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Chapter 10
Biochar–Compost Mixtures as a Promising 
Solution to Organic Waste Management 
Within a Circular Holistic Approach

Federico Varalta and Jaana Sorvari

Abstract In the common linear economy approach, organic waste treatment 
mainly generates energy, due to the existing demand and the goal of reducing the 
use of fossil fuel. Yet recent innovations and associated products are calling for an 
increasingly diverse use of organic waste within a circular holistic framework where 
the biochar and composting mixture appears to be the key to achieving a robust 
solution for sustainable development. Nonetheless, the inhomogeneity of organic 
waste and the synergies between biochar and composting require further investiga-
tion before broad-scale field application. In this chapter, we illustrate how govern-
mental policies should be updated and revised to effectively support the development 
of new sustainable solutions, that should take into account social, economic and 
environmental implications, as well as their mutual interactions. As a consequence, 
robust tools and reliable procedures to evaluate sustainability will have to be estab-
lished in this new ecological structure.

Keywords Organic waste · Waste management · Biochar–compost mixtures · 
Terra preta · Nutrients recycling · Circular economy · Sustainability

1  Introduction

Global population growth and the increased consumption of natural resources are 
placing an unprecedented pressure on already strained natural resources. To cope 
with increased food demand, human activities related to agriculture and food pro-
duction have significantly altered nutrient cycles, depleted soils and increased 
greenhouse gas (GHG) emissions. Global population growth and the related food 
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demand are straining the already fragile equilibrium of natural resources. The new 
sector of bioeconomy is seeking to reconcile the challenges of producing more 
food, while, at the same time, lowering the environmental burden. In this context, 
the proper management of organic waste can play a prominent role in tackling the 
mounting challenges. At the same time, current recycling and rebalancing actions 
have been insufficient to counter these adverse environmental consequences. 
Nutrients and organic matter have leaked without any control into the environment 
through food processing activities, excessive crop fertilising, poorly managed 
breeding of livestock and uncollected human waste (Kirschenmann 2010). The 
results of such anthropogenic pressure on natural resources have turned the ecosys-
tem into a suffering status: with eutrophication of water bodies, air pollution and 
global warming. In addition, despite the higher food production capacity achieved, 
one person out of seven still has limited access to food and suffers from hunger. 
This, in turn, has exacerbated social discrimination and increased inequality (Foley 
et al. 2011). The concepts of bioeconomy (first) and circular economy (later) were 
developed to tackle these challenges, and to reduce the burden on natural resources. 
Many sectors of the economy are reassessing the way they operate, with the aim of 
achieving a sustainable mode of action. As a consequence, material flows in past 
years have been simplified and new methods have been developed for efficient 
reuse, or optimisation of the use, of natural resources. Fast-changing sectors of the 
global economy, such as energy production, have implemented circular economy, 
while more traditional segments, for example food production and agriculture, are 
still lagging (Buckwell and Nadeu 2016). Likewise, actions have been taken and the 
model of circular economy promoted across all sectors, fuelled also by updates in 
international and local legislation. To date, several governments and international 
organisations have developed programmes to improve the sustainability of human 
activities (European Commission 2012, 2018; The White House 2012), and govern-
mental institutions have started to prompt policies to facilitate the shift towards 
circular economy. Educational organisations (Ellen Macarthur Foundation 2019; 
UN Food and Agriculture Organization (FAO) and RUAF Foundation 2015) are 
promoting research to overcome the deficit of circular economy in traditional sec-
tors, and gradually new notions of bioeconomy are being shaped. Ultimately, bio-
economy offers the possibility to develop new sustainable processes that make it 
possible to secure the world’s future food production demand while significantly 
reducing the environmental burden of related activities. Under these circumstances, 
the sustainable management of organic waste through efficient recycling of nutri-
ents contained in that waste, increased carbon sequestration, and green energy pro-
duction plays a prominent role.

In this chapter, the concept of a circular holistic approach to biowaste manage-
ment is introduced. A critical comparison between the linear and the circular 
approach is presented, with a particular focus on the potential benefits of biochar–
compost mixture (BCM) in the global context of bioeconomy.

In the long run, the aim is not only to preserve natural resources and to create an 
environmentally and economically sustainable future, but also to create a viable 
economy sector that will gradually replace obsolete courses of action and create 
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new job opportunities. In other words, a complete shift of mindset is required in the 
implementation of bioeconomy, where traditional methods and treatment tech-
niques are deemed no longer applicable and new ones must be developed. The cir-
cular holistic approach to organic waste management offers the opportunity to 
answer the new challenges. In particular, the development of techniques that effi-
ciently return nutrients and organic matter back to the soil can be one of the keys to 
a new sustainable future.

2  Organic Waste in a Linear Economy

Despite the recent effort in terms of policies to promote the reuse and recycling of 
organic waste in different forms, the biowaste management sector still largely relies 
on a straightforward approach, with a linear progress (Fig. 10.1).

The linear approach consists mainly of applying the same treatment process to 
all available organic waste streams, regardless of their characteristics. Such an 
approach usually results in a main product with high profitability and a side product 
that, most of the time, has no—or negligible—commercial value. In commercial 
terms, the offered solution has the sole benefit of maximising the output quantity of 
a single product. Currently, this approach is preferred over more complex schemes 
because, in most cases, the end products already have an established market, with 
existing integrated logistics and an appropriate distribution network. In fact, these 
end products are typically drop-in commodities (Webster and Francis 2016), such as 
fuels or energy, with no need to develop new markets for alternative products. These 
linear processes are also robust and well established among the organic waste treat-
ment industry, have become more reliable, do not pose any particular challenges in 
technical or operational terms, and are well framed in the environmental 
legislation.

Nevertheless, it is undeniable that the simplicity of the linear approach also rep-
resents its major drawback. As indicated by the 17 Sustainable Development Goals 
issued by the United Nations (United Nations 2018), sustainability is a complex 
subject that cannot be simplified to the implementation of one single, though impor-
tant, target, in tackling global sustainability challenges. Aside from the social 
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aspects of the sustainability goals, the integration of other environmental criteria 
besides carbon and water footprints are of paramount importance in order to secure 
the sustainability of recycling processes as well as the related value chains. More 
specifically, organic waste treatment processes should be evaluated also from the 
viewpoint of rebalancing the nutrients flows in ecosystems and the potential to 
sequestrate carbon in the soil.

3  Novel Mode of Action Founded on Circularity

The development of circular models and the associated public awareness of sustain-
ability makes the linear approach obsolete. It is therefore necessary to elaborate new 
models that allow the full use of organic waste potential, and, at the same time, 
secure overall sustainability. A circular approach that takes into account the multi-
faced aspects of organic waste treatment, that is a holistic approach, offers the pos-
sibility to answer the mounting challenge by integrating new treatment technologies 
with more traditional processes (Fig. 10.2).

The holistic circular approach shares some traits with the industrial symbiosis 
concept, where a network of separate industries recovers and redirects resources 
and the by-products of its processes to improve the efficiency of the overall busi-
ness. In the case of organic waste management, the holistic circular approach would 
suggest that we first treat the biological fraction of municipal solid waste (MSW) to 
produce, for example, animal feed through the cultivation of larvae insects. The 
remaining unused substrate could be combined with liquid organic waste from dair-
ies in a wet biogas process and the digestate could then be combined with biochar 
produced from the pyrolysis of scrap wood or any other waste with a high content 
of lignin and composted to produce a soil amendment or an organic fertiliser. This 
type of approach is extremely flexible as it can be adapted to virtually any 
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Fig. 10.2 Framework of a holistic circular approach to the management of organic waste
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conditions. In fact, there are several combinations of the processes for treating 
organic waste and the development of new applications increases the number of 
possibilities. The holistic methodology behind the circular approach allows for the 
introduction of the cascade organic waste treatment concept. This model originated 
in the paper industry, where higher value-added products are first extracted, and at 
the end of the product transformation cycle residues of the separate treatments are 
redirected to energy production processes (Keegan et al. 2013). For organic waste, 
the components with higher commercial value would be initially separated, while 
the residues or by-products from the process that generates the high-end products 
would form the basis for producing organic fertiliser. Through this theoretical 
model, the natural cycle of nutrients and organic matter might be completely closed.

The approach of circularity in organic waste management offers a number of 
advantages. Primarily, the heterogenous organic waste streams can be rationalised 
by directing them to the most suitable treatment process, reducing the risk of losing 
efficiency. The characterisation of organic waste is also an important factor for pro-
cess efficiency implementation, as each treatment process is selected in accordance 
with the raw material characteristics. It thus becomes clear that this process chain 
can better tolerate higher variations in the organic waste quality and, consequently, 
larger fluctuations in the end products’ market price. Such an approach no longer 
depends on the availability of a single feedstock or a few feedstocks, and it can be 
easily adjusted according to the local conditions. In addition, it enables quick adap-
tation in the event of changes in the demand of the products at the global level. A 
consequence of the higher process flexibility of the circular approach is the possibil-
ity of bridging the gap between the multiple sectors generating organic waste and 
creating a network where mutual added value is generated. In the past, the lack of 
integration of waste management process, the use of specialised technologies and 
the legislative issues of sectors like agriculture, sanitation, or MSW have led to a 
very fragmented and inefficient environment for by-product production (Buckwell 
and Nadeu 2016). The intrinsic flexibility of the holistic approach carries within 
itself the opportunity to further streamline the production processes of single opera-
tion by creating an additional recycling loop between the different sectors and con-
sequently generating more added value.

In addition to the fact that the integration of different sectors contributes to 
improve efficiency of organic waste treatment, the recycling of nutrients is opti-
mised, and nutrient losses are reduced (Sutton et al. 2013). Nevertheless, despite the 
recent improvement in managing organic waste streams, nutrients still leak into the 
environment (Fig. 10.3).

Contrary to the linear approach, the circular approach makes it possible to focus 
on nutrients reuse and recycling across the whole range of organic waste. The 
improved management of nutrients entails the identification of the proper actions 
for a specific nutrient and the selection of the most appropriate process in accor-
dance with the final application.

The holistic circular approach offers the opportunity to improve carbon seques-
tration in soil. In particular, composting combined with biochar from the pyrolysis 
process enables the prospect of storing large quantities of carbon in soil as these 
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techniques can treat problematic biomasses and by-products from other treatment 
processes that would otherwise remain unutilised (Fischer and Glaser 2012; Viaene 
et al. 2016). Notably, the proper management of soil organic matter in terms of car-
bon sequestration contributes directly to the better management of the nutrients as 
it is the largest reservoir of nutrients. Hence, practices that improve carbon seques-
tration in soil will probably also have a positive impact on the availability of nutri-
ents (Fischer and Glaser 2012).

3.1  Composting and Biochar: Synergism as a Support 
to the Holistic Approach

In a circular holistic approach context, the final step (Fig. 10.2) plays a very impor-
tant role. The effective management of the final residuals from different processes 
guarantees not only the profitability of the process in economic terms, but also 
enables sustainability for human-related activities—in particular, agriculture and 
food production. In fact, the current shift in agriculture practices towards selective 
farming and knowledge-intensive precision crops requires an efficient nutrients 
recycling system, coupled with environmentally friendly practices, in order to return 
organic matter to the soil.

In this context, the qualities of the Terra preta (dark earth) agro-ecosystem offers 
a model to optimise organic waste management within a circular holistic approach. 
In fact, Terra preta is a particular soil of anthropogenic origin found in irregular 
patches in the tropical rainforests of Amazonia, characterised by high concentration 
of nutrients and high stability of humified organic matter. Terra preta was produced 
by the incorporation of charred human waste, which is rich in nutrients, in soil 
(Glaser and Birk 2012), and different studies have demonstrated the key role of 
biochar in the formation of dark earths over the years.

Fig. 10.3 Main nutrients leakage from EU countries. (Buckwell and Nadeu 2016)
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Biochar is obtained through pyrolysis by using organic waste as feedstock. 
Virtually any type of organic waste can be used as a raw material to produce bio-
char, although the type of feedstock significantly affects the properties of the pro-
duced biochar. According to the so-called ‘charcoal vision’ (Laird 2008), biomass 
processing through pyrolysis can be a sustainable approach for extracting energy 
from organic waste through their thermal transformation into bio-oil, syngas and 
charcoal. While the produced syngas can provide energy to the pyrolyser, the oil and 
charcoal fractions can be used too as secondary raw materials in various sectors. For 
example, the use of biochar as soils amendment can increase its physical, chemical 
and biological fertility, and represents a potential carbon sink because the estimated 
half-life of carbon in soil is more than 1000 years. Recently, biochar has gained 
renewed attention as a means to sequestrate carbon and, at the same time, improve 
soil quality (Tammeorg et al. 2014). It has already been observed that the direct 
application of biochar to the soil increases water retention capacity, total porosity, 
and soil mean temperature, and also improves the rate of ion exchange and retention 
of nutrients. An increased microbial activity has also been detected after the appli-
cation of biochar in the soil (Gul et al. 2015), although the results from about a 
decade of experiments are not always consistent.

Even though biochar improves soil quality and the availability of nutrients, it 
does not provide soil with a sufficient amount of nutrients. The natural approach of 
combining biochar with compost instead produces a substrate rich in nutrients. The 
aim is, in the first place, to replicate the Terra preta process with the help of modern 
composting technologies and, successively, to produce an organic fertiliser or soil 
amendment as efficient as the current commercially available soil amendments and 
completely replace chemical fertilisers. In accordance with the circular holistic 
approach, the final target for biochar–compost use is thus the efficient management 
of available organic waste streams and a full exploitation of waste potential that 
generates sustainable added value in the existing production chains.

Nonetheless, the process of artificially recreating the Terra preta effect cannot be 
obtained by the simple combination of charred material and compost: It requires a 
deep understanding of the physico-chemical processes involved. The simple combi-
nation of charred material and compost does not result in the realisation of Terra 
preta. There may be many mechanisms that play a key role that have not yet been 
fully identified. In addition, the inhomogeneity of organic waste used is a challenge. 
The high variability in the quality of the raw material is not ideal for achieving a 
stable and reliable end product with a specific quality. Moreover, it should also be 
remembered that the aim is to employ the artificially produced Terra preta on soils 
that have different characteristics for various crops, and it cannot be excluded that 
artificial Terra preta with given characteristics may even produce contrasting results 
when applied on different soils.

In the next section, the initial promising findings of the interaction between bio-
char and composting are presented. The results from the land application of newly 
produced Terra preta are then separately evaluated.

10 Biochar–Compost Mixtures as a Promising Solution to Organic Waste…
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3.2  Recent Developments in BCM

Integration of biochar in compost to simulate the realisation of artificial Terra preta 
soils is still at the early stage, and therefore the results of recent studies are indica-
tive, not definitive, regarding the potential that lies in the synergies between biochar 
and raw material processed by composting. It is thus premature to assess if BCM 
fulfils the ‘end of waste’ criteria introduced in the Waste Framework Directive 
(2008/98/EC). In fact, no common methodology exists for the application of bio-
char to compost. So far, it has been applied indistinctively both before and after the 
composting process. Here, we introduce the results from studies where biochar has 
been applied before or during the composting process, because these procedures 
increase the benefits of the combination. Moreover, these specific set-ups allow us 
to evaluate how the composting parameter modification impacts the quality and the 
characteristics of the mixture of compost and biochar.

One of the most important additional benefits of adding biochar before the com-
posting process is the temperature increase during composting. This is an aspect of 
great importance within the circular holistic approach. In fact, higher temperatures 
also mean higher levels of hygienisation, and allow the use of feedstocks, such as 
municipal sewage sludge and animal manure. It seems that the increase of the tem-
perature is caused by the fact that biochar is filling the gaps in between the compost-
ing mass, thereby reducing the overall heat loss of the system (Zhang et al. 2014). 
This has a direct impact on the thermophilic phase of the composting process. It is 
interesting to note, however, that in some cases the addition of biochar extends the 
duration of the thermophilic phase (Li et al. 2015; López-Cano et al. 2016), while 
in other cases, it reduces the duration itself (Awasthi et al. 2016b). Some contradic-
tory outcomes are most probably due to the temperature of the pyrolysis and the 
type of feedstock employed in biochar production (Awasthi et al. 2016a).

The higher retention capacity of the biochar also has a positive effect on the 
composting process. Moisture is a key parameter of the composting process, in 
order to obtain a mature compost with stable organic matter. Researches have regis-
tered higher moisture contents in composting piles with biochar when compared 
piles without biochar (Li et al. 2015). The higher moisture content in the pile con-
sequently reduces the water losses and the leakage of nutrients (Theeba et al. 2012). 
Hence, biochar addition to the composting piles is indirectly responsible for more 
effective nutrient retention.

One of the main targets of the integration of the biochar and composting process 
is the increase of the content of nutrients and their bioavailability in the final prod-
uct. While there is evidence of increased content of nutrients, the mechanisms 
involved are very complex and still not known in depth. Some studies have observed 
higher concentrations of P, K, Ca and Mg ions in the end product when biochar is 
added prior to the composting process (Zhang et al. 2014), when compared to end 
products without biochar, and this can be ascribed to the biochar’s high ion exchange 
capacity. The negatively charged surface of the biochar has the ability to retain cat-
ions like K+, Ca2+ and Mg2+, through electrostatic attractions reducing the leaking 
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during the composting process. On the other hand, the fate of phosphorus measured 
as phosphate (PO4

3−) after biochar addition is not clear. Zhang et al. (2014) have 
ended up with contradictory results, showing that addition of biochar increases the 
PO4

3− concentration in the end product when compared to the compost without 
addition, whereas during the process the total PO4

3− concentration decreased. This 
was explained by hypothesising that soluble P could be taken up by the microorgan-
isms during the composting process. However, the influence of biochar addition to 
the P bioavailability seems to be a more complex issue than has previously been 
observed (Vandecasteele et al. 2016; Xu et al. 2013). The initial P content in the 
biochar itself appears to be an important factor in determining the bioavailability of 
phosphorus in soil. In addition, the pH value seems to be a key element in determin-
ing the concentration of P in compost, but its measurement is complicated due to the 
interactions with other mineral compounds. Other studies also suggest that timing 
of biochar addition to the composting process affects the final concentration 
(Vandecasteele et al. 2017). The lack of consistent data on P concentration in the 
compost after biochar addition deserves further research in order to better under-
stand the mechanism involved.

The addition of biochar to the composting process has clear beneficial effects on 
other macronutrients than P. Earlier studies have shown that the addition of biochar 
reduces N losses, owing to the capacity of biochar to adsorb ammonia (NH4

+) and 
ammonium (NH3) (Hua et al. 2008). However, this is not the only mechanism trig-
gered by biochar in connection to N2 emission reduction during the composting 
process. Lopez-Cano et al. (2016) reported that the addition of biochar to the com-
posting process decreased the rate of the ammonification process. This result was 
explained by the fact that biochar creates a favourable environment for the growth 
of nitrifying bacteria, leading to the reduction of gaseous NOx emissions from the 
composting process, resulting in the double benefit of increasing the end product’s 
value and reducing the GHG emissions in the atmosphere. This hypothesis is sup-
ported by the high porosity of the biochar added in the composting process, which 
improves the oxygen distribution in the matrix, making the aerobic microbiological 
processes more efficient (Sánchez-García et al. 2015).

Other researchers (Li et al. 2015; Malinska et al. 2014) have also emphasised an 
indirect benefit of biochar addition linked to the fact that biochar promotes micro-
bial enzymatic activity that accelerates the degradation of organic matter. This spe-
cific outcome depends on the fact that biochar can adsorb molecules, such as NH3, 
NH4

+, H2S and SO4
2, that slow down the organic matter degradation rate when pres-

ent in excess as free ions in the composting matrix. Jindo et al. (2016) also observed 
that the addition of biochar to the composting process has a direct influence on the 
microbial community, by increasing bacterial biomass over fungal biomass over 
time. However, the study did not indicate any benefit, though the capacity to shift 
the microbial population might have attractive applications when dealing with dif-
ficult organic waste having a high organic load.

Biochar not only accelerates the degradation process, but also increases the sta-
bility of the organic matter in the soils by increasing the aromatic character of the 
mixture (Zhang et  al. 2014). The addition of biochar to the composting matrix 
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protects the humic substance against decay by adsorbing them (Jindo et al. 2016). 
Furthermore, biochar in the composting matrix improves the organic matter humifi-
cation, especially reducing the fulvic acids fraction, which are recognised as the 
least stable.

An additional interesting characteristic of biochar is the ability to adsorb heavy 
metals (Inyang et al. 2016) and organic contaminants commonly found in sewage 
sludge. Many studies have confirmed the ability of biochar to reduce the availability 
of heavy metals in the compost from sewage sludge (Cui et al. 2016; Borchard et al. 
2012; Chen et al. 2010). Sorption of heavy metals by biochar involves several mech-
anisms, which mainly depend on the structure of the biochar itself. This is probably 
also the reason why the feedstock for the biochar and its production method are 
major determinants affecting the bioavailability of heavy metals. Some bioavail-
ability studies have documented divergent results. For example, Lopez-Cano et al. 
(2016) found that the addition of biochar to composting had no effects on the bio-
availability of heavy metals. Related to land application, the effect of ageing of 
BCM on the bioavailability of contaminants is still unknown. In addition, only lim-
ited information is available on the effect of biochar on organic contaminants, and 
the underlying mechanisms. Oleszczuk et al. (2014) reported that the bioavailability 
of polycyclic aromatic hydrocarbons (PAH) was reduced in biochar-added com-
posting sewage sludge. In the case of organic contaminants, biochar might also 
stimulate the development of microorganisms that can degrade them (Godlewska 
et al. 2017). However, more research is needed to identify the mechanisms of sorp-
tion and to understand how to increase the microbial population responsible for the 
degradation of the organic contaminants.

3.3  Artificially Formed Terra Preta and Crop Growth

The potential positive synergy between biochar and the composting process has 
been confirmed also at a practical level, though the number of studies on this topic 
is still limited. In particular, very interesting results have been reported in cases 
where a BCM has been applied on land to increase crop yield.

The application of BCM on ferralsols in Australia has increased the maize yield 
and plant growth in terms of grain production and leaves chlorophyll content and 
nutrients uptake (Agegnehu et al. 2016a). Results from the land application of BCM 
on Ethiopian fields cropped to barley also showed similar results (Agegnehu et al. 
2016b), and paralleled earlier results on oat cultivated either in a greenhouse or in 
open fields in the tropics (Schulz et al. 2013). The BCM proved to be effective in 
terms of crop yield when compared to a separate, single application of biochar or 
compost, or a chemical fertiliser. Nevertheless, the research was not yet able to 
highlight the mechanisms behind the interaction between biochar and compost in 
the enhancement of plant growth. Another study revealed the potential of BCM to 
counteract stress caused by water deficit in the cultivation of cucumber in a 
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controlled greenhouse environment (Nadeem et  al. 2017). At the same time, the 
study confirmed the capacity of the mixture to improve plant growth and yield.

The results from trials conducted in temperate climate zones are not as promising 
as those realised in tropical areas. Schmidt et al. (2014) tested the use of BCM in a 
vineyard soil with low fertility over a period of 3 years. The application of the mix-
ture did not have a positive effect on any of the parameters analysed and showed 
only a minor positive effect on plant growth of the first year that disappeared in 
time. The results from another study (Seehausen et al. 2017) revealed that the appli-
cation of the mixture even had a negative effect on plant growth and the total leaf 
area of the plants. This research was conducted in a controlled environment and 
only with composted spent substrate from the cultivation of mushrooms. Therefore, 
the results are applicable only to a very limited selection of raw materials and can-
not be generalised.

4  Untapped Economic Potential of Organic Waste

The simplification of the criteria to assess sustainability has also justified the imple-
mentation of costs analysis schemes that do not take into account economic vari-
ables that cannot be directly connected to investments or operational costs. The lack 
of comprehensive financial analysis has generated optimistic expectations that often 
do not match the real market situations. As a consequence, revenue schemes based 
on a linear technology approach are very sensitive to the variation of the gate fees 
generated from the different raw materials and their quality. This issue has been 
extensively studied: for example, in the case of biogas production technology 
(Boulamanti et al. 2013). In addition to the variability of gate fees, it must be noted 
that organic waste treatment plants are generally developed on a very local basis, 
while the products usually follow the prices of the global market. Therefore, the low 
output quantity cannot influence the demand and the corresponding market price 
(Philp et al. 2017). For these reasons, in a linear approach, a frequent practice is to 
compensate for the variability of the main sources of income by increasing the mar-
ketability of the by-products for applications permitted by environmental legisla-
tion, but which were not considered in the economic models. However, the 
sustainability of practices associated with the sale of by-products needs further 
investigation. As an example, in the economy of biogas plants, the sale of digestate, 
the main by-product, plays an important role in the overall economic profitability of 
the plant (Gebrezgabher et al. 2010). As a consequence, digestate is often marketed 
as a very efficient organic fertiliser, despite the fact that the sustainability of this 
practice is debatable as the benefit in terms of nutrients recycling efficiency is not 
evident. In fact, the characteristics of digestate might promote the formation of 
nitrous oxides, a potent GHG when applied to the soil (Nkoa 2013). Recent field 
studies have confirmed the hypothesis that the land application of digestate can 
increase the nitrous oxide emissions to above normal levels (Eickenscheidt et al. 
2014; Fiedler et  al. 2017). It must be noted that in several countries or regions, 
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digestate application to soil is not even practicable. Similarly, composting technol-
ogy in a linear approach is very dependent on gate fees and the sale of the end 
product. The presence of municipal sewage sludge, which is a feedstock that has a 
high gate fee, limits the use of the end product from composting due to negative 
public perceptions. On the other hand, the uncontrolled use of other feedstocks to 
improve the appeal of the end product can increase the GHG emissions, thereby 
weakening the sustainability of the process (Lim et al. 2016a, b). By contrast, the 
use of pyrolysis technology to produce biochar in a linear approach would appear to 
be economically viable and sustainable at the same time, although the economic 
viability is currently questionable since this technology needs to be improved and 
scaled up, particularly for feedstocks that are not derived from lignocellulosic bio-
mass (Roy and Dias 2017). In addition, recent studies do not support the conclusion 
of a reduced carbon footprint related to biochar, and the current biogenic carbon 
retention models might lead to incomplete conclusions in terms of sustainability 
(Guest et al. 2013).

The shortcomings of the linear approach associated with the latest developments 
in the sector of organic waste treatment have led to recent calls for a more diverse 
use of organic waste in order to fully exploit this multipurpose resource. New treat-
ment techniques have gained more attention as a means to diversify the use of 
organic waste, secure more stable revenues in the long term and to improve the 
sustainability of the treatment processes and the corresponding production chains. 
Among these techniques, extraction of acids from the biogas process, production of 
animal feed by breeding insects on organic waste substrate and cultivation of algae 
in wastewater are among the most promising. Despite their higher profitability, the 
reason for their minor application in comparison to the generation of biogas or com-
post products depends on the fact that producing these alternative end products 
normally requires a specific feedstock, and a deeper understanding of the process, 
in order to be viable.

5  Barriers to the New, Holistic and Circular Approach

In spite of the positive effect that a circular holistic approach could induce, its appli-
cation is still limited to experimental studies or small-scale projects, as there are 
several technical, economic and legislative issues that still prevent the adoption of 
such a model on a larger scale.

5.1  Lack of Innovative Supply Chains

The development of a circular holistic approach, and the creation of synergies and 
mutual benefits between the different sectors involved, requires in many cases the 
establishment of new supply chains for the new products. The products from these 
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recycling processes are not easily integrated into the existing production chains. 
They frequently require extensive evaluation before substituting the traditional raw 
materials in the industry without compromising the main production process itself. 
The application of new raw materials is thus very slow in the food processing indus-
try and in agriculture sectors, which already operate in a very competitive environ-
ment. An additional hindrance is the prevailing reluctance to accept anything 
generated from organic waste. This reluctance arises from a lack of knowledge of 
the long-term consequences related to their use.

5.2  Subsidising Policies

However, the most significant factors slowing down the development of a holistic 
approach are governmental subsidies policies. While the aim of supporting policies 
is to boost the green economy, evidence shows that in most cases they work as a 
deterrent to innovation and the development of new markets (Carus et al. 2014). As 
a consequence, organic waste resources are not properly allocated and most of the 
potential is lost due to erroneous intervention. In fact, current policies that support 
the production of biofuels and bioenergy from organic waste effectively prevent the 
development of and investment in products with a higher market value, such as 
proteins or natural acids. These policies are mainly justified by the effort to reduce 
GHG emissions and secure energy supply (Keegan et al. 2013). However, they fail 
to address the importance of other organic waste-based products with a higher mar-
ket value according to the cascading concept as they do not provide any mechanism 
that would promote their application on a wide basis. The contradictory outcome of 
policies supporting the use of organic waste as a source of energy is also evident in 
other aspects. Usually, these policies have a secondary target, namely the develop-
ment of rural areas by supporting agriculture through the generation of alternative 
revenue streams. However, the outputs (biofuels and bioenergy) of the new agricul-
tural activities are not so significant that it can influence the global market. At the 
same time, the price fluctuations of fossil fuels are often a challenge for the econom-
ics of the production on a rural level (Keegan et al. 2013). This creates a further 
increase of the problems in rural areas without capitalising on the potential of all 
organic waste available in agricultural activities.

5.3  Non-holistic Policies

Governmental policies have also contributed to the wide adoption of the linear 
approach, though that was probably not the intended objective. As a matter of fact, 
many governmental institutions have issued specific policies to improve sustain-
ability practices, where the main focus is on the reduction of GHG emission. This, 
in turn, has favoured the application of processes where the benefit gained from the 

10 Biochar–Compost Mixtures as a Promising Solution to Organic Waste…



226

reduced carbon footprint is easily comparable against the emissions from the fossil 
raw material. The financial support provided by governments has then led to a situ-
ation where most often the only criterion applied to measure sustainability is the 
capability to reduce GHG emissions (Bosch et al. 2015). Further benefits for the 
circular economy may come from the harmonisation of environmental and agricul-
tural legislation.

6  Looking Ahead to the Future Development of BCM

BCM clearly has the potential to offset the negative consequences of agriculture 
intensification and the larger amount of waste from the food industry by enhancing 
the management of nutrient recycling and providing stable soil organic matter. In 
addition, BCM fits seamlessly into the bioeconomy concept as it can utilise, through 
the holistic approach, by-products and materials that are formed in other organic 
waste treatment processes but that are not suitable as such for processing with the 
available treatment options. The flexibility in terms of input materials also makes it 
possible to solve any problems with feedstock availability by processing waste from 
different sectors, such as the food industry, agriculture or wastewater treatment. 
However, before the wide application of the circular holistic approach can take 
place, there are still some challenges to be solved. In addition to a lack of policies 
that promote nutrients recycling and the restoration of organic matter in the soil, 
there are still technical and environmental aspects that must be addressed in order to 
understand the impact of BCM on the ecosystem. As discussed above, several stud-
ies dealing with BCM have been conducted, but these studies lack a common and 
systematic approach that would make it possible to predict the precise quality of the 
end product based on the characteristics of the feedstock. Currently, the experimen-
tal results seem promising only for a few raw materials; they cannot be 
generalised.

In strictly operational terms, future studies should focus on the effect of biochar 
addition on the biomass prior to the composting process. Though the results from 
previous studies are not always consistent, this set-up seems to be the most promis-
ing since it allows us to study not only the benefits of the combination of biochar 
and compost but also the mechanisms that regulate the interactions of these materi-
als during the composting process. As described above, the addition of biochar to 
the compost process improves the porosity of the material and increases the tem-
perature (Li et al. 2015; Theeba et al. 2012; Zhang et al. 2014). Conversely, it is 
likely that the modification of the operational parameters of composting, such as 
moisture or air feeding rate, affects the characteristics of the end products by chang-
ing the interactions between biochar and biomass during composting. Therefore, 
future studies should aim to identify how to adjust the process parameters in order 
to achieve the desired output irrespective of the feedstock.

The possibility to further research on the mechanisms involved in the interaction 
between biochar and compost will also help specify more accurately the 
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characteristics of the mixture and narrow down the applications. At present, the dif-
ferent combinations of biochar and compost are usually applied indistinctively as 
soil amendments, organic fertilisers, and as a means to reduce persistent organic 
pollutants, without any assessment of the quality of feedstock or the contribution of 
process parameters. Despite the flexibility in being able to treat several types of 
organic waste, it is unlikely that one single combination of feedstock and process 
parameters can result in an end product that is optimal for all different applications. 
Future strategies should therefore focus on selecting suitable applications based on 
the local requirements and tailoring the process conditions in composting to pro-
duce end products with the desired characteristics. In this context, the characterisa-
tion of the feedstock emerges as an important factor in the optimisation of the 
efficiency in the selected application. In fact, the final use of the biochar and com-
post mixture restricts the selection of feedstock, as not all organic waste will be 
completely suitable for the selected process in terms of quality. As a consequence, 
mainly feedstock with the most suitable features will be processed. Unsuitable 
organic waste streams will either be processed to produce BCMs with different 
characteristics, or simply redirected to a more suitable treatment process within the 
holistic circular model for managing organic waste. This will further contribute to 
the increase of the overall material efficiency and streamline the management of 
organic waste streams towards sustainable development.

The technological developments need to be accompanied by novel approaches to 
measuring the degree of sustainability of BCM and its use. As one of the targets of 
BCM is to properly manage the nutrients cycle, it is logical to introduce new means 
to evaluate the potential to reuse nutrients. There are some techniques available to 
analyse the flow of nutrients in the natural cycle. While these techniques lack the 
ability to evaluate the efficiency of the recycling processes in qualitative terms, 
Grönman et al. (2016) proposed an approach that would take into account the effi-
ciency of reusing nutrients in relation to their available amount. This novel method 
to calculate the ‘nutrient footprint’ offers the potential to help understand which 
processes and applications can increase the efficiency of reusing nutrients in various 
production chains. The degree of sustainability of the BCM can be further studied 
by integrating life cycle assessment and risk analysis. Life cycle assessment and risk 
analysis focus on other environmental aspects, such as carbon sequestration, eutro-
phication, soil acidification and contamination, associated with the recycling and 
reuse of organic waste in agriculture, which is both the initial generator and the final 
user of the end products in the holistic, circular approach to managing organic waste 
(Oldfield et  al. 2018). In particular, the integration of parameters (e.g. carbon 
sequestration, eutrophication and soil acidification) that indicate the health of soil is 
of paramount importance to ensure sustainable development (Oldfield et al. 2018). 
As a matter of fact, soil depletion is one of the major threats to sustainable agricul-
ture (Pimentel et al. 1995), but a circular holistic approach, by proper management 
of nutrients and constant replacement of organic matter in the top soil, can reverse 
the current adverse trends. It must be noted, however, that new means to assess sus-
tainability require further validation before an extensive adoption. In fact, these new 
tools have been tested on a very limited range of specific conditions and only with 
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one single crop or food chain. It is also clear that the sustainability of the circular 
holistic approach should be supported by economic and social considerations. 
However, the integration of such aspects might be difficult at a general level.

7  Conclusions

The circular holistic approach based on composting as a core treatment method 
offers a new model to cope with the mounting food demand by exploiting in full the 
potential of organic waste resources and, consequently, reducing the burden on the 
environment by combining existing and new treatment technologies. In particular, 
the synergies between biochar and compost offers the opportunity to improve the 
sustainability of the management of organic waste through efficient reuse of nutri-
ents and return of the organic matter back to the soil. This new approach needs to be 
further supported not only by a deeper understanding of the mechanisms involved 
that cause the positive synergism of biochar and compost, but also by appropriate 
methods for sustainability assessment and encouraging policies. Common guide-
lines for the production of mixtures of biochar and compost should be developed in 
parallel with instruments that measure the sustainability with a broad scope. These 
new instruments should include tools to evaluate not only the reduction in GHG 
emissions but also other environmental parameters, the focus being on the efficiency 
in recycling nutrients and carbon sequestration of soil. Correspondingly, the possi-
bility to quantify the sustainability of the new approach presented in this chapter 
will make it possible to revise the current environmental policies in order to pro-
mote sustainability as a whole, and not only from a narrow viewpoint.
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