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Abstract: Hydroponics is a soilless cultivation technique in which plants are grown in a nutrient
solution typically made from mineral fertilizers. This alternative to soil farming can be advantageous
in terms of nutrient and water use efficiency, plant pest management, and space use. However,
developing methods to produce nutrient solutions based on local organic materials is crucial to
include hydroponics within a perspective of sustainability. They would also allow hydroponics to
be developed in any context, even in remote areas or regions that do not have access to commercial
fertilizers. This emerging organic form of hydroponics, which can be qualified as “bioponics”,
typically recycles organic waste into a nutrient-rich solution that can be used for plant growth. Many
methods have been developed and tested in the past three decades, leading to greatly heterogenous
results in terms of plant yield and quality. This review describes the main organic materials used
to produce nutrient solutions and characterizes and categorizes the different types of methods.
Four main categories emerged: a “tea”-type method, an aerobic microbial degradation method, an
anaerobic digestion method, and a combined anaerobic-aerobic degradation method. The advantages
and drawbacks of each technique are discussed, as well as potential lines of improvement. This aims
at better understanding the links between agronomic results and the main biochemical processes
involved during the production, as well as discussing the most suitable method for certain plants
and/or contexts.

Keywords: soilless agriculture; hydroponics; bioponics; organic waste recycling; anaerobic digestate;
compost tea; aerobic microbial degradation

1. Introduction

Hydroponics can be defined as a method for growing plants in the absence of soil, in
which plant roots extract essential nutrients from a nutrient solution, i.e., nutrient-enriched
water [1]. In comparison to traditional soil farming, this technique shows advantages in
nutrient and water use efficiency as well as in plant pest and disease management [2–4].
The method can also be space-efficient when performed vertically and allows production
all year around in climate-controlled greenhouses [4–6]. This technique is particularly
interesting in geographical zones with limited access to land, and/or in the presence of
soils that are polluted, degraded, infertile, or unsuitable for agriculture. Consequently,
hydroponics appears well suited to urban areas or areas facing pedoclimatic conditions not
conducive to traditional farming [3,4,7]. It could represent part of the answer to several
challenges faced by agriculture today and in the near future, e.g., reduced surfaces of
arable land, limited access to water, and climate change. However, hydroponics typically
uses mineral fertilizers to create the nutrient solution. This can question its relevance
and hinder its development worldwide as producing and/or extracting mineral fertilizers
poses multiple problems. Focusing on the three major nutrients required in large quantities
for plant growth–nitrogen (N), phosphorous (P) and potassium (K)—several issues can
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be pointed out. The manufacturing of ammonia (NH3), from which 97% of mineral N
fertilizers derive, is based on a highly energy-demanding process (36.9 GJ/t of NH3 on
average) that uses gas and other hydrocarbons for feedstock and fuel [8]. Derived from
NH3, the production of nitric acid at the origin of N fertilizers widely used in hydroponics
generates large emissions of nitrous oxide (N2O), which has a global warming potential
298 times greater than that of CO2 [8]. On the other hand, P and K mineral fertilizers
mostly rely on the mining of rock phosphate and potash, respectively, whose extraction
requires more and more energy in view of their increasing scarcity [9]. Exploiting these
resources not only contributes to land degradation, water contamination, excessive energy
consumption and air pollution, but they are also highly inequitably distributed around
the world [8]. Morocco and Western Sahara alone hold around 3/4 of the remaining world
rock phosphate reserves [10]. The global reserves have been assessed various times over
the past decades and have been extensively debated [11–15]. While some authors estimate
commercial reserves to be depleted in the next 200–400 years, other scientists estimate this
limit will be reached in the next 50–100 years, depending on the existing reserves, quality,
global demand and mining rate [9,13,15,16].

The dependence of mineral fertilizers on fossil fuels and their unequal distribution
worldwide makes their financial cost sensitive to global crises. The historical price peaks
reached by mineral fertilizers in 2022 reinforce the idea that alternatives must be found [17].
Moreover, they are often inaccessible in developing countries or in more remote areas, due
to their lack of availability on the local market and/or their high prices [7,18,19].

The development of alternatives to mineral fertilizers for hydroponics is crucial for
this technique to be included in a perspective of sustainability and meet the challenges
of agriculture and climate change worldwide. The use of liquid organic fertilizers de-
rived from organic waste and residues as a substitute for mineral fertilizers is of growing
interest. This alternative method to conventional hydroponics can be found under the
terms of organic hydroponics or “bioponics”, standing for biological hydroponics [20].
Several studies have shown positive effects on plant disease mitigation and crop produce
quality, notably with higher health-promoting compounds and/or lower nitrate levels
in leafy vegetables [2,21–26]. Nitrates accumulated in vegetables are often associated
with harmful impacts on human health, such as methemoglobinemia and higher cancer
risk [27]. Moreover, the use of nutrient-rich organic waste and effluents as fertilizers in
closed-loop bioponics can represent an interesting way of managing these materials, which
can be sources of important ecosystem alterations if they accumulate in water and soil,
e.g., eutrophication, toxicity in aquatic organisms, soil acidification [2,28–31]. From this
perspective, bioponics can act as a nutrient recycling process while decreasing the demand
for synthetic mineral fertilizers.

Liquid organic fertilizers are typically solutions concentrated in nutrients of organic
origin, diluted with water and added to the hydroponic systems [32]. Essential nutrients
present in organic materials are entrapped in organic molecules that plant roots cannot
take up as such. They have to go through biochemical processes of decomposition and
mineralization, carried out by a multitude of microorganisms in order to release their
nutrients in a mineral form readily available to plants [33]. Therefore, bioponics presents
several challenges as it involves a living organic environment that conventional hydro-
ponics do not have to deal with. The management of physicochemical parameters such
as pH and electroconductivity can differ and be more complex than in conventional hy-
droponics [32,34]. Furthermore, the major challenge is to provide a satisfactory nutrient
solution for plants, containing all the essential nutrients in adequate quantities, and free
of phytotoxic substances [2,35]. Several liquid fertilizers for bioponics are already on the
market and produced industrially [32,36–39]. However, the biochemical processes involved
in their manufacturing and the original organic materials from which they are derived are
not explicit. Various studies have explored methods of producing nutrient solutions from
organic sources and compared them with their efficiency on plants [21,34,40,41]. These
studies are of interest, as they show that one can implement bioponics in any context, using
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local organic waste. However, the production methods are very diverse. They include the
use of various sources of organic materials and various conditions of mineralization, also
leading to greatly heterogeneous results on plants. Moreover, the biochemical processes
involved in these methods are not always clear and identified, so it is difficult to choose an
appropriate and efficient method adapted to the context and desired crop. The objectives of
this review are to (1) characterize the different types of organic materials that are or could
be used for bioponics, (2) characterize and categorize the different methods for producing
organic nutrient solutions found in the literature in terms of biochemical processes involved,
and (3) relate the different methods to their results in terms of nutrient solution production
and effectiveness on plants. The resulting overview of the various existing methods and
their efficiency provides an understanding of these methods from a biochemical point of
view, and a discussion of their advantages and drawbacks in different contexts.

2. Sources of Organic Fertilizers for Bioponics

Organic materials from various sources have been used for producing bioponic so-
lutions, ranging from animal manure [23,34,35,42–44], compost [5,22,45], algae [46–48] to
agro-industrial [21,49] and household waste [40]. The role of these materials is to meet
plant needs by providing adequate amounts of essential nutrients. However, the nutrient
composition can vary greatly among organic fertilizers. Likewise, crops have diverse nutri-
ent needs depending on the plant species and variety, the growth stage or the part of the
plant to be harvested [1]. For instance, leafy plants have a high N demand in comparison to
fruit plants, which require more K, P and calcium (Ca) [1]. For this reason, characterizing
the different types of organic fertilizers currently or potentially used in bioponics would
make it possible to wisely choose the organic materials to be used.

Organic fertilizers can come from (1) agricultural waste (e.g., animal manure, slaugh-
terhouse waste, composting and vermicomposting, plant residues) (2) agro-industrial
waste, (3) household waste, or (4) algae [50–52]. These materials can be characterized
with different parameters to assess their quality as a fertilizer. The quantities of nutrients
contained in the materials can be used to assess their capacity to meet plant needs. In the
case of the macronutrients N and P, their relative mineral/organic form ratio provides
the quantity of nutrients directly available for the plant—the mineral fraction—and the
quantity of nutrients that will first need to be mineralized in order to be taken up—the
organic fraction. Meanwhile, the carbon-to-nitrogen ratio (C/N) is a relevant indicator of
the efficiency and speed of the organic portion to be mineralized. Table 1 presents the C/N
ratios and the amounts of N, P and K (in % dry matter) of different organic fertilizers found
in the literature. The proportions of N and P in mineral form are specified. K can only be
found in a mineral form.

Animal manure represents the main source of organic fertilizer used in agriculture
worldwide [51,52]. It usually contains high levels of N, P and K readily available or rapidly
available for plants [52,53]. The actual amounts of nutrients and their form—organic
or mineral—depend on numerous factors, such as the animal species, the state of the
animal itself (age, lactation), the diet, as well the conditions in which the manure was
stored [53,54]. Manures from forage-based diets (cattle, goat, sheep and horse manure;
Table 1) often have a lower mineral content than manures from concentrate-based diets
(swine and poultry manure; Table 1) [51,54]. Their higher N content also explains their
lower C/N ratio, i.e., 4–18 for poultry droppings and 10–14 for swine manure vs. 9–65
for forage-based manures. These low-C/N manures tend to mineralize faster than the
manures from forage-fed animals and can be advantageous for bioponics. Focusing on
N, urine usually contains most of the N, mostly in the form of urea [54]. Thanks to the
widespread urease enzyme, urea tends to mineralize into ammonium (NH4

+) very quickly
in nature [55]. Poultry excreta, which are a mixture of feces and urine, contain high levels
of inorganic minerals and soluble hydrolyzable organic compounds that mineralize rapidly
in the environment [52]. Human urine can also be used as a liquid fertilizer after separation
from solid excreta [56,57]. Using these types of materials for bioponics can result in high
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levels of readily or rapidly available N for plants, requiring a low to no mineralization
process. Besides NH4

+, inorganic N in the form of nitrate (NO3
−) is also present in animal

manures, but to a much lesser extent [54]. As for P, animal manures often contain more
than 50% of total P in an inorganic form [54,58,59]. Poultry and swine manures especially
often contain high inorganic P levels as a result of their feed, i.e., up to about 90% of total
P in the form of inorganic P for both swine and poultry manures (Table 1). Finally, the K
content ranges between 0.2 and 7.8% dry matter (DM) for all animal manures (Table 1),
with a bioavailability rate of almost 100% [54,60].

Slaughterhouse waste products are also used as organic fertilizers, more particularly
as a source of N [61]. Blood meal—dried powdered blood—can contain around 12% of N
(Table 1). Similarly, bone meal—dried powdered by-products of cattle slaughterhouses—
contain 4.1–4.2% of N, but also and most importantly high inorganic P (8.7–23.5%) and Ca
contents (Table 1). Nutrients in those powders are predominantly in their inorganic forms
and represent a source of rapidly available minerals for bioponics.

Besides, composted materials can have relatively high levels of bioavailable nutrients
because mineralization is at a more or less advanced stage. However, the actual nutrient
content greatly depends on factors such as the original material composition and oxygena-
tion [54,61]. Vermicomposting tends to result in very stable compost, with interesting N and
P contents (0.5–3.5% N; 0.1–4.7% P, Table 1) as well as a high content in humic substances
that are potential plant-growth-promoting compounds [51].

Plant residues contain nutrients mostly in their organic form [61]. They can also
contain undegradable compounds, such as lignin or cellulose-like molecules. Therefore,
their C/N ratio is often much higher than those of animal waste products or compost
and requires a long period of degradation and mineralization before effectively fertilizing
plants. Their exact nutrient content depends on several factors such as the plant species and
variety, the part of the plant that is being used, or the developmental stage of the plant [55].
Leguminous plants usually contain more N and P than cereals [55] (1–3.1% N and 0.4–0.8%
P for soybean residues vs. 0.4–0.8% N and 0.1–0.4% P for wheat residues) (Table 1).

Algae have also been used for many years in coastal regions as organic fertilizer, rep-
resenting a good source of nutrients in organic form (0.3–17.5% N, 0.1–4.5% P, 0.1–8.5% K;
Table 1), plant growth regulators such as gibberellin, auxin and cytokinin-like substances,
and vitamins and amino acids for plants [50,62–65]. Notably, marine macroalgae or sea-
weeds, are used as biostimulants, including in hydroponics, usually in the form of compost
made with other organic waste, dried powder and/or liquid extracts [46–48,50,63–66].

Besides, residual organic residues from agro-industrial manufacturing processes, such
as cottonseed or canola seed meal, molasses or corn steep liquor, i.e., by-products of oil
extraction from cotton seeds and rapeseed, of sugar production and of corn-wet-milling,
respectively, can have relatively high N, P or K contents [21,51,67–69]. Many of these
organic residues are already in a powder or liquid form and could be used in bioponics.
Several studies have shown encouraging results with bioponically grown plants using
corn-steep liquor and molasses [21,41,70]. Cottonseed, canola meal or corn steep liquor
can represent a good source of N (4.5–7.4% DM, 5.6–6.6% DM and 3.4% DM, respectively),
while molasses is reported to be a good source of K (0.5–3.8% DM) (Table 1) [21,67,68,71].
However, most of the N and P nutrients in these materials are in an organic form and thus
require an intense mineralization process.

Finally, household waste can have very different compositions and degradability
levels depending on the residues (0.9–5.8% N, 0.4–0.1% P, 0.8–0.1% K, with a C/N ratio of
7–27). These residues can be milled and dried and then ground to be used in bioponics [40].
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Table 1. Nutrient content (N, P, K) and C/N ratio of commonly used organic fertilizers. TN, total
nitrogen; TP, total phosphorus; TK, total potassium; DM, dry matter.

Organic Source
N Content P Content TK (% DM) C/N Ratio References

TN (% DM) Inorganic N (%TN) TP (% DM) Inorganic P (% TP)

Animal manure

Cattle 0.2–5.3 9.0–72.0 0.1–1.5 48.0–75.0 0.2–6.2 16.0–31.0 [51,53–55,72–
78]

Equine/horse 1.4–3.9 5.8 0.6–1.2 45.0–49.0 1.2–4.2 19.0–25.0 [51,73,74,76]
Sheep 1.2–2.9 20.0–20.8 0.6–1.1 48.0–49.0 1.4–3.4 9.0–29.0 [51,74,75,79]
Goat 0.7–3.6 38.2 0.5–2.7 36.0–47.0 0.6–5.9 16.0–65.1 [73,74,76,80]

Swine 0.4–7.5 34.0–41.9 0.1–4.9 18.0–92.0 0.2–7.8 10.0–14.0 [51,53–
55,59,73,74,81]

Poultry 1.2–6.1 32.6–48.0 0.4–3.6 25.0–90.0 0.8–3.1 4.0–18.0 [53,55,59,73–
75,77,78,81–83]

Slaughterhouse waste
Blood meal 11.8–15.8 <1 0.1–0.7 n.a. 1 0.1–0.7 3.0–5.0 [51,78,84,85]
Bone meal 4.1–4.2 n.a. 8.7–23.5 n.a. 1.6 4.0–7.0 [51,78,86,87]
Compost 0.7–3.1 5.0–29.0 0.2–2 15.0–84.0 0.8–2.4 11.3–64.0 [51,59,75]

Vermicompost 0.5–3.5 2.7–37.0 0.1–4.7 n.a. 0.2–2.1 7.1–36.7 [51,88–92]
Agro-industrial waste

Corn steep liquor 3.4 2.5–8.2 1.5 n.a. 2.7 n.a. [21,93]
Cottonseed meal 4.5–7.4 <1 1.2–2.8 n.a. 1.7–2 8.0 [51,53,67,68]

Canola meal 5.6–6.6 <1 2.8 n.a. 1.2 8.0 [67,68]
Molasses 0.4–2 n.a. 1.7 ± 0.7 n.a. 0.5–3.8 n.a. [69,71,94]

Plant residues
Soybean residue 1.0–3.1 n.a. 0.4–0.8 n.a. 1.5–0.8 12.3–30.0 [55,82,95]
Wheat residue 0.4–0.8 n.a. 0.1–0.4 n.a. 1.2–3.8 84.0–124.0 [95–98]

Leaf litter residue 0.5–1 n.a. 0.4–0.8 n.a. 0.0–1.0 40.0–80.0 [51,76,77]
Algae 0.3–17.5 n.a. 0.1–4.5 n.a. 0.1–8.5 n.a. [99–101]

Household waste 0.9–5.8 1.4 0.4–1.0 n.a. 0.8–1 7.0–27.0 [40,51,75,82]

1 Note: n.a., not available.

The commonly used organic sources have diverse and varied characteristics. Therefore,
the choice of organic fertilizers to be used for bioponics should be made based on their
nutritional composition and degradability. Highly degradable materials rich in nutrients
in a mineral form will be determined because they can provide nutrients directly or make
them quickly available to plants [21,34,102]. A combination of different organic materials
can also be made to provide complete fertilization, in accordance with specific plant
needs. Moreover, the choice of organic materials should also and above all consider their
accessibility in the local context. The materials should be easily and locally findable,
otherwise, the relevance and ecological advantages associated with bioponics will be lost.

3. Methods Used for Producing Organic-Based Nutrient Solutions

The different methods developed to produce organic-based nutrient solutions can
be characterized and grouped according to the main biochemical processes they involve.
Four main categories have been identified: (1) the so-called “tea” method, (2) the aerobic
microbial degradation method, (3) the anaerobic digestion method, and (4) the combined
anaerobic-aerobic degradation method, as illustrated in Figure 1.
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Figure 1. Summary diagram of tea, aerobic microbial degradation, anaerobic digestion and combined
anaerobic–aerobic degradation methods for the production of organic nutrient solution.

Table 2 presents the composition of the nutrient solutions used on plants and found in
the various studies when the data were provided. These solutions are also compared with
a “classic” nutrient solution used in conventional hydroponics.

Table 2. Chemical and nutrient properties of organic nutrient solutions used on plants (in mg/L).
EC, electro-conductivity; N, nitrogen; N-NO3

−, nitrate-nitrogen, N-NH4
+, ammonium-nitrogen,

N-NO2
−, nitrite-nitrogen; P, phosphorus; K, potassium; Ca, calcium; Mg, magnesium.

Study Primary Organic
Material

pH EC
mS/cm

N Content
P K Ca Mg

N N-NO3− N-NH4
+ N-NO2−

Classical mineral solution 1 5.5–6.5 n.a. n.a. 80.0–150.0 10.0–30.0 n.a. 15.0–30.0 100.0–150.0 150.0–200.0 50.0–80.0

Tea method
[23] Chicken manure 5.5–6.5 1.8–2.0 94.0 n.a. 2 n.a. n.a. 80.0 1596.0 106.0 81.6
[5] Vermicompost 7.9 0.5 1.3 1.0 0.3 n.a. 2.4 45.4 449.0 40.1

[34]
Chicken manure 8.0–8.2 1.5–1.8 n.a. 0.6 284.6 n.a. n.a. n.a. 44.0 20.6

Cow manure 8.0–8.3 0.5–0.8 n.a. 3.5 11.9 n.a. n.a. n.a. 62.4 45.4
Turkey manure 7.8–8.0 0.5–0.7 n.a. 11.7 35.2 n.a. n.a. n.a. 23.2 29.1

[45] Compost 7.6–8.3 n.a. n.a. 6.0 ± 0.7 2.0 n.a. 6.0 ± 0.6 84.0 ± 9.0 40.0 ± 5.0 19.0 ± 2.0
[22] Compost n.a. 2.5–3.6 n.a. 13.5 n.a. n.a. n.a. 24.0 ± 3.0 77.0 ± 0.1 30.0 ± 0.1

Microbial aerobic degradation
[21] Fish-based n.a. n.a. n.a. 225.0 ± 13.0 0 n.a. n.a. 28.8 66.3 10.1

[103] Goat manure 7.4 3.2 n.a. 44.7 n.a. n.a. 42.1 360.0 250.0 67.0
[43] Chicken manure 8.4 ± 0.2 n.a. 19.6 ± 3.5 11.2 ± 7.5 7.0 ± 2.5 1.5 ± 0.8 53.9 ± 14.8 n.a. n.a. n.a.

Anaerobic digestion method
[44] Poultry litter 5.3 1.3 n.a. 0 43.6 0 410.8 216.0 51.7 15.8

[104] 3 Food waste 7.7 1.7 n.a. 18.6 ± 0.1 42.7 ± 0.0 n.a. 1.9 ± 0.0 103 ± 0.1 40.9 ± 0.4 51.1 ± 1.3

[41] 4 Distillery slop,
sugarcane leaves 7.0–8.0 2.5–3.0 160.0 n.a. n.a. n.a. 4.0 820.0 n.a. n.a.

[25] 5 N.D. 7.5 2.5 182.5 2.2 175.0 n.a. 7.0 185.0 88.0 56.7
[26] 6 Poultry manure n.a. 1.2 ± 0.1 104.1 n.a. n.a. n.a. 4.3 94.6 8.1 0.7

Combined anaerobic digestion and aerobic degradation

[2]
Slaughterhouse and
organic household

waste, manure
n.a. 2.0 n.a. 90.0 75.0 72.0 4.1 120.0 59.5 5.1

[30] Plant-based residues 5.0 1.8 182.0 90.0 14.0 78 41 250.0 76.0 21.0
[105] Pig manure 6.3 ± 1.0 0.5 ± 0.2 n.a. 21.0 ± 15.4 2.5 ± 4.7 0.4 ± 0.4 26.1 ± 16.7 30.9 ± 24.6 16.8 ± 4.4 4.8 ± 1.9

Notes: 1 Jones, 2014 [106]; 2 n.a., not available; 3 20% diluted solution; 4 Solution F3 (distillery slop:sugar cane
leaves:water 1:0.1:0.25 v/w/v); 5 Digestate dilution 1:4, v/v, 10.43 mmol/L solution; 6 2.6% digestate solution.
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3.1. The “Tea” Method
3.1.1. Definition and Principles

Several studies are focused on a “tea” method, also referred to as the “extract” method,
to make organic nutrient solutions [5,23,34,35,42,45,102,107]. Teas can be defined as brewed
water extracts of compost or animal manure, qualified as “compost tea” or “manure tea”,
and commonly applied on cultivated soil [107–111]. Historically, compost teas have been
used for centuries by suspending a porous bag of compost in water for up to 14 days,
resulting in a nutritious extract for plants [108,109,112]. Then, this “passive” or “non-
aerated compost tea” was replaced by a more recent technique where the tea is brewed for a
shorter period (a few hours to a few days), and often oxygenated with air pumps [108,109].
This aerated compost tea supposedly contains the microorganisms initially present in
the compost and is typically used in organic farming as a substitute for chemical fertil-
izers and pesticides [107–109]. Positive impacts on root stimulation, vegetative growth,
soil microbial activity and disease suppression have been observed when sprayed on
soils [109,110,113–118]. Some of these effects are linked to the presence of biologically
active metabolites such as humic acids and plant growth regulators present in the organic
materials, in addition to the provision of readily bioavailable nutrients [107].

3.1.2. Use of the “Tea” Method in Bioponic Cultivation
Animal Manure Tea

The method consists of “bathing” animal manure in a volume of aerated or non-aerated
water for one to seven days. Once filtered, this tea is added to the water of hydroponic
systems at a certain concentration. Tikasz et al. (2019) [34] showed that the use of a
bioponics solution based on turkey manure tea (50 g/L tea, 2-day tea production process)
resulted in healthy lettuce and kale plants, and even significantly greater dry biomass
than in conventional hydroponics in the case of lettuce [34]. However, cow and chicken
manure teas resulted in lower yields (less than 50% of the yield of the control). Those
nutrient solutions contained lower levels of NO3

− (<4 mg/L N-NO3
−), in comparison

to the turkey-manure tea solution (11.7 mg/L N-NO3
−) (Table 2). More particularly, the

chicken manure solution resulted in the lowest biomass, most likely due to ammonium
toxicity (284.6 mg/L of N-NH4

+) (Table 2). In Charoenpakdee et al.’s (2014) [102] study, the
use of three teas made from bat, cattle or pig manure was tested on bioponically grown
lettuce (dilution ratio 1:3; 1-day tea production process) [102]. The bat manure tea resulted
in a yield almost as high as when the commercial mineral solution was used (95% of
the total fresh weight of the commercial solution result), while the cattle and pig teas
performed poorly (35% and 32% of the fresh weight of the lettuces grown in commercial
solution, respectively). Conversely, in Atkins and Nikols’ (2004) [35] study, similar growth
rates were obtained for lettuces grown with a cattle manure-based nutrient solution and
lettuces grown with the conventional nutrient solution [35]. In El-Shinawi et al. (1999) [23],
low lettuce yields were obtained using cattle manure tea (~25% of the fresh weight of the
control), while chicken manure tea performed well (lettuces reached 92% of the fresh weight
of the commercial control) [23]. Additionally, a very low NO3

− content was measured in
the leaves, which is a quality sign because NO3

− accumulation in leafy greens can lead
to a health hazard in case of excessive intake [119]. N was mostly in the form of NH4

+

in all manure teas. Likewise, in Mowa et al.’s (2015) [42] study, the use of teas made
from different types of manure were used on bioponically grown Swiss chard (dilution
59 g/L, 7-day tea production process) [42]. Conventional hydroponics performed best,
but among the organic solutions, the composted goat manure tea resulted in the highest
yield (~72% of the fresh biomass of the control), while the goat manure, chicken manure
and cow manure teas did not perform as satisfactorily (~40%, 38% and 42% of the control,
respectively). Table 3 summarizes the main bioponics studies mentioned above, with the
organic materials and tea method used to produce the nutrient solution, as well as the type
of hydroponic system and cultivated plant.
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Table 3. Main organic materials and method of tea for the production of nutrient solution used in
different types of bioponics.

Study Main Organic Materials Main Method Hydroponic System Cultivated Plant

[34] Chicken, cow or turkey
manure

2-day aerated tea
(0.66, 1.66 or 3.33 g/L

manure)
Ebb and flow Lettuce (Lactuca sativa) and

kale (Brassica napus)

[23] Chicken, pigeon or buffalo
manure

2-day nonaerated tea
(250 g/L manure) NFT 1 Lettuce

(Lactuca sativa)

[102] Bat, cattle or pig manure
(dried and ground)

1-day nonaerated tea
(1:50 ratio manure:water) DWC 2 Lettuce

(Lactuca sativa.)

[45] Compost (from food waste
products)

2-day aerated tea
(200 g/L compost) Ebb and flow Wisconsin Fast Plants™

(Brassica rapa)

Notes: 1 NFT, nutrient film technique; 2 DWC, deep water culture.

Compost Tea

Using the same method as for manure tea, Leudtke (2010) [45] showed that a compost
tea-based nutrient solution resulted in lower yields than conventional hydroponics on
Wisconsin Fast Plants™ (Brassica rapa) (~68% of the total dry weight of the plants fertilized
with the commercial chemical solution) [45]. In comparison to the usually recommended
mineral concentrations in conventional hydroponics (Table 2), the compost tea solutions had
a good N-NH4

+/N-NO3
− ratio (1:3), but relatively low macronutrient contents (Table 2).

An excessive level of sodium (Na) was also noticed. This unbalanced nutrient composition
was also shown by Arancon et al. (2012) [107] and Caballero et al. (2009) [110], who
investigated the nutrient composition of compost teas. In comparison to what is usually
recommended in conventional hydroponics, most of the extracts showed too high levels of
NH4

+ (32–237 mg/L of N-NH4
+) and too high levels of heavy metals such as copper (Cu)

and zinc (Zn) [110]. A tea made from food waste-based vermicompost showed too low
macronutrient content (<2 mg/L of total N, 15 mg/L of K and 11.9 mg/L of Mg) [107].

Several studies have thus explored the use of compost teas as additives and/or partial
substitutes for chemical fertilizers rather than as sole fertilizers in hydroponics. Gimenez
et al. (2020) [22] observed that the growth and quality of baby leaf red lettuce were
improved, with a significantly lower leaf NO3

− content and higher health-promoting shoot
components such as flavonoids, phenols and antioxidant capacity [22]. Root length and
the number of fine roots were also increased in the compost tea-supplemented solution in
comparison to the inorganic treatment. Besides, the compost tea mitigated the incidence of
the plant pathogen Pythium irregulare on the plants. Several hypotheses were advanced to
explain this: a healthier root system potentially caused by radicular growth substances such
as auxin-like components originating from the compost and/or the presence of antibiotic-
like substances or microorganisms. Considering the sole compost tea nutrient composition,
low tea concentrations of N (13.6 mg/L), K (26.9 mg/L) and nutrients such as Ca were
obtained. Similar observations were made by Arancon et al.’s (2019) [5] study, in which
the vermicompost tea had too low nutrient concentrations to meet the plant needs as
the sole fertilizer (1.3 mg/L of N, 2.4 mg/L of P, 45.4 mg/L of K) (Table 2). However,
yields were significantly improved when vermicompost tea was added to supplement
mineral nutrient solutions concentrated at only 25% or 50% of the full-rate recommended
solutions for lettuce, and at 50% for tomato, in comparison to the tea-free modalities. These
positive effects were attributed to the presence of trace quantities of phytohormones and
humic acids.

3.1.3. Drawbacks of the Method

Unbalanced Nutrient Composition and N-NH4
+/N-NO3

− Ratio

The heterogeneity and poor yields associated with the use of teas in bioponics are
most likely due to an unbalanced nutrient composition. In some cases, N levels were too
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low for optimal plant growth [5,22,23,42,45,102] and it was mainly in the form of NH4
+

rather than NO3
−. As opposed to NO3

−, NH4
+ is toxic to most higher plants when present

as the sole N source, leading to decreased plant growth, leaf chlorosis, a low root/shoot
ratio and oxidative stress [120–125]. These symptoms have been associated with too high
energy consumption by plants caused by NH4

+ cycling, carbon scarcity explained by the
reduction in carbon skeletons induced by excess NH4

+ assimilation, cation deficiency
and extracellular acidification caused by NH4

+ uptake [120]. For these reasons, NO3
− is

typically provided as the major form of N in hydroponics, with a maximum recommended
N-NH4

+ concentration of 30 mg/L in the nutrient solution for a recommended N-NO3
−

concentration of 80–150 mg/L (Table 2) [106]. Other sources suggest that the N-NH4
+:N-

NO3
− ratio should not exceed 25:75 for the optimal growth of most plants [124,126–129].

The tea process is relatively short—a few hours to a few days—we can expect most of the
inorganic nutrient content to correspond to the already soluble inorganic nutrient content
of the primary organic materials, via rapid abiotic solubilization [130–132]. Part of the
soluble organic compounds can be mineralized and added mineral nutrients to the teas, but
no significant mineralization is expected to occur over such a short period of time [130,131].
Likewise, if most of the N in the materials is in the form of NH4

+-NH3, tea N will also most
likely be predominantly in this form, as no significant nitrification (oxidation of NH4

+ into
nitrite (NO2

−) and then into NO3
− by nitrifying bacteria [72]) is expected to occur in such

a short time.
The manure nutrient content depends on various factors, as previously mentioned.

The storage duration and conditions of the manures can explain some variations in tea
composition, even for manure from a given animal species. Tikasz et al. (2019) [34] and
Mowa et al. (2015) [42] used manures that had different storage periods varying from 1
to 12 months. During this period, more or less advanced mineralization and nitrification
processes might have taken place, potentially explaining the differences in NO3

− and NH4
+

concentrations. Therefore, the—intentional or unintentional—“composting” of manure can
be a significant factor in manure-derived tea composition [133]. For instance, the chicken
manure-based vermicompost tea prepared by Arancon et al. (2012) [107] contained an
optimal level of N-NO3

− (137.9 mg/L) and a low level of N-NH4
+ (0.6 mg/L) (Table 2).

This contrasts with the non-composted chicken manure tea developed by Tikasz et al.
(2019) [34], which contained 0.6 mg/L of N-NO3

− and 284.6 mg/L of N-NH4
+ (Table 2).

Phytotoxicity of Organic Compounds

The presence of phytotoxic organic compounds might be another factor behind the
poor yields in bioponics. Teas can indeed contain relatively high levels of organic com-
pounds that can inhibit plant growth, originating from primary organic materials [130,131].
Garland and Mackowiak 1990 [134], Garland et al., 1993 [130], Mackowiak et al., 1996 [131]
and Finger and Strayer [135] investigated the ability to grow food bioponically in space habi-
tats with nutrient solutions derived from food waste. The direct use of organic “leachates”
(2-hour aerated water extraction of dried crop residues) produced a solution that contained
enough inorganic nutrients for plant growth. However, the extracts also contained high
levels of dissolved organic compounds that inhibited plant growth because of (1) the pres-
ence of organic phytotoxic compounds, and (2) a high biological oxygen demand (BOD)
in the root zone caused by too much microbial activity, which consumed the dissolved
oxygen and asphyxiated the plant roots [131,132]. The excessive development of a micro-
bial biofilm on the root surface and system components also led to an increased potential
for denitrification and represented a potential nutrient sink able to absorb, entrap and
precipitate inorganic material [135]. Similar conclusions were drawn by Carballo et al.
(2009) [110], who observed high phytotoxicity in teas made from unstable composts, as they
contained high organic acid levels that over-acidified the teas and induced decomposition
within the solutions. Thus, the presence of labile organic matter in bioponic solutions is
detrimental to plant growth.
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3.1.4. Discussion on the Method

The tea method could produce organic nutrient solutions for short life cycle crops,
such as leafy greens, very easily and rapidly from accessible and inexpensive material.
However, results are contrasted, and some nutrient solutions resulted in yields 50% lower
than in conventional hydroponics [23,34,102]. Therefore, this method shows great hetero-
geneity, even when teas are made from the same type of organic material. As no important
mineralization and/or nitrification is expected to occur within such a short brewing time,
the quality of the tea highly relies on the quality of the primary material, which itself
depends on numerous factors. Therefore, the material should be stable and have a high
mineral content and a large proportion of mineral N in the form of NO3

− rather than
NH4

+ to avoid phytotoxic organic compounds, a high BOD, and an unbalanced nutrient
composition. The quality of the primary organic waste products should thus be assessed
beforehand. Besides, using teas as an additional or partial substitute to mineral fertilizers
could be of real interest as they are a source of plant-growth-promoting microorganisms
and additional nutrients [5,22]. A pre-composting stage carried out before maceration can
greatly improve their quality [42,107]. Along the same line, an in-depth degradation and
mineralization of the organic materials and/or the tea could address these issues.

3.2. Aerobic Degradation Method with Microbial Processing
3.2.1. Principles and the Method Developed by Shinohara et al. (2011) [21]

In aerobic conditions, the oxidation of organic matter into minerals is mainly driven
by heterotrophic microorganisms’ respiration [136]. The oxidation of NH4

− into NO3
− can

also occur, thanks to nitrifying microorganisms. Aerobic mineralization can be achieved
by injecting air into organic materials-containing water, via air pumps or sufficient water
circulation [136].

The idea of extensive aerobic microbial pre-processing of organic extracts before in-
corporating them in the hydroponic systems was first studied in the 1990s by the same
searchers who explored bioponics in space habitats [130–132,134,135,137] after these au-
thors observed the shortcomings of using raw organic material extracts for plant growth.
The process consisted of the loading of dried crop residues in an aerobic bioreactor with
continuous stirring, in which the pH and dissolved oxygen (DO) were controlled [135]. The
treatment reduced the amount of labile organic compounds, which eliminated the growth-
inhibiting effect of those compounds on various crops [131,132]. However, the ability of
the bioreactor to oxidize more recalcitrant organic materials and perform nitrification was
rather limited [132].

A decade later, Shinohara et al. (2011) [21] addressed these issues by developing an
innovative method to produce a well-balanced nutrient solution, using soil microorganisms
that mineralized organic compounds and efficiently oxidized NH4

− into NO3
− in aerobic

conditions. By being able to culture these microorganisms both during the nutrient solution
preparation and during plant cultivation in the hydroponic systems, achieving a mean
98% efficiency in N-NO3

− generation from organic N, they were able to add the organic
fertilizer directly in the hydroponic systems during crop cultivation without causing any
phytotoxicity. More specifically, the production of this microbial bioponic solution consists
of first adding 1 g/L of an inoculum containing organic matter mineralizing and nitrifying
microorganisms to an aerated volume of water at 25 ◦C. Organic materials, i.e., a fish-based
organic fertilizer (1–1.5 g/L), are then gradually added and aeration is maintained until all
mineral N is present in the form of NO3

− (12 to 170 days). Then, plants are added to the
hydroponic system, and small amounts of organic fertilizers are added during cultivation.
Different sources of inoculum were tested—soil, compost and sea water—and compost
was considered the best one [21,49]. In addition to the fish-based fertilizer, other organic
materials in liquid or powder form were tested, such as corn steep liquor, fish flour, rice
bran or fermented poultry manure [21]. By observing that organic materials with high C/N
ratios did not generate NO3

−, these authors suggested that organic fertilizers with a C/N
ratio below 11 should be used for this method, as they would avoid the N starvation of the
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nitrifying bacteria. On komatsuna (Brassica rapa), the organic nutrient solution performed
similarly to the chemical fertilizer, even resulting in produce of better nutritional quality,
i.e., a significant decrease in the leaf NO3

− content [21]. With this method, NO3
− was

generated and absorbed gradually during plant growth, while it was likely to be rapidly
taken up by the plants and stored in the tissues in conventional hydroponics. In tomatoes,
the yield and quality (ascorbic acid content) of the fruit obtained with the organic fertilizer
were not significantly different from the ones obtained with a chemical solution. In addition
to aspects related to yield and product quality, this method has also showed advantages
in terms of soil-borne and air-bone disease control. Trials on susceptibility to bacterial
wilt diseases were performed on tomato and showed that the phytopathogenic bacterium
Ralstonia solanacearum was inhibited when the organic nutrient solution was used instead
of chemical fertilizer [138]. The exact causes of the suppressive effects were unclear, but
they likely originated from the biofilm that developed on the roots of the bioponic plants,
as well as from components produced by microbes in the organic solution, with potential
antibiotic effects. Systemic resistance to Botrytis cinerea, which causes grey mold, was also
induced in lettuce and cucumber when applying the method [139].

3.2.2. Use of Aerobic Degradation for Bioponic Cultivation

Kawamura-Aoyama et al. (2014) [40] used dried and ground solid food waste as an
organic fertilizer in bioponics, requiring microbial pre-processing for 2 months to generate
NO3

−. On lettuce, the organic solution resulted in similar yields in comparison to chemical
fertilizer. The efficiency of inorganic N recovery was systematically improved when the
nutrient solution was filtrated, reinforcing the idea that undegraded organic compounds
negatively impact plant growth [40]. In Kano et al.’s (2021) [70] study, the growth and yield
of bok choy (Brassica rapa var. chinensis) under corn steep liquor organic fertilization and
conventional hydroponics were similar in summer cultivation when the same amount of
total N was used. In Mowa et al.’s (2018) [140] study that used goat manure, 10 g/L of
compost was needed to provide sufficient beneficial microorganisms, and adding small
amounts of manure (0.25 g/L/day of dried ground manure) at the initial stage of microbial
mineralization supported the establishment of the microbial ecosystem in comparison to
large amounts of manure [140]. Goat manure-derived nutrient solution proved to be a good
alternative to chemical fertilizers for tomatoes: the fruits were of commercially acceptable
weight and of better quality than under chemical fertilization [24], i.e., higher lycopene
content, which has health benefits. This study also served as a comparison to the previously
described tea method developed by Mowa et al. (2015) [42], in which goat manure tea
resulted in a poor yield. The goat manure aerobic mineralization process even surpassed
that of tea made from composted goat manure, which in turn gave better results than
non-composted manure [42].

3.2.3. A Parallel with Aquaponics

The idea of mineralizing organic materials directly within the hydroponic system dur-
ing plant cultivation [21,40], is in agreement with the principles of aquaponics. Aquaponics
aims at remediating aquaculture effluents by combining aquaculture with hydroponics in
a recirculating system where fish effluents are mineralized by beneficial microorganisms,
including nitrifying bacteria, to provide nutrients for plant growth and clear the water of
toxic elements for fish [141]. The development of microbial communities is promoted by
the presence of a biofilter—a well-oxygenated compartment in which a large surface area
allows colonization by microorganisms [142]. Aquaponics can thus be seen as a variant of
bioponics, with fish effluents as the organic fertilizer.

Applying the operating procedure of aquaponics, Wongkiew et al. (2021) [43] used
chicken manure directly in the hydroponic systems during plant cultivation, thanks to the
presence of a biofilter. The latter consisted of three layers of filter pads to filtrate the solution
and provide a large surface area and dry chicken manure in a filter bag was placed in-
between the layers. As for Shinohara et al. (2011) [21], liquid compost (20 mL/L) was added
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to the hydroponic system prior to the start of the experiment to activate mineralization
and nitrification. The biodegradation of chicken manure continued until the end of plant
cultivation. As a result, the system effectively produced lettuces and resulted in an N use
efficiency of 35–42% and a P use efficiency of 7–8% [43]. The microbial communities in the
biofilter and in the plant roots showed a unique composition in comparison to aquaponic
systems and comprised a variety of plant-growth-promoting bacteria able to increase P and
N availability through solubilization and mineralization.

Table 4 summarizes the main studies mentioned above, with the organic materials
and aerobic degradation method used.

Table 4. Main organic materials and method of aerobic degradation for the production of nutrient
solution used in different types of bioponics.

Study Main Organic
Materials Main Method Hydroponic System Cultivated Plant

[21]
Fish-based soluble

fertilizer or corn steep
liquor

(1) 12 to 170-day aeration of water
with fertilizer (1–1.5 g/L) and bark

compost (1 g/L)
(2) Plant cultivation with solution

aeration and fertilizer addition

DWC 1 (floating raft)
and NFT 2

Tomato
(Solanum lycopersicum)

and lettuce
(Lactuca sativa)

[40] Solid food waste
(milled and dried)

(1) 64-day aeration of water with
fertilizer (4 g/L) and bark compost
(5 g/L); (2) Plant cultivation with

solution aeration and fertilizer
addition

DWC (floating raft) Lettuce
(Lactuca sativa)

[24] Goat manure (dried
and ground)

30-day aeration of water with compost
(10 g/L) and fertilizer (0.25 g/L/day

during the first 15 days)
DWC (floating raft) Tomato (Solanum

lycopersicum)

[43] Chicken manure

Aeration of water with manure placed
in a biofilter (200, 300 or 400 g dry wt)
and liquid compost (20 mL/L) within

the hydroponic system

NFT Lettuce
(Lactuca sativa)

Notes: 1 DWC, deep water culture; 2 NFT, nutrient film technique.

3.2.4. Discussion on the Method

Aerobic degradation of organic materials appears to be very promising for the develop-
ment of bioponics. This method produces NO3

−, i.e., the preferential form for N uptake by
plants, thanks to the presence of nitrifying bacteria that transform NH4

+ into NO3
− in aero-

bic conditions [72]. These bacteria naturally develop in environments where organic matter
is degraded in the presence of oxygen, e.g., during organic nutrient solution production
under good oxygenation using air pumps. However, natural inoculation and the develop-
ment of these bacteria may take a long time depending on the environmental conditions.
The external supply of these bacteria can thus be added to the nutrient solution through
materials such as compost, soil, seawater or activated sludge [21,40,43,49,140]. Then, the
nutrient solution conditions can be adapted to approach the optimal conditions for these
nitrifiers, estimated to be a pH of around 7–8, a temperature of 20–30 ◦C, a minimum DO
of 5 mg/L and a limitation in the dissolved organic compounds [31,72,141–146]. Miner-
alization can also continue in the hydroponic systems, as illustrated in Figure 2, so that
organic fertilizers can be added during plant cultivation and thus better meet the plant’s
needs [21,40,103]. In this case, mineralization can be enhanced by adding a biofilter [43].
The potential of using microbubbles and nanobubbles could also be explored, notably for
deep-water culture (DWC) systems, as it can improve oxygenation and in turn nitrification
compared to the macrobubbles generated by classic air pumps [31,147]. It can also favor
root oxygenation and limit pathogen development by favoring the activities of beneficial
organisms [31,148,149]. Moreover, the integration of a solid removal compartment such as
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a mechanical filter or a sedimentation tank (Figure 2) could also improve the nitrification
efficiency by limiting residual organic compounds and, in turn, excessive heterotrophic
activities [31]. This should be further explored in bioponics.
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bioponic system.

This method makes it possible to use a multitude of organic sources, particularly those
generating too high levels of NH4

+, e.g., chicken manure, by bringing a certain uniformity
and stabilization in the quality of the nutrient solutions. It is based on the biochemical
process of aerobic mineralization, and thus requires sufficient and continuous aeration of
the solution by air pumps. However, the mineralization of organic materials can also take
place in the absence of oxygen. Anaerobic mineralization also called “anaerobic digestion”
(AD) can have the advantage of being less energy-demanding since it does not require
intensive pumps or motors [136].

3.3. Anaerobic Digestion Method
3.3.1. Principles and Contextualization of Anaerobic Digestion

Anaerobic digestion (AD) consists of the degradation and reduction of organic matter
into minerals, other lower-weight organic compounds and gaseous forms of CO2 and
methane (CH4) by various microorganisms in the absence of oxygen [136,150,151]. This
biogas represents a real economic interest because it can be used as an alternative source of
energy to fossil fuels [151]. Besides biogas production, this process also results in a nutrient-
rich degraded material called “digestate”, that can be used as an organic fertilizer [150,151].
The quality of the digestate and the efficiency of biogas production are influenced by
many factors such as the pH, the C/N ratio, temperature, the nutrient content, and the
hydraulic retention time (HRT) in the digester [136,150,151]. Twenty to 95% of the organic
matter is degraded during AD [150], depending on the type of feedstock and all the above-
mentioned factors. In comparison to untreated residues, digestates are more homogenous
and have a higher stability degree, with decreased total and organic carbon, reduced BOD
and high mineral content [2,150–154]. They are also less odorous and safer as AD reduces
the level of pathogens by inactivating most of them during the process [78,152,155,156].
They also comprise bioactive compounds such as phytohormones, vitamins, nucleotides,
monosaccharides, and fulvic acid that can promote plant growth and enhance tolerance
to biotic and abiotic stresses [25,150,155]. In soils, digestates appear to be very well-fitted
for high N-demanding vegetables with a fast-growing cycle because they rapidly release
bioavailable N, mainly in the form of NH4

+ [150,157]. They are usually directly spread on
cultivated soils, but they can also be pre-treated, e.g., by solid-liquid separation, drying,
dilution or filtration [150]. Based on all the benefits of anaerobic digestates as organic
fertilizers, more and more researchers are investigating their use in bioponics.
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3.3.2. Use of Anaerobic Digestates for Bioponic Cultivation

Liedl et al. (2006) [44] tested the use of the liquid fraction of poultry litter digestate on
vegetables grown in bioponics. AD consisted of a 30-day HRT process of broiler litter at a
high temperature (56 ◦C). The yield of lettuce plants was similar to that obtained with a
commercial inorganic fertilizer when the digestate was highly diluted, corresponding to a
total N concentration of 100 mg/L (Table 2) [44]. Conversely, organic nutrient solutions
more concentrated in the digestate (200 and 300 mg/L of total N concentrations) were
detrimental to yield. The control hydroponic solution with chemical fertilizers had a
total N concentration of 150 mg/L. The importance of the digestate dilution for optimal
plant growth was also notably shown by Krishnasamy et al. (2012) [104]: a digestate
concentration of 50% resulted in the complete death of bioponic silver beet within 2 weeks,
while the same digestate at 20% performed best in terms of foliage yield and plant growth.
However, yields were still significantly lower than those obtained with a commercial
inorganic solution. The negative effects were associated with too high levels of NH4

+

(43.4 mg/L) (Table 2) and low levels of DO in digestate.
In Mupambwa et al.’s (2019) [158] study, a 10% concentrated digestate solution was

found suitable for crop use, but phytotoxic when concentrated at 30 or 40%. In Phibun-
watthanawong and Riddech’s (2019) [41] study, only a concentration as low as 1% was
found suitable. Both studies attributed their phytotoxicity to the high concentrations
of NH4

+-NH3 and organic compounds. Phibunwatthanawong and Riddech 2019 [41]
more specifically investigated the use of digestate on green cos lettuce, also focusing on
the AD itself and the impact of different feedstock ratios on digestate quality, i.e., vary-
ing the ratios of molasses, distillery slop and sugarcane leaves resulting in six different
digestate formulas. After 30 days of AD, all digestate formulas contained plant-growth-
promoting bacteria, i.e., N-fixing, phosphate- and K-solubilizing bacteria, and significantly
higher levels of indole acetic acid (IAA)—an auxin phytohormone that stimulates root
hair development—[159–161]. On plants, two digestate formulas diluted at 1% resulted
in yields similar to those obtained with chemical fertilizer, showing optimal levels of N
(160 mg/L) (Table 2). In Ronga et al.’s (2019) [155] study, the use of a solid fraction of
digestate as a growing medium and a liquid digestate-based nutrient solution (6.25%)
resulted in yields similar to the yield of a conventional hydroponic system on agri-perlite
growing medium and chemical fertilizers. The undiluted liquid digestate was low in
total organic carbon (TOC) and P, but rich in K (TOC 3.74%, N 0.34%, K2O 0.95%, P 0%),
while the solid fraction was rich in P and TOC (TOC 3.75%, N 0.74%, P2O5 0.60%, K2O
0.76%). A digestate solid fraction as a growing medium can represent a good alternative to
conventional substrates.

Regarding crop quality, Liu et al. (2009) [25] showed that the use of diluted digestates
for bioponically grown lettuces (1:4 or 1:5 dilution) significantly decreased NO3

− concen-
trations in the shoots in comparison to conventional hydroponics, which is a good-quality
sign [119]. Similarly, Wang et al. (2019) [26] observed that when half of the mineral fertil-
izer was replaced by poultry manure digestate, the lettuce yield was not affected and the
nutritional quality was significantly improved: the leaf soluble sugar content increased,
and the leaf NO3

− content decreased. When the digestate was used as the sole fertilizer,
the nutritional quality of the lettuce was also improved, but the shoot weight was only 51%
of that obtained with the inorganic fertilizer. This was attributed to the lack of P, Ca, and
Mg in the digestate (4.3 mg/L, 8.1 mg/L and 0.7 mg/L, respectively) (Table 2).

This potential nutrient imbalance of the digestate for plant growth has particularly
been highlighted in studies focusing on high-nutrient-demanding plants with longer
growth cycles, e.g., tomatoes. After testing the liquid fraction of poultry litter diges-
tate on lettuce [44], Liedl et al. (2004)b [162] also studied its use on bioponically grown
tomatoes. When the digestate was the sole fertilizer, the plants showed NH3 toxicity and
Mg deficiency and produced fewer and smaller tomatoes than under chemical fertiliza-
tion. The Mg concentration in the organic solution was only 13 mg/L, in comparison
to the 50–80 mg Mg/L usually recommended in hydroponics (Table 2), and 100% of N,
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to which tomato is particularly sensitive, was present in the form of NH4
+. The rapid

uptake of NH4
+ can increase the NH3 concentration within the plant cells and is highly

toxic [163]. The increasing demand for carbon skeletons that are required to detoxify this
excess NH3 can affect plant growth negatively [120–125,163]. Excess NH4

+ assimilation
also typically generates Mg deficiency, which decreases plant productivity and results in
poor fruit quality [106,163–165]. As a result, while an N-NH4

+:N-NO3
− ratio of 25:75 can

be recommended for most plants [124,126–129], a maximum ratio of 10:90 is more suitable
for tomatoes [164]. Hence, to counteract NH3 toxicity and improve the N-NH4

+:N-NO3
−

ratio, Liedl et al. (2004)b [162] first heated and air-sparged the solution, which had the
effect of removing more than 75% of the total ammonia nitrogen (TAN). Then, calcium
nitrate (Ca(NO3)2) was added to adjust the total N to that of the chemical solution. Finally,
magnesium sulfate (MgSO4) was added to reach the Mg concentrations of the chemical
solution (108 mg/L). With these different adjustments, the digestate nutrient solution
resulted in yields similar to those obtained with chemical fertilizer. Mupambwa et al.
(2019) [158] made similar observations using the liquid fraction of cow manure digestate
on bioponically grown tomatoes. When used as the sole fertilizer, the digestate solution
concentrated at 10%—the dilution ratio established to avoid phytotoxicity—did not contain
sufficient N and P macro-nutrients for efficient plant growth. Additionally, even when
supplemented with chemical fertilizer, the digestate treatments resulted in 275% lower fruit
yield on average in comparison to the control treatment, although positive effects on fruit
sugar content were observed.

Table 5 summarizes the main studies mentioned above, with the organic materials
and anaerobic digestion method used.

Table 5. Main organic materials and method of anaerobic digestion for the production of nutrient
solution used in different types of bioponics.

Study Main Organic Materials Main Method Hydroponic System Cultivated Plant

[44] Broiler litter Thermophilic (56 ◦C) anaerobic
digestion (30-day HRT) NFT 1 Lettuce

(Lactuca sativa)

[104] Food and vegetable waste Mesophilic anaerobic digestion
(<36 ◦C) DWC 2 Silverbeet

(Beta vulgaris L.)

[158] Cow manure Mesophilic anaerobic digestion
(30 ◦C) DWC Tomato (Solanum

lycopersicum)

[41] Molasses, distillery slop,
sugarcane leaves

Mesophilic anaerobic digestion
(ambient temperature) for 30 days NFT Lettuce

(Lactuca sativa)

[155]
Maize, silage, triticale

silage, cow slurry, grape
stalks

Anaerobic digestion; liquid
digestate dilution as nutrient

solution and solid digestate as
substrate

DWC Lettuce
(Lactuca sativa)

Notes: 1 NFT, nutrient film technique; 2 DWC, deep water culture.

3.3.3. Drawbacks of the Method

The use of anaerobic digestates to produce nutrient solutions for bioponics leads to
rather heterogenous results, caused by potential phytotoxicity of the digestate [25,41,44].
The latter is associated with several aspects.

Firstly, the digestates are often reported to have high levels of BOD, chemical oxygen
demand (COD), and residual organic compounds, depending on the efficiency of miner-
alization [29,78,150]. As already mentioned for the tea method, these aspects can have
adverse effects on plant growth because undesired or excessive microbial growth may
develop in the bioponic system and asphyxiate plant roots and other beneficial microorgan-
isms [110,131,132,135]. Additionally, residual organic compounds may include plant-toxic
compounds [110]. Secondly, digestates usually have a high pH (7–8) [78,150]. This can
have adverse effects on nutrient bioavailability and plant growth, as a pH of 5.5–6.5 is
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usually recommended [1,106]. Furthermore, when the pH in the solution reaches values
above 7.5, which was the case for most of the studies mentioned above [25,26,41,104,158],
a significant portion of NH4

+ in solution is converted into NH3, which is toxic to plants
even at low concentrations [166–168]. Thirdly, digestates often have an unbalanced N-
NH4

+/N-NO3
− ratio, relative to the usually recommended 25:75 ratio [124,126–129]. As

nitrification cannot take place in anaerobic conditions, NH4
+ is the predominant form of

mineral N in the digestate and can be found in very large quantities [120–125,169]. These
too-high levels of BOD, COD, toxic organic compounds and/or NH4

+-NH3 explain why
digestates are usually strongly diluted, i.e., between 1:4 and 1:100 [25,26,41,44,104,158,162].
However, a compromise has to be found to avoid nutrient deficiencies. Scarcity in Mg,
Ca and P has been observed in several studies when using only the liquid fraction of
digestate [26,158,162]. Although digestates inherit the mineral characteristics of the original
material they are derived from, these low concentrations can also be explained by the very
nature of AD: the newly mineralized nutrients P, Mg and Ca tend to precipitate during the
AD process in the form of calcium or magnesium phosphate, due to a rise in pH that often
occurs during AD [78,150]. This contrasts with the newly mineralized N in the form of
NH4

+, which mostly remains in solution [150]. Therefore, the liquid fraction of digestates
tends to have low concentrations of P, Mg and Ca but be enriched in N minerals, while it is
the opposite for the solid fraction [78,150,155].

3.3.4. Discussion on the Method and Potential Lines of Improvement

AD of organic materials can produce organic fertilizer for bioponics, even though
several challenges have to be met. If carried out efficiently, this process can mineralize
and stabilize all kinds of organic residues [78,150]. Compared to aerobic mineralization,
AD is a simpler process with lower energy demand, as it does not require intensive air
pumps [136]. It also has the potential to produce biogas and provide an additional resource
to the stakeholders, even smallholder farmers, as biogas production can be achieved on a
small scale in a low-tech manner.

In crops with a short lifecycle and a relatively low nutrient demand such as lettuce,
digestate solution can completely replace chemical fertilizers without facing any adverse
effects, even improving the nutritional quality of the produces [25,26]. However, these pos-
itive results were obtained only when the digestates were sufficiently diluted, highlighting
potential phytotoxicity associated with various aspects: Potential excessive BOD, COD
and residual organic compounds; high pH; imbalanced NH4

+/NO3
− ratio and too-high

NH4
+-NH3 levels. Furthermore, digestate-based solutions can be depleted in P, Ca and

Mg [26,158,162] as liquid digestate tends to be depleted in P, Ca and Mg after liquid-solid
separation. Several lines of action can be explored to avoid these deficiencies. Firstly, ways
of recovering minerals of the solid fraction should be further explored [78,150], e.g., its use
as a growing medium. Secondly, an external supply of nutrients can be made: MgSO4 salts
can be added to the nutrient solution to counteract Mg deficiency, giving good results in
tomatoes [162], or via foliar application. In the case of P and Ca, phosphoric acid (H3PO4),
calcium carbonate or calcium hydroxide during bioponic cultivation could have the double
benefit of acting as pH regulators while supplementing the plants in P and Ca minerals.
Organic nutrient sources rich in P and Ca could also be used, such as bone meal (Table 1).
P can also be added via the foliar application of KH2PO4 [170]. The efficient control of the
pH to maintain it below 7.5 during cultivation is a key factor to avoid mineral deficiencies,
as digestate often has high initial pH values (8–8.5) that can result in the formation of
insoluble calcium phosphate compounds in the nutrient solution [171–173]. Finally, the
original feedstock for AD should be chosen wisely, according to the plant’s needs. For
instance, digestates derived from poultry litter or swine effluent will be more suitable for
high-N-demanding crops such as vegetables because they are particularly rich in nitro-
gen [78] (Table 1). On the other hand, digestates derived from dairy feedstock and plant
residues will be more suitable for high K- and P-demanding plants such as leguminous
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crops or plants at the blooming or reproductive phase (e.g., tomato) because these materials
usually have more balanced concentrations of K, P and N (Table 1) [78].

Besides nutrient scarcities, the imbalance of the N-NH4
+/N-NO3

− ratio and too high
NH4

+-NH3 concentrations appear to make digestates unsuitable as sole fertilizers of high-
nutrient-demanding plants particularly sensitive to NH4

+, e.g., tomato. Several strategies
could be tested to counteract NH4

+ toxicity. Firstly, a balance of the N-NH4
+/N-NO3

−

ratio can be reached by adding N-NO3
−, e.g., calcium nitrate, and possibly removing N-

NH4
+, e.g., by heating and air sparging the solution [162]. Secondly, high N-NH4

+ uptake
by the plant roots acidifies the nutrient solution, which can be deleterious for optimal
nutrient bioavailability [1,106,163,164]. As a consequence, efficient pH management to
maintain the pH between 5.5 and 7 is a way of hindering N-NH4

+ toxicity. Thirdly, adding
silicon (Si) to the bioponic solution could be a promising avenue in bioponics because Si is
known to mitigate N-NH4

+ toxicity in soils [174,175]. Si supply has already been used in
hydroponics as a way of mitigating salt stress on plants via potassium silicate or calcium
silicate addition [174,176,177]. The field of application of Si could thus be explored and
widened to bioponics to deal with excess N-NH4

+ in the nutrient solution and other biotic
or abiotic stresses. The high N-NH4

+/N-NH3
+ ratio found in digestate solutions could also

be more acceptable in certain contexts. A ratio of 1:1 can be suitable to reduce the negative
impacts of abiotic stress in salinity conditions, resulting in a higher yield and better crop
quality [173,178]. Finally, carrying out a second digestion process in aerobic conditions
after AD could convert NH4

+ into NO3
− through nitrification.

3.4. Method Combining Anaerobic Digestion and Microbial Aerobic Mineralization
3.4.1. Principles

Aerobic mineralization could mitigate digestate drawbacks by allowing nitrification,
and potentially further mineralizing the remaining organic compounds which would result
in a decrease in BOD, DOC, organic acid levels and the N-NH4

+/N-NO3
− ratio. Moreover,

nitrification is a biochemical process that acidifies the medium and can address the issue of
the too-high pH of digestates (7.5–8.5) [78]. This could help solubilize other minerals in
digestate solutions such as P, Ca or Mg. In Botheju et al.’s (2010) [29] study, the aerobic min-
eralization of an anaerobic digestate using sequential batch reactors and nitrifying bacteria
inoculum not only improved the N-NH4

+/N-NO3
− ratio of the digestate (more than 75%

of N-NH4
+ conversion into N-NO3

−), but also improved its stability (40% reduced COD
and improved aesthetic quality, i.e., an odorless and translucent solution). Additionally, the
pH went down from 8 in the original digestate to 5 once nitrified. Heavy metal levels were
also reduced, as they remained fixed in the sludge during nitrification through adsorption
and sedimentation. Similarly, in Zhang et al.’s (2011) [179] study, the aerobic treatment of
pig manure digestate via intermittently aerated sequencing batch reactors showed high
nitrification efficiency (71–79%), and COD reduction (89–99%). Parravicini et al. (2008) [180]
observed that the aerobic treatment of sewage sludge digestate induced a 16% decrease in
the remaining organic content.

3.4.2. Use of Combined Anaerobic Digestion and Aerobic Mineralization Methods for
Bioponic Cultivation

With the aim of producing Pak choy (Brassica rapa) in bioponics, Bergstrand et al.
(2020) [2] carried out a 2-week nitrification treatment of an anaerobic digestate, using
aeration and bio-carriers. During the aerobic treatment, the pH was maintained at 5.5–6.0
by adding un-nitrified digestate (pH 8.0), as nitrification lowered the pH. Following this
step, the nitrified digestate was diluted at three different ratios and incorporated into
hydroponic systems, according to an EC of 1, 2 or 3 ms/cm. While the product quality was
improved in some aspects, i.e., increased vitamin K, beta-carotene and lutein content, the
mean fresh weights were 50% lower than under the control conditions, with lower nutrient
(N, P, S) content in the leaves. The P, Ca and Mg concentrations in the nutrient solutions
were below the typically recommended optimal concentrations, even for the least diluted
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treatment (8.2 mg/L of P, 99 mg/L of Ca, 8.6 mg/L of Mg in the EC 3 ms/cm treatment,
as opposed to the recommended 15–30 mg/L of P, 150–200 mg/L of Ca, 50–80 mg/L of
Mg). The nutrient composition of the nitrified digestates also suggests that the nitrification
process was not optimal/efficient: relatively high amounts of NH4

+ and NO2
− remained

in the solution when introduced in the hydroponic system, i.e., an N-NO3
−:N-NO2

−:N-
NH4

+ ratio of 1.25:1:1 for all three diluted solutions (Table 2). NO2
− is well known to be

toxic to plants, even at low concentrations [181]. Pelayo Lind et al. (2021) [30] obtained
encouraging results on Bok choy (Brassica rapa). They tested the impact of nitrification
on a plant-derived anaerobic digestate directly in hydroponic systems and/or prior to
its use in the recirculating systems via bioreactors integrated with and/or external to the
system. The bioreactors consisted in moving bed biofilm reactors of 100 L barrels with air
pumps and biofilm carriers previously inoculated with active sludge from a municipal
water treatment plant. When the digestate was sieved and diluted to an appropriate N-
NH4

+ concentration (200 mg/L), all bioreactors performed nitrification efficiently, and
satisfactory yields were obtained. The P, K and Mg concentrations were little impacted by
the process (+7.9% P, +4.2% K, −8.7% Mg). The macro and micronutrient concentrations in
the final nitrified solution were similar to the ones of the chemical control, except for Ca
(−30.9%). The fact that bioreactors were integrated into and/or external to the hydroponic
system did not influence plant growth, but pH management did. Yields similar to those
obtained with a chemical fertilizer were achievable when the pH in the hydroponic system
was automatically controlled during plant growth (i.e., maintained around 6) via the
addition of un-nitrified digestate. This method could limit the use of mineral acids in
bioponics. In the absence of automation, adding relatively large volumes of digestates
every 48 h resulted in wide pH variations (5.0–7.0), which most likely negatively affected
plant nutrient uptake. These observations show the importance of pH dynamics and the
potential of efficient pH management in bioponics, which have been studied very little so
far. Tomato—a more demanding plant particularly sensitive to NH4

+—was successfully
cultivated by Kechasov et al. (2021) [105] using aerobic mineralization from a pig manure
digestate. The biological process was carried out by a nitrification bioreactor integrated
with a closed-loop recirculating hydroponic system, similar to an aquaponic system. The
organic-based nutrient solution resulted in reduced growth in comparison to conventional
hydroponics, but increased fruit size so that the resulting yield was similar under the
two conditions. The reduced growth was attributed to lower nutrient content in the
organic solution (21.0 ± 15.4 mg/L of N-NO3

−, 26.1 ± 16.7 mg/L of P, 30.9 ± 24.6 mg/L
of K, 16.8 ± 4.4 mg/L of Ca and 4.8 ± 1.9 mg/L of Mg) (Table 2). However, nitrification
was efficient, and no phytotoxicity was observed: N-NH4

+ and N-NO2
− concentrations

remained below 5 mg/L (Table 2).
These studies suggest that an effective nitrification step and efficient pH management

of the nutrient solution during plant cultivation can make anaerobic digestates effective as
sole fertilizers in bioponics by suppressing or mitigating potential digestate phytotoxicity.
Aerobic mineralization can be performed just after AD, but it can also start/continue in
the hydroponic systems [30,105], using a biofilter to reinforce the process, as discussed
in Section 3.2.3. This would make it possible to add anaerobic digestate during plant
cultivation and thus better meet the plant’s needs. Notably, the method developed by
Shinohara et al. (2011) [21] can be applied to all kinds of anaerobic digestates, with the
creation of bacterial inoculum and controlled addition of digestate in the hydroponic
systems to promote nitrification.

Table 6 summarizes the main studies mentioned above, with the organic materials
and the combined anaerobic-aerobic degradation method used.
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Table 6. Main organic materials and method of combined anaerobic and aerobic degradation for the
production of nutrient solution used in different types of bioponics.

Study Main Organic
Materials Main Method Hydroponic

System
Cultivated Plant

Species

[2]
Organic household and
slaughterhouse waste,

manure

(1) AD; (2) 14-day aeration of diluted
digestate with bio-carriers;
(3) Plant cultivation with

digestate addition

NFT 1 Pak Choi (Brassica
campestris v. Chinensis)

[30] Plant residues

(1) Mesophilic AD (80-day HRT);
(2) Digestate aeration integrated or

external to the hydroponic system with
moving bed biofilm reactor (inoculated

with active sludge);
(3) Plant cultivation with

digestate addition

NFT Pak Choi (Brassica rapa
v. Chinensis)

[105] Pig manure

(1) Mesophilic AD (~37 ◦C, 10-day HRT);
(2) Autoclavation of liquid digestate;

(3) Digestate aeration integrated into the
hydroponic system with a moving bed

biofilm reactor;
(4) Plant cultivation with

digestate addition

Aeroponics
(Low-pressure)

Tomato (Solanum
lycopersicum)

Note: 1 NFT, nutrient film technique.

3.4.3. Discussion on the Method

AD followed by aerobic mineralization appears to be a promising way of producing
nutrient solutions for bioponics because it combines the benefits of the two methods.
When performed efficiently, the first step of AD results in the effective degradation of
various organic materials, even plant residues, associated with biogas production. The
resulting digestate is a rather homogenized product, free of the majority of pathogens,
with high levels of inorganic N in the form of NH4

+ [78,150] that can be transformed into
NO3

− via aerobic mineralization. The aerobic process also results in a lower pH and a
decrease in the remaining organic compounds more suitable for plant cultivation [29].
However, this method still faces challenges. The aerobic step and more specifically the
nitrification process need to be efficient and fully completed. If not, NO2

− produced
during the nitrification process can accumulate in the solution [2], and be highly toxic to
plants [181]. NO2

− accumulation can result from low DO and high levels of NH4
+-NH3,

as the development of nitrite-oxidizing bacteria can be inhibited and outperformed by
ammonium-oxidizing microorganisms [29,145,146,179]. The NH4

+ concentration at the
initial stage of digestate mineralization should thus be controlled, and oxygenation of the
solution should be effective. As discussed in Section 3.2.4, using a microbubble generator to
better oxygenate the solution and adding a solid removal compartment during the aerobic
stage and/or plant cultivation could improve nitrification efficiency and mineralization,
and needs to be further investigated.

Another challenge of this combined method is the complete fertilization of plants by
the sole addition of digestate. If the digestate—and more generally the primary organic
materials of AD—is limited for P, Ca, K, or other essential minerals; the impact of the
method on plant growth will be limited, despite an efficient technique. This brings us
back to the choice of the organic materials used for producing nutrient solutions, which
should be made wisely (Section 2), and to the ways of compensating for the typical nutrient
deficiencies of liquid digestates (Section 3.3.4). The use of the solid fraction of digestates
and/or the addition of components during plant cultivation to counteract specific nutrient
deficiencies should be further studied. Controlling the pH is also determining the efficacy of
the method on plants [2,30,105], and can be optimized using automatic pH control devices.
However, this type of equipment, as well as the other devices that this technique could
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require (an efficient solid removal compartment, an efficient oxygen pump and regular
mineral analyses of NO2

−, NO3
− and NH4

+) can be limiting factors for smallholder farmers
in remote areas or in developing countries who do not have access to those facilities.

4. General Discussion and Perspectives

The development of methods for producing nutrient solutions based on organic waste
is crucial for the deployment of sustainable hydroponics throughout the world. In the
last three decades, various methods have been used and tested. This review (1) described
the main currently used organic materials, and (2) characterized and categorized the dif-
ferent methods of producing organic nutrient solutions, resulting in four groups based
on the main biochemical processes involved: (1) the “tea”-type method, (2) the aerobic
microbial degradation method, (3) the anaerobic digestion (AD) method, and (4) the com-
bined anaerobic and aerobic degradation method. While the last three techniques involve
in-depth decomposition and mineralization processes of organic materials via relatively
long microbial processing, the tea method involves simple dissolving or “maceration” of
organic materials over a short time period, solubilization of the minerals already present in
the materials, and a low level of mineralization. The resulting tea-based nutrient solution
strongly depends on the quality of the primary organic materials and their ability to meet
the plant’s needs. This rapid method requires little technical expertise and equipment and
could be adapted to short life-cycle crops, and to organic materials rich in nutrients in their
mineral form or rapidly mineralizable. Efficient pre-composting of the organic materials
before maceration can greatly improve the quality of the solution in relation to the plant’s
needs. Conversely, the methods involving in-depth decomposition and mineralization
of organic matter can be suitable for more crops, and more types of organic materials
can be used. Among them, the AD of materials can lead to a mineral-rich fertilizer made
from diverse organic sources, while combining biogas production. However, AD results
in high concentrations of ammonium (NH4

+), making this method unsuitable for plants
particularly sensitive to it (e.g., tomato). The liquid fraction of the digestates also tends to
be limiting in P, Ca and Mg, as opposed to the solid fraction. Therefore, the efficient use
of biogas digestates in the long life-cycle crops with a high nutrient demand can require
adding essential nutrients; the recovery of the solid fraction of the digestate; as well as
efficient pH management during plant cultivation. In the meantime, ways of counteracting
NH4

+ toxicity can also be explored, as well as contexts in which N supply mostly in the
form of NH4

+ can be positive. Aerobic mineralization following AD, before and/or during
cultivation by adding a biofilter compartment to the hydroponic system can also respond
to this issue by allowing NH4

+ to be converted into nitrate (NO3
−) via aerobic nitrification.

NO3
− can then become the major form of mineral N, preferably taken up by most plants.

Together with a solid removal compartment, the use of an oxygenated biofilter in the hydro-
ponic system as a compartment specifically dedicated to mineralization and nitrification
can significantly improve the nutrient solution quality and allow adding organic fertilizers
during plant cultivation. This form of bioponics, in which the main mineralization process
is carried out within the hydroponic system as in aquaponics, could be termed “in-situ
bioponics”. It can be opposed to “ex-situ bioponics”, which creates a liquid biofertilizer
before plant cultivation, with no compartment dedicated to mineralization within the hy-
droponic system (e.g., the tea method and AD). Aerobic microbial degradation potentially
allows for the cultivation of all kinds of crops, provided that it is led efficiently; otherwise,
phytotoxic intermediates may accumulate. This method is complex because it requires
technical knowledge and efficient control of the physicochemical parameters in the solution.
It is also more energy-intensive because constant oxygenation of the solution is needed.

Each method has its advantages and drawbacks, depending on the context and the
crop. Moreover, regardless of the method, the type of initial organic input obviously
remains a crucial factor in the quality of the nutrient solution obtained and its effectiveness
on plants. Potential nutrient deficiencies or excesses, or the presence of toxic substances
in the organic sources remain major challenges for bioponics and its performance, even
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with efficient and optimized methods. Although some research has been made, more
studies are required to expand the knowledge and potential of this technique and make
it efficient and accessible to the general public. They should include the study of (1) the
dynamics and management of the main physicochemical parameters; (2) the microbiota
to better understand the biochemical processes and optimize the method, and explore
the potential of plant-growth-promoting microorganisms; (3) the mineral losses occurring
during the decomposition and mineralization of the organic materials, and notably the
potential pollution generated by the process; (4) the health risks associated with the use of
organic materials for bioponics, and ways of mitigating these risks and (5) socio-economic
and financial analyses of bioponics to assess its feasibility and viability in different contexts.
The research subjects are diverse, and the potential of this technique remains to be explored.
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