10.1038/461472a
https://www.diva-portal.org/smash/get/diva2:959563/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:959563/FULLTEXT01.pdf

Changes. Plant Growth Regul. 48, 111-117. https://doi.org/10.1007/s10725-005-
5665-1

Sadeghi, A. M., Kissel, D. E. & Cabrera, M. L. (1989). Estimating Molecular Diffusion
Coefficients of Urea in Unsaturated Soil. Soil Science Society of America
Journal. 53(1), 15-18.
https://doi.org/10.2136/sssa11989.03615995005300010003x

Sardana, V. & Zhang, G. P. (2005). Effect of Time of Nitrogen Application on the
Growth and Yield of Two Barley (Hordeum vulgare L.) Cultivars. Cereal

Research Communications. 33, 785-791.
https://doi.org/10.1556/CRC.33.2005.2-3.149

Sarpong, D., Oduro-Kwarteng, S., Gyasi, S. F., Buamah, R., Donkor, E., Awuah, E. &
Baah, M. K. (2019). Biodegradation by composting of municipal organic solid
waste into organic fertilizer using the black soldier fly (Hermetia illucens)
(Diptera: Stratiomyidae) larvae. International Journal of Recycling of Organic
Waste in Agriculture. 8(1), 45-54. https://doi.org/10.1007/s40093-019-0268-4

Schmitt, E. & de Vries, W. (2020). Potential benefits of using Hermetia illucens
Frass as a soil amendment on food production and for environmental impact
reduction. Current Opinion in Green and Sustainable Chemistry. 25, 100335.
https://doi.org/10.1016/j.cogsc.2020.03.005

Sene, M., Hijikata, N., Ushijima, K. & Funamizu, N. (2018). Application of Human
Urine in Agriculture. Resource-Oriented Agro-sanitation Systems. 213-242.
https://doi.org/10.1007/978-4-431-56835-3 15

Senecal, J. (2020). Safe Nutrient Recovery From Human Urine. System and
Hygiene Evaluation of Alkaline Urine Dehydration. Doctoral thesis. Swedish
University of Agricultural Sciences.

Shafi, M., Bakht, J., Jalal, F., Khan, M. A. & Khattak, S. G. (2011). Effect of nitrogen
application on yield and yield components of barley (Hordeum vulgare L.).
Pakistan Journal of Botany. 43(3), 1471-1475.

Simha, P., Lalander, C., Nordin, A. & Vinneras, B. (2020). Alkaline dehydration of
source-separated fresh human urine: Preliminary insights into using different
dehydration temperature and media. Science of The Total Environment. 733,
139313. https://doi.org/10.1016/j.scitotenv.2020.139313

Song, S., Ee, A. W. L., Tan, J. K. N., Cheong, J. C., Chiam, Z., Arora, S., Lam, W. N. &
Tan, H. T. W. (2021). Upcycling food waste using black soldier fly larvae:
Effects of further composting on frass quality, fertilising effect and its global
warming potential. Journal of Cleaner Production. 288, 125664.
https://doi.org/10.1016/j.jclepro.2020.125664

Stenberg, M., Aronsson, H., Lindén, B., Rydberg, T. & Gustafson, A. (1998). Soil
mineral nitrogen and nitrate leaching losses in soil tillage systems combined with
a catch crop. Soil and Tillage Research. 50(2), 115-125.
https://doi.org/10.1016/S0167-1987(98)00197-4

Surendra, K., Tomberlin, J. K., Van Huis, A., Cammack, J. A., Heckmann, L. L. &
Khanal, S. K. (2020). Rethinking organic wastes bioconversion: Evaluating the
potential of the black soldier fly (Hermetia illucens (L.)) (Diptera: Stratiomyidae)

45


https://doi.org/10.1007/s10725-005-5665-1
https://doi.org/10.1007/s10725-005-5665-1
https://doi.org/10.2136/sssaj1989.03615995005300010003x
https://doi.org/10.1556/CRC.33.2005.2-3.149
https://doi.org/10.1007/s40093-019-0268-4
https://doi.org/10.1016/j.cogsc.2020.03.005
https://doi.org/10.1007/978-4-431-56835-3_15
https://doi.org/10.1016/j.scitotenv.2020.139313
https://doi.org/10.1016/j.jclepro.2020.125664
https://doi.org/10.1016/S0167-1987(98)00197-4

(BSF). Waste Management. 117, 58-80.
https://doi.org/10.1016/j.wasman.2020.07.050

Sutton, M.A., Bleeker, A., Howard, C.M., Bekunda, M., Grizzetti, B., de Vries,
W., van Grinsven, H.J.M., Abrol, Y.P., Adhya, T.K., Billen, G., Davidson, E.A.,
Datta, A., Diaz, R., Erisman, J.W., Liu, X.J., Oenema, O., Palm, C., Raghuram,
N., Reis, S., Scholz, R.W., ... Zhang Y. (2013). Our Nutrient World: The
challenge to produce more food and energy with less pollution. Global Overview
of Nutrient Management. Centre for Ecology and Hydrology, Edinburgh on
behalf of the Global Partnership on Nutrient Management and the International

Nitrogen Initiative.

SFS (1998:808). Swedish Environmental Code. Chapter 15. §10.

Tomar, J. S. & Soper, R. J. (1981). An incubation study of nitrogen added as urea to
several Manitoba soils with particular reference to retention of nitrogen.
Canadian Journal of Soil Science. 61(1), 1-10. doi:10.4141/cjss81-001

Trimmer, J.T. Margenot, A.J., Cusick, R.D. & Guest, J.S. (2019). Aligning Product
Chemistry and Soil Context for Agronomic Reuse of Human-Derived Resources.
Environmental Science & Technology. 53(11), 6501-6510.
https://doi.org/10.1021/acs.est.9b00504

Udert, K.M., Larsen, T.A. & Gujer, W. (2006). Fate of major compounds in source-
separated urine. Water Science and Technology. 54(11-12), 413-420.
doi:10.2166/wst.2006.921

USDA (2009). Soil Quality Indicators. U.S. Department of Agriculture.
https://www.nrcs.usda.gov/sites/default/files/2022-10/soil_respiration.pdf

USDA (2011). Carbon to Nitrogen Ratios in Cropping Systems. U.S. Department of
Agriculture. https://marionswecd.org/wp-
content/uploads/C_N_ratios_cropping_systems.pdf

Vinnerés, B., Palmquist, H., Balmér, P. & Jonsson, H. (2006). The characteristics
of household wastewater and biodegradable solid waste — A proposal for new
Swedish design values. Urban Water Journal. 3(1), 3-11.
https://doi.org/10.1080/15730620600578629

Vlek, P. & Carter, M. (1983). The Effect of Soil Environment and Fertilizer
Modifications on the Rate of Urea Hydrolysis. Soil Sciences. 136(1). doi:
10.1097/00010694-198307000-00008

Wan, Y., Li, R., Wang, X. & Liao, C. (2023). Recovery of reactive nitrogen from
wastewater using bioelectrochemical systems. Separation and Purification
Technology. 327. https://doi.org/10.1016/j.seppur.2023.125002

Winker, M., Vinneras, B., Muskolus, A., Arnold, U. & Clemens, J. (2009).

Fertiliser products from new sanitation systems: Their potential values and risks.
Bioresource Technology. 100(18), 4090-4096.
https://doi.org/10.1016/j.biortech.2009.03.024

Yara (2024). Barley optimal rate and timing of nutrients. https://www.yara.co.nz/crop-
nutrition/barley/barley-optimal-rate-and-timing-of-nutrients/ [2024-04-04]

46


https://doi.org/10.1016/j.wasman.2020.07.050
https://doi.org/10.1021/acs.est.9b00504
https://www.nrcs.usda.gov/sites/default/files/2022-10/soil_respiration.pdf
https://marionswcd.org/wp-content/uploads/C_N_ratios_cropping_systems.pdf
https://marionswcd.org/wp-content/uploads/C_N_ratios_cropping_systems.pdf
https://doi.org/10.1080/15730620600578629
https://doi.org/10.1016/j.seppur.2023.125002
https://doi.org/10.1016/j.biortech.2009.03.024
https://www.yara.co.nz/crop-nutrition/barley/barley-optimal-rate-and-timing-of-nutrients/
https://www.yara.co.nz/crop-nutrition/barley/barley-optimal-rate-and-timing-of-nutrients/

Popular science summary

Fertilizers are essential in agriculture to achieve high-quality yields. While
synthetic fertilizers, which are industrially produced, deliver nutrients predictably,
they do not enhance soil quality like organic fertilizers, which originates from
animals or vegetables. However, predicting nutrient release from organic
fertilizers is more complex. This study focused on understanding the nitrogen
release from two novel organic fertilizers derived from human urine and black
soldier fly larvae (BSFL) frass. Nitrogen is vital for plant growth and required in
substantial quantitites. The primary objective of implementing these fertilizers is
to produce more sustainable options for agriculture.

Human urine has potential as a fertilizer due to its high nitrogen content.
Recovering all human urine that is not recycled today could potentially reduce
global inputs of synthetic nitrogen fertilizers in agriculture by 16—21%. However,
using liquid urine poses challenges, such as collection, storage, and transportation.
Moreover, urea (the primary nitrogen component in urine) tends to convert into
the volatile gas ammonia, requiring techniques to stabilize nitrogen. Pelletizing
dry urine offers a solution by making the product easier to handle and transport.

BSFL frass, a byproduct of insect larvae fed with organic waste such as food
waste, results from a composting-like process yielding two primary outputs: larval
biomass suitable for animal feed, and frass. Frass constitutes a mixture of uneaten
feed materials, BSFL feces, and exoskeletons, containing several plant nutrients.
Frass can improve soil health and crop growth. However, its quality depends on
the larvae’s diet and the composting duration.

This research aimed to study nitrogen release dynamics from urine pellets and
BSFL frass in soil under laboratory conditions, and to give insight into the results
observed in a previously performed field trial where the yields of barley fertilized
with urine pellets and frass were investigated. This study aimed to reflect the field
trial. Thus, soil samples were fertilized with either urine pellets or BSFL frass.
Additionally, samples fertilized with commercial synthetic fertilizer and non-
fertilized samples were included as references. The samples were incubated at 15
°C and periodically sampled for nitrogen extraction over 63 days.
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The study revealed urine pellets to be a promising alternative to synthetic
fertilizer, showing similar nitrogen release dynamics. Field trials confirmed higher
barley yields with urine fertilizer than unfertilized soil, and similar yields as
synthetic fertilized barley. Additionally, BSFL frass showed potential as a slow-
release nitrogen fertilizer in both laboratory and field conditions. Further research
is needed to optimize the utilization of urine pellets and BSFL frass among
various crops and soils.
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