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Abstract: Wastewater and sewage sludge contain organic matter that can be valorized through
conversion into energy and/or green chemicals. Moreover, resource recovery from these wastes has
become the new focus of wastewater management, to develop more sustainable processes in a circular
economy approach. The aim of this review was to analyze current sewage sludge management
systems in Scandinavia with respect to resource recovery, in combination with other organic wastes.
As anaerobic digestion (AD) was found to be the common sludge treatment approach in Scandinavia,
different available organic municipal and industrial wastes were identified and compared, to evaluate
the potential for expanding the resource recovery by anaerobic co-digestion. Additionally, a full-scale
case study of co-digestion, as strategy for optimization of the anaerobic digestion treatment, was
presented for each country, together with advanced biorefinery approaches to wastewater treatment
and resource recovery.

Keywords: waste management; wastewater; sewage sludge; organic waste; anaerobic digestion;
co-digestion; biorefinery; resource recovery

1. Introduction

The paradigm of waste and wastewater management has changed in recent years from
mere waste disposal to resource recovery. Increasing waste generation due to population
growth and increasing living standards requires an efficient waste management system,
encompassing waste prevention, waste recycling and waste detoxification, including the
separation and conversion of heavy metals and organic contaminants. For organic waste
and wastewater, this means (a) recovering the energy content of carbon compounds, (b) re-
covering nutrients such as nitrogen and phosphorous and (c) separating and neutralizing
toxic compounds such as microplastics or pharmaceuticals from waste and wastewater.

Thus, wastewater treatment plants (WWTP) represent a clear example of the shift
towards resource recovery, and they are now seen as water resource recovery facilities
(WRRF) [1] or wastewater biorefineries (WWBR), aiming to link the treatment of wastewater
to the production of renewable bioproducts that can maximize resource recovery. A WWBR
revolves around conversion of the organic carbon and the recovery of nutrients from the
wastewater as value-added products. Additionally, the revenues from these bioproducts
should be enough to guarantee economic feasibility of the wastewater treatment and
generate a further income. At the same time, the effluent from the initial wastewater is
clean enough to meet the corresponding discharge policies [2].

After the clarification of wastewater in conventional wastewater treatment plants,
organic and inorganic compounds are mainly found as the major byproduct in sewage
sludge [3]. Sewage sludge has a potential value that can be recovered in the form of energy
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or resources, depending on the applied technology [4]. The specific amount and compo-
sition of sewage sludge is dependent on the wastewater and the treatment technology
applied. In modern sewage treatment plants, consisting of at least a mechanical and a bio-
logical purification stage, sewage sludge can be divided into primary and secondary sludge,
according to its generation during wastewater treatment. Primary sludge contains the
solids that form sediment in the primary settling tank (mechanical purification). Secondary
sludge, commonly known as waste-activated sludge (WAS) from the biological purification
stage, is composed of a variety of microorganisms that remove most of the organic matter
in an aerated process and settle in the secondary clarifier. A total of 10.13 million tons in
dry solids of sewage sludge were estimated in 2008, but only in Europe, with an expected
increase of 30% until 2020 [5,6].

A specific regulation regarding management of sewage sludge in the European Union
(EU) is still missing; therefore, there is an urgent need to establish a proper management
system to reduce the amounts and recover valuable energy and compounds from sewage
sludge. The directive concerning urban wastewater treatment only states that the disposal
of sewage sludge to surface waters should be phased out and its recycling should be
encouraged [7]. Furthermore, it establishes the need to make information regarding the
disposal of wastewater and sludge publicly available. Nevertheless, there is a lack of
coherent reporting on the generation of sewage sludge within the European countries, with
incomplete data sources.

Incineration, for example, is an established thermal technology to yield energy from
recalcitrant organic matter from sewage sludge and solid municipal waste, while reducing
its volume. Anaerobic digestion (AD), on the other hand, is the most common biolog-
ical method to recover the energy content of carbon compounds in the sludge by their
conversion into methane. While nutrients can be reused in agriculture after biological
treatment, they are either lost or bound to ashes after thermal treatment. According to the
Sewage Sludge Directive, which regulates the use of sludge on the soil, this can only be
done after proper treatment (e.g., biological, chemical or long-term storage) to reduce its
fermentability and potential health hazards [8]. In Europe, the produced sewage sludge
has different final destinations, such as agriculture (49.2%), land reclamation (12.4%), incin-
eration (24.9%) or landfill (8.7%). For comparison, around 65% of the sludge was destined
to agriculture in Scandinavia in 2016 [9,10].

However, sewage sludge contains a rich pool of organic matter (i.e., carbohydrates,
proteins and lipids) that could also be biologically fermented for the production of other
value-added products, rather than biogas. Moreover, the increasing depletion of natural
resources has shifted the research efforts towards green chemical production, in addition
to energy recovery, as previously mentioned in WWBR. For instance, sewage sludge has
been used for the production of biofuels such as biodiesel [11], and for the production of
biopesticides [12], bioplastics [13] or volatile fatty acids [14].

A promising approach to improve sewage sludge valorization is the addition of
another organic waste, which can increase the amounts of energy and green chemicals
recovered from organic waste and improve the economy of the treatment plant [15]. More-
over, the co-digestion of wastes can overcome problems related to single substrate digestion,
such as a lack of micronutrients or imbalanced C/N ratio, and favors the growth of a robust
and more diverse microbial community [16]. Some examples of organic wastes that can
be co-digested are animal manure, agricultural residues, garden waste, sludge from fish
farming (manure and excess feed), the organic fraction of municipal solid waste (OFMSW)
or slaughterhouse waste. Organic wastes containing biodegradable matter also hold huge
potential as carbon resources that can either be used for energy recovery in the form of
biogas or as raw material for different bio-based compounds [17].

The management of sewage sludge through anaerobic digestion and co-digestion
with other organic waste has been commonly applied in northern Europe, especially for
bioenergy production [5]. In fact, Nordic countries have ambitious policies to become
fossil-free by 2050, focusing on renewable energy sources, such as wind or bioenergy. In
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2013, biomass and waste accounted for 18% of the primary energy production, with an
expected further increase to about 35% by 2050 [18,19]. The proper management of sewage
sludge can play a fundamental role in future bioenergy production, apart from resource
recovery and its valorization to green chemicals. For that purpose, biorefineries and the
co-digestion of wastes will be key players in the future of sludge management [20]. There
are several publications in which sludge management is reviewed, focusing on the different
available technologies [21,22]. The co-management of sewage sludge with other solids
wastes in Europe was also evaluated, presenting the potential benefits of co-composting,
co-incinerating or co-landfilling these wastes, for optimization and cost reduction of these
technologies [23]. However, incineration is only economically feasible for waste with low
moisture content. Likewise, landfilling requires a low moisture content (at least 20–25%
dry matter, DM), and is highly regulated by the European legislation, due to its potentially
negative environmental effects [23]. In addition to the treatment and disposal of sludge,
the recovery of resources such as nutrients is another important factor to consider during
its management. Different technologies have been and are still being developed for that
purpose, as reviewed in several publications [24,25]. However, a life cycle assessment
(LCA) is often required to evaluate the environmental impact of the nutrient recycling [26].

The chemical composition of sludge can vary significantly depending on the applied
wastewater treatment, and the geographical location. For that purpose, the available
technologies for sludge management and resource recovery should be tailored to the char-
acteristics of the sludge. Potential substrates for anaerobic co-digestion with the sludge
have been previously reviewed [27], but there is a lack of publications targeting Scandina-
vian countries, in which the co-digestion of organic waste for biogas production has been
taking place for several years [28]. These established systems present an opportunity to
include sludge in co-digestion, which could be an interesting approach to centralized or-
ganic waste management. In this paper, focus is on Scandinavian countries (i.e., Denmark,
Norway and Sweden), to review the current technologies applied for sludge management.
Moreover, due to the Scandinavian experience with co-digestion, other relevant organic
waste fractions were identified, which could potentially be co-digested with the sludge. A
full-scale case study is presented for each country, in which sewage sludge is co-digested
with another organic waste, emphasizing the advantages of co-digestion. In addition, sev-
eral advanced biorefinery approaches to wastewater treatment and resource recovery are
included. Therefore, the findings from this review paper could enhance the establishment
of robust co-digestion systems, key players in urban organic waste management.

2. Sewage Sludge Management in Scandinavia

The management of sewage sludge focuses on the reduction in sludge volume and
weight, while decreasing the potential health hazards of the waste. The process can be
divided into four steps: thickening, treatment or stabilization, dewatering and final disposal
(Figure 1). The first step, sludge thickening, increases the solids content and reduces the
water volume quickly, which minimizes the unit load on the following treatment. Different
technologies can be applied for sludge thickening, such as gravity settling (as presented in
Figure 1) or polymer addition. Secondly, sludge is stabilized, with the main purpose of
reducing the pathogens and eliminating the odors. However, the type of treatment applied
to the sludge depends on the volume of sludge generated and the disposal method, while
the disposal method is influenced by the regulatory constraints.

There are three main stabilization methods that can be applied to the sludge: alkaline,
aerobic (thermophilic) or anaerobic (thermophilic) stabilization [29]. The first one, alkaline
stabilization, is achieved by the addition of lime to dewatered sludge to increase the pH to
around 12, which, in turn, rapidly increases the temperature of the sludge. A typical dose is
550 kg CaO per ton sludge DM, for sludge with a 25% DM content [29]. This process leads
to ammonium release and the high temperature also provides good hygienization of the
sludge, avoiding microbial activities that can lead to odor production. On the other hand,
aerobic stabilization, also called aerobic digestion, can be considered a continuation of the



Energies 2021, 14, 3411 4 of 21

activated sludge process, in which microorganisms consume the remaining organic matter.
Finally, anaerobic stabilization, also called anaerobic digestion (as presented in Figure 1),
consists of the degradation of sludge under anaerobic conditions, generating methane and
carbon dioxide as final products. An advantage of anaerobic digestion compared to other
stabilization methods is the production of methane, which can be used as an energy source
to run the WWTP [30].

Figure 1. Scheme of sludge management.

Subsequently, sewage sludge is dewatered to improve handling of the waste, while
meeting the disposal regulations. Different technologies can be applied for dewatering,
such as centrifugation or drying beds. Finally, the stabilized and dewatered sludge can be
disposed using different alternatives: land spreading, landfilling, incineration, etc. Land
spreading consists of the addition of sludge to the soil, in order to improve the soil structure,
water infiltration, addition of nutrients such as N and P, etc. Nevertheless, the application
of sludge in the soil has to meet the established limits for heavy metals, nitrates, and
other pollutants [30]. Moreover, sewage sludge can also be used in the cement and brick
manufacturing industries [31].

Depending on the final disposal method, the water content of the treated sludge
can vary. For example, around 30–45% DM content is necessary to incinerate the sludge
together with other materials, while 60–90% DM is required for a separate combustion
of the sludge [32]. On the other hand, the common combination of anaerobic digestion
for sludge stabilization, followed by dewatering, generates a final product with about
25% DM, which can be further used for different purposes, such as soil application or
composting [33].

Furthermore, there is an increasing interest in novel routes for energy recovery of
sewage sludge, such as pyrolysis or gasification. Despite their complex equipment, these
thermochemical technologies may present a greater volume reduction and better economic
performance [34]. Pyrolysis, for instance, is a process that takes place at high temperatures
(between 300 and 700 ◦C) in the absence of O2. It is a versatile technique, as very different
products can be obtained: the pyrolytic gas can be burned as fuel to provide heat and
electricity, the bio-oil can be used as raw material for the production of chemicals or fuel,
and the biochar contains concentrated nutrients, which can be used in soil amendment [35].
However, one of the main drawbacks of these thermochemical technologies is their en-
ergy consumption, required for sludge dewatering and drying. The high pressure and
temperature required during these processes make them energy-intensive technologies.
Therefore, anaerobic digestion seems to be a more suitable technology for a liquid stream
such as sludge, in comparison to combustion processes, due to the higher flexibility and
lower requirements to handle the moisture content of the feedstock [35].

In addition to energy, nutrients can also be recovered from sewage sludge. The most
common method is its use as fertilizer after sludge stabilization due to both the increasing
generation of sludge and to the need for fertilizers for agriculture. However, a disadvantage
of this approach is the lack of information regarding nutrient content and bioavailability,
which makes sludge a low-quality fertilizer compared to conventional fertilizers [25,36].
On the contrary, after pyrolysis, most of the phosphorus and half of the nitrogen remain in
the generated char, which is considered a potential fertilizer. While nitrogen is reported to
be insoluble, the phosphorus is considered plant-available [37].

It is also worth mentioning that different contaminants, such as microplastics, phar-
maceuticals, surfactants and heavy metals, are emerging in wastewater, due to lifestyle
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changes in human society. These contaminants accumulate in the sewage sludge during
wastewater treatment, and some of them may not be degraded during sludge stabilization
(in anaerobic digestion, for instance) [38,39]. Therefore, a correct final disposal of the sludge
should take this into consideration. For example, the spreading of sludge in agricultural
land could be a source of contamination, if not properly managed [40,41].

2.1. Denmark

With a population of 5.7 million inhabitants and a total area of 42,943 km2, Denmark
is the most densely populated Nordic country [42]. This entails a high yearly urban
wastewater generation of about 115 m3 per person and more than 140,000 tons DM of
sewage sludge [43]. The main Danish wastewater treatment companies provide services to
more than 5 million people in the country, and operate 456 treatment plants, which treat
more than 670 million m3 of wastewater, with a load of 7.1 million population equivalents
(PE) [44]. Almost half of the PE load corresponds to main cities, such as Copenhagen,
Aarhus or Aalborg, with the highest population density.

It is estimated that an average of 29% of the total operating expenses in WWTP
correspond to the treatment and disposal of the generated sludge, depending on the
treatment method and the quality of the sludge itself. Danish WWTP deal with the surplus
sludge by following two steps: sludge treatment, followed by sludge disposal (Figure 2).
According to the Danish regulations, sewage sludge can be classified into three different
groups: (1) Sludge that is only dewatered before disposal, (2) Sludge that is used for
biogas production, followed by dewatering before disposal, and (3) Sludge that is slowly
degraded in mineralization beds, usually emptied every 10 years. The second treatment
method, anaerobic digestion, stabilizes the sludge and produces biogas that can be used
as energy source for the own treatment plant or injected to the grid after upgrading the
gas. The remaining fraction, after anaerobic digestion, is then dewatered and disposed.
Each wastewater company can decide which type of treatment is applied to the sludge; for
example, larger plants usually build a biogas plant to treat their own sludge [44].

Figure 2. Surplus sludge management in Danish WWTP, according to [43]. The treatment methods
are in bold, while disposal methods in italics.

The third technology applied for sludge treatment is mineralization beds, in which
the sludge is slowly degraded. Sludge treatment reed beds (STRB) are a common type of
drying bed, which have been used in Denmark since 1988. There were about 105 systems
in operation in 2015, treating up to 3000 tons DM of sludge [45]. This technology consists of
a series of drying beds loaded in turns, with two or three operational cycles of 10–15 years.
Over this period of time, the sludge is mineralized by naturally occurring microorganisms,
although it is common practice to plant a common reed (Phragmites australis (Cav.) Trin.
Ex Steud) to enhance this process. The sludge can achieve a dry solid content of 25–40%,
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compared to typical dewatering processes such as centrifugation (15–20%) or belt press
system (15–24%), and is then suitable for land application [45,46]. Compared to other
systems, mineralization beds have several advantages: besides dewatering, this technology
minimizes the sludge volume and improves its quality, since it partially mineralizes the
organic matter in the sludge [47].

After treatment of the sludge, using one of the three previously mentioned methods,
the sludge is dewatered and disposed of according to its category: (A) Sludge that is spread
on farmland, (B) Sludge that requires further treatment, e.g., composting (that needs further
sanitation before reutilization, for example, because of high levels of pesticides) and (C)
Sludge that is landfilled or incinerated (usually due to a high content of heavy metals,
which does not comply with the legislation for sludge application to soil). Based on the
pertinent analyses of the sludge and the management strategy, each wastewater company
determines the method of disposal. The distribution of the sludge quality depends on the
company and region of origin; some only contain A sludge, while in others, it is only C
sludge that is incinerated.

2.2. Norway

Norway is located at the Western part of the Scandinavian Peninsula, with a popu-
lation of 5.3 million [42]. A total of 86% of the population is connected to the municipal
wastewater treatment system, consisting of 2714 WWTP (≥50 PE capacity). It is estimated
that only 1.7% of the Norwegian land is used for urbanized areas [48], and one fourth of the
population lives in rural and mountainous regions. Thereby, there is a high number of small
municipal WWTP due to the population distribution, which is spread over the country [49].
Moreover, the remaining population (14%), not connected to municipal WWTP, is served by
private small-decentralized treatment systems (<50 PE), such as septic tanks or infiltration
systems [50].

In the last 10 years, sewage sludge production in Norway has increased by 20%, up to
a yearly production of approx. 120,000 tons DM. The increasing population and stricter
requirements for wastewater treatment before discharge to water recipients are the main
causes. Sewage sludge has been employed in Norway as a soil enhancer since the late 1970s,
and the Norwegian wastewater sector has more than 30 years of experience with sludge
stabilization and hygienization methods. The most common methods used in Norway for
sludge stabilization and hygienization are presented in Figure 3.

Figure 3. Sludge management practices in Norway (adapted from [51]). The treatment methods are
in bold, while disposal methods are in italics.
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There are 137 registered facilities that treat sewage sludge in Norway [52]. Larger
facilities usually apply the following processes: thermophilic aerobic pre-treatment and
mesophilic anaerobic digestion, pasteurization and mesophilic anaerobic digestion, ther-
mophilic anaerobic digestion, and thermal hydrolysis, a process that was first applied to
sewage sludge by the Norwegian company Cambi, combined with mesophilic anaerobic
digestion. At the smaller facilities, the following process and process combinations are
more common: lime stabilization of dewatered sludge, composting, long-term storage
and simple windrow composting, while wet composting is currently only applied at one
municipal WWTP [40].

National organic fertilizer regulations establish limit criteria when using the sewage
sludge as soil enhancer [53,54]. The limits comprise the content of heavy metals, salmonella-
bacteria and infective parasites, as well as a limit of fewer than 2500 thermotolerant coliform
bacteria per gram of dried sludge.

2.3. Sweden

Sweden, with a population of 10.2 million people, is the largest country of Scandi-
navia, with most of the population living in the southern part [42]. An average of 110 m3

wastewater were generated per person in 2018, and 212,000 tons DM of sewage sludge
were produced in total [55,56]. More than 1.100 million m3 of wastewater are treated every
year in 453 WWTP across the country; of these, only 5% of the plants treat wastewater from
>100.000 PE, while 60% of the WWTP have a size of <10.000 PE [56].

In Sweden, 20% of the energy consumed in a WWTP relates to sludge treatment [32].
As presented in Figure 4, the most common stabilization method in larger WWTP is
anaerobic digestion at mesophilic conditions, followed by dewatering in centrifuges (and
the supernatant after dewatering is returned to the WWTP). Only 135 WWTP in Sweden
have a digester for biogas production from sludge, since many of the WWTP are small and
it is not profitable to build one [57]. Smaller WWTP, on the other hand, usually dewater
the sludge in mineralization beds [33]. A third treatment option for sewage sludge is lime
addition, which is common in small plants that do not have a digester. The stabilization of
sludge with lime is an exothermic process that reduces the organic matter content, achieving
low moisture contents (less than 10–15%), due to the high temperatures achieved [58].

Figure 4. Common sludge management in Sweden (adapted from [33]). “Others” stands for land
restoration and construction land. The treatment methods are in bold, while disposal methods
in italics.

After treatment of the sludge, there are different options for its disposal (Figure 4).
The most common uses of sludge are in the production of plant soil, landfill cover or
as a fertilizer on fields. However, the amount of sludge used as fertilizer has stayed
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the same for the last decade, at around 40% [56]. This application has been a topic of
ongoing debate in Sweden in recent years [59]. Recently, the Swedish government has
proposed a ban on spreading sewage sludge in agriculture, due to the low nutrient content
and plant availability, but encouraged the recovery of nutrients from ash after sludge
incineration [24,59,60]. Moreover, the government also considers the increasing content
of potential harmful substances, such as microplastics, and the lack of available land for
sludge spreading, as justifications to search for other sludge uses.

In recent decades, the quality of the sludge in Sweden has increased, mainly through
preventive actions (i.e., reducing the amount of unwanted substance before they reach
the wastewater treatment). However, this strategy is easier to apply to industries and
companies than to households. One example of this approach is the REVAQ-certification,
a quality control system under which the WWTP committed to reducing the number of
unwanted substances. Around half of the wastewater in Sweden is treated at REVAQ-
accredited WWTP [56].

2.4. Comparison of Sludge Management and Quality

As presented in Table 1, the sludge generated after wastewater treatment is commonly
valorized via anaerobic digestion and dewatering in all three countries. However, different
combinations of these technologies are applied in each country, depending on the sludge
composition and current legislation. Disposal of the sludge, on the other hand, follows
similar routes in the three countries (i.e., soil application as biofertilizer or soil amendment).

Table 1. Summary of sludge treatment and disposal methods in Scandinavian countries. References
are presented in square brackets. AD: Anaerobic digestion; DK, Denmark; NO, Norway; SE, Sweden.

DK [43] NO [51] SE [33]

Treatment method
Dewatering X

AD + Dewatering X X X
Mineralization bed X

AD + Mineralization bed X
Dewatering + Lime addition X X

Thermal treatment + AD X

Disposal method
Agricultural use X X X

Composting X X
Landfill X X X

Incineration X X
Other X

Other methods to manage the dewatered sludge are landfill or incineration, which are
applied differently, depending on the country. A summary of the final destination of the
sludge is presented in Table 2, together with the generated amounts per country.

Table 2. Summary of sludge generation and final destination. Soil application comprises its use as
fertilizer and plant soil. References are presented in square brackets. DK, Denmark; EU, Europe; NO,
Norway; SE, Sweden.

Units DK [43,61] NO [62] SE [55] EU [6,9]

Generated sludge Tons DM/year 140,000 112,000 212,000 13,000,000
Final destination %
Soil application 64.9 82.4 64.5 61.6

Incineration 28.2 0.6 1.3 24.9
Landfill 0.8 6.3 18.2 8.7
Other 6.1 10.7 16.0 4.9

It is worth noting that the total generated amount of sewage sludge in tons of DM is
not directly comparable, as it depends on the origin, wastewater treatment type, etc. After
treatment of the sludge, it can be disposed of and serve different purposes, as presented
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above. Both Denmark and Sweden use 65% of the total sludge for agricultural application,
which is very similar to the European average. In Norway, on the other hand, more than
80% of the sludge is finally used as fertilizer or plant soil. It is worth mentioning that the
second most common strategy for sludge management in Denmark is incineration, using
almost 30% of the sludge. This could be due to a high heavy metals content in the sludge,
or other contaminant products, which decrease its quality. Nevertheless, Denmark has a
long tradition of incinerating waste, following a waste-to-energy approach. Around 50% of
the Danish municipal solid waste is incinerated [63], and the current waste incineration
plants generate approx. 20% of all district heating and 5% of the electricity consumption in
the country [64]. Despite the establishment of incineration as energy recovery technology,
it is an energy-intensive process, as the energy recovery potential during sole sludge
incineration is lower than the energy content of its organic matter, due to the energy
required to dewater the sludge [65].

As presented in Table 2, the classic uses of sewage sludge are land application, energy
recovery (i.e., incineration) and landfill. However, landfilling is an outdated practice for
waste disposal (and the least preferable option in the EU’s waste hierarchy), with negative
impacts on the environment and the economy [66]. Moreover, the European Landfill
Directive sets the target to reduce the landfilling of all waste, suitable for recycling or
energy recovery, from 2030 [67].

The traditional valorization of nutrients from the sludge consists of their reuse for
agricultural purposes, such as soil fertilizer. Nevertheless, there are specific European and
national policies, which determine the maximum concentration of certain components
present in the final sludge product, such as N, P or heavy metals, in order to avoid their
accumulation in the soil [40]. A summary of the different compounds that affect the quality
of the sludge is presented in Table 3, including the national average values of sludge in
Scandinavian countries.

Table 3. Summary of sludge average composition of nutrients and heavy metals, including the
maximum allowed concentrations of the different compounds (in italics). References are presented in
square brackets. DK, Denmark; EU, Europe; NO, Norway; SE, Sweden.

Compound DK NO SE EU

mg/kg
DM

Average
[68,69]

Max.
Allowed

[70]

Average
[71,72]

Max.
Allowed

[72]

Average
[73]

Max.
Allowed

[72]

Max.
Allowed

[8]

N 30,000 30,000 46,000
P 20,000 15,000 26,500

Cd 0.9 0.8 0.6 0.4 0.7 2 20–40
Cu 295.5 1000 164.8 50 353.3 600 1000–1750
Ni 23.9 30 12.9 20 16.8 50 300–400
Pb 52.8 120 13.8 40 16.2 100 750–1200
Zn 1046 4000 391.1 150 562 800 250–4000
Hg 1 0.8 0.3 0.2 0.5 2.5 16–25
Cr 24.5 100 16.9 50 22.1 100 -

The average concentrations of heavy metals in the sludge are also presented in Table 3,
as well as the maximum allowed concentration in the sludge, according to national and Eu-
ropean legislation, for its use in agriculture. The mentioned concentration is an average and
does not necessarily indicate that the sludge is applied to the soil. The European limits for
heavy metals concentration in the sludge were implemented in the Sewage Sludge Directive
in 1986, but each country established national limits following the European guidelines.

Nevertheless, stabilized and dewatered sludge may be a low-quality fertilizer, de-
pending on its origin, composition and potential contaminants. Additionally, the current
legislation does not consider microplastics or pharmaceutical residues in the sludge. More-
over, the revised EU Fertilizer Regulation, in 2019, excluded sewage sludge from the
production of market organic fertilizers [74]. Other nutrient-recycling alternatives, consid-
ered in the EU Fertilizer Regulation, include struvite production, biochar after pyrolysis or
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direct extraction from ashes after incineration, as mentioned in Section 2.3. The recovery
of P from sludge ashes is gaining increasing attention, and a commercial plant was built
in Sweden for that purpose. With their patented process, clean commercial phosphorus
products are produced, such as Calcium Phosphate, Ferric Chloride or Aluminium Hy-
droxide [75]. These are promising alternatives for nutrient recovery (especially P) from
sludge, although they imply a compromise between the input energy required to treat the
sludge with these technologies and the resources that can be recovered.

2.5. Environmental and Economic Aspects of Sludge Management in a Circular Bioeconomy

With the world shifting to a circular economy and sustainable development, the gen-
eration of waste should be minimized, and the value of products and resources should be
maintained for as long as possible in the economy. Accordingly, the European Commis-
sion (EC) set ambitious targets for a circular economy in 2014, with different legislative
proposals [76], including the first Circular Economy Action Plan in 2015, which aimed at
the transition to a more circular economy [77]. In this context, the increasing generation of
sewage sludge and its management can play a crucial role, due to its potential as a raw
material for green chemicals’ production and nutrient recovery. Therefore, economic and
environmental evaluations of the different sludge management technologies and resource
recovery opportunities are essential, in order to integrate them into a circular economy.
A summary of the main economic and environmental considerations for the previously
reviewed technologies is presented in Table 4. As mentioned in Section 2.4, incineration is
an energy-intensive process, and the recovered energy from sole sludge incineration does
not offset the required energy [65]. Landfilling, on the other hand, does not require a high
investment, but the generated landfill gas emissions have negative environmental effects,
in addition to the underground water pollution.

Table 4. Summary of the economic and environmental aspects of different sludge management strategies.

Technology Environment Economy

Anaerobic digestion and soil application Recovery of organic matter Biogas production for heat and electricity

Nutrients can be reused Recalcitrance of sludge may reduce biogas
yield

Greenhouse gas emissions reduction Replacement of chemical fertilizers
Potential contaminants and low nutrient
bio-availability

Low investment and energy consumption

Mineralization beds Organic matter mineralization Volume reduction
Sludge stabilization Large land extension required
Released water treated via percolation Volume reduction (handling costs reduction)

Incineration Energy recovery Ashes disposal
Thermal destruction of pathogens and odours Energy intensive
Potential gas emissions
Nutrients not recovered

Pyrolysis Energy recovery Volume reduction (handling costs reduction)
Thermal destruction of pathogens and odours Energy intensinve
Nutrients recovered in biochar Complex equipment
Less pollutant (O2 absence)

Landfill Landfill gas emissions Low investment
Low sludge stability (odours, pathogens, etc.) Large land extension required
Underground water pollution Linear economy approach

For the environmental aspect, LCA can be applied to assess the impact of the different
sludge management technologies. In fact, several publications compared the environ-
mental performance of different approaches, such as incineration, anaerobic digestion
or pyrolysis [78,79], and pyrolysis was found the best waste-to-energy technology [80].
Nevertheless, a complete LCA is highly dependent on the underlying assumptions, as well
as on the set boundaries and selected impact categories [81]. Some of the common impact
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categories are climate change, water depletion, freshwater ecotoxicity or agricultural land
application [78].

Simulation processes are key tools in order to evaluate the economic feasibility of the
processes and different scenarios. For that purpose, it is necessary to set the boundaries
of the simulation (similarly to an LCA), while standardizing the conditions needed for
a comparison of different scenarios. One example would be to estimate the treatment
cost per ton of waste material, or per m3 of produced biogas. Despite the increasing
research interest in resource recovery from wastewater treatment facilities, there is a lack of
economic studies that evaluate large-scale plants for sludge management. For example,
bioplastics production from sewage sludge was evaluated, coupling this process to a
current WWTP. It was found that the size of the WWTP had a high effect on the economic
feasibility of the plant, as well as the methane selling price [13]. However, the social impact
of the different technologies should also be evaluated, in addition to environmental and
economic considerations, in order to perform a full sustainability assessment.

3. Other Representative Organic Wastes in Scandinavia

The management of organic or biodegradable waste has changed in recent years,
shifting from landfill to its use as raw material for the production of bioenergy or green
chemicals, in the framework of a circular economy. The EC defines bio-waste as biodegrad-
able garden and park waste, food waste from households, canteens, restaurants, food
processing plants, etc., but it does not include agricultural residues, manure or sewage
sludge [66,82]. Between 118 and 138 million tons of bio-waste are annually produced in
Europe [83], of which 86 million tons came from municipal waste (i.e., food and garden
waste) in 2017 [84]. The current collection of bio-waste differs between countries, but the
EC set 2023 as the target for mandatory separated bio-waste collection in Europe [82]. Of
the total bio-waste generated in Europe, an average of 40% was still landfilled in 2010 [83],
but the EC encouraged the biological treatment of bio-waste by anaerobic digestion or com-
posting [82]. In addition, a gradual reduction in bio-waste landfilling was proposed [85],
establishing a limit of 10% by 2035 [86]. To achieve higher shares of bio-waste supplied to
specific treatments for energy and resource recovery, the design of a bio-waste manage-
ment system with high waste collection shares has to be established in the first place. In
this section, different representative organic wastes from Denmark, Norway and Sweden
are presented.

3.1. Denmark

In addition to sewage sludge from wastewater treatment, other representative organic
wastes generated in Denmark are livestock manure, the OFMSW or agricultural waste.
OFMSW consists of the bio-waste from households, i.e., garden and food waste. Denmark
was the country with the highest bio-waste generation in 2017, with 375 kg/person, com-
pared to the European average of 180 kg/person [84]. A total amount of 439,000 tons food
waste was generated in Denmark only in 2018, compared to 207,000 tons in 2014 [87]. The
recent increase in organic waste is not due to an increase in its generation, but to higher
shares of the separate collection of organic waste in municipalities and industries [88]. This
entails the necessity of a waste treatment system tailored to the quantity, composition,
quality and final use of organic waste.

In the Copenhagen area, for example, after being collected, the OFMSW is transported
to a plant, where it is pretreated to produce the so-called biopulp. This material is obtained
after a mechanical pretreatment step and is intended for biogas production or composting.
The value of the biopulp depends on different characteristics, such as the quality of the
material, DM content or biogas potential, but the average market price of biopulp with a
15–16% dry content is about 100 kr./ton, roughly corresponding to 13.4 €/ton [89].

Livestock manure is another representative organic waste in Denmark, with an esti-
mated production of 35 million tons per year [90]. The high livestock manure production
in Denmark is, in part, due to its role as major exporter of pork meat. A total of 80% of the
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generated manure is in the form of slurry, which is mainly used as a substrate for energy
generation. Following the Danish environmental policies, by 2020, at least 50% of the
total manure production should be treated for energy purposes (i.e., anaerobic digestion,
gasification, pyrolysis or combustion) before it can be spread as fertilizer [90]. Biogas
plays an important role in bioenergy generation in Denmark as a way to manage any
type of organic waste, such as manure or sewage sludge. Most of the biogas plants are
manure-based, which represents more than 75% of the input material to the plant. In the
case of sewage sludge, anaerobic digestion of the material usually takes place locally in a
digester in the wastewater treatment plant.

3.2. Norway

According to Statistics Norway, around 200,000 tons of food waste were collected
in 2018, representing approx. 9% of the total waste produced by an average Norwegian
household [91]. Each municipality chooses their own type of collection system and waste
fraction, which vary between municipalities. Overall, coverage with recycling collections
is high and a range of different recyclable fractions can be recovered. A total of 70% of the
municipalities offer the separate collection of bio-waste, 87% of plastic packaging and 98%
of paper packaging. However, there are different approaches to food waste collection in
Norway. In 2012, the City of Oslo made source sorting of food waste mandatory, moving
towards 50% recycling by 2018. The OptiBag system is used, based on different color
bags for the main three household fractions—food waste, plastics and rest waste—to
be separated in an optical separation plant with the subsequent respective treatment of
the three different fractions [42]. The food waste fraction accounts to 18,700 tons and is
supplied to an anaerobic digestion plant.

In Norway, the main other relevant organic waste types are fish sludge and animal
manure. Over the last 10 years, the Norwegian aquaculture production has doubled, from
about 600 thousand tons to over 1.2 million tons [92], and it has been anticipated to increase
fivefold by 2050. Fish waste and sludge originate from extensive fish farming activity,
which is mostly located at the country’s West and Northern coasts. From salmon farming
only, it is estimated that approx. 400,000 tons of fish sludge, composed of fish manure and
feed surplus, are produced every year in Norway [93]. A recent study showed that, if all
fish production was to be transferred from the sea to closed aqua systems on land, approx.
2,145,000 tons of sludge with 10% DM would be produced per year. This waste would
translate into 0.8 TWh as biogas or 1.2 TWh if incinerated (less than 1% of the total energy
consumption) [94]. Organic wastes of animal origin are not only energy-rich substrates
but also a source of important nutrients such as nitrogen and phosphorus, and therefore,
at present, key actors in the circular economy concept. For instance, fish sludge has a
phosphorus content of approx. 2–3% DM and a nitrogen content of 6% DM, while animal
manure possesses a phosphorus content in the range of 0.9% DM [94,95].

3.3. Sweden

In Sweden, the collection of food waste as a separate fraction in households is still
rising: 73% of Swedish municipalities sorted food waste from households already in 2016,
which increased to 77% in 2017 [42] and 82% in 2019 [96]. The biological treatment of
household organic waste has also followed an increasing trend since 1975, when only
60 thousand tons were treated, compared to 686 thousand tons in 2019. Organic waste from
households is composed of both food waste and garden waste, and food waste represents
more than 61% of the total municipal waste amount [96]. Anaerobic digestion is the main
technology applied for its biological treatment, obtaining biogas as energy resource. A total
of 0.18 TWh of biogas as transportation fuel, heat and electricity were generated in 2019
from organic waste sorted in households (less than 1% of the total energy consumption).
There is a rising trend of waste sorting, which, combined with the optimization of its
biological treatment, will only result in higher green energy generation.
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About 1700 tons of biofertilizer were produced in 2019 from the biological treatment of
organic household waste, 99% of which was used on agricultural land [96]. Moreover, 30%
of this biofertilizer was approved for use within organic farming. In Sweden, biofertilizer
produced from pure sources, such as sorted food waste, can be labelled as a product
that complies with certain quality standards, a certification system from Avfall Sverige
in collaboration with the agricultural and food industry, manufacturers and researchers,
among others. Biofertilizer, produced from the co-digestion of different organic wastes such
as manure or garden waste, can also be certified, but not from sewage sludge digestion [97].
Certification of the product is voluntary, but almost 82% of the biofertilizer produced in
2019 from organic wastes other than sewage sludge was certified [96].

4. Co-Digestion Concepts of Organic Wastes for Higher Energy Yields and Production
of Green Chemicals

Examples of relevant organic wastes that can be co-digested with sewage sludge for
its valorization are OFMSW, fish waste or even the scum produced during wastewater
treatment [35]. As previously mentioned, co-digestion can improve the efficiency of the
process, due to the synergistic effect of the microbial communities [15]. Moreover, it can
reduce possible inhibitory compounds of the wastes [98]. The co-digestion of different
organic wastes for biogas production has been applied in Danish manure-based biogas
plants since the 1980s. The co-digestion concept has been increasingly applied in recent
years in Norway, and some of the biggest Norwegian biogas plants are treating (or being
designed to do so) more than one substrate at present. From the total of 43 biogas plants,
eight treat food waste, alone or in combination with sewage sludge/animal manure, while
seven plants combine sludge with other organic resources, such as fish waste, forestry
residues or animal manure [99].

A description of different case studies where another organic waste is added to
sewage sludge, is presented in the next section, as well as current examples of sewage
sludge management strategies in Denmark, Norway and Sweden.

4.1. Billund Vand, Denmark. Co-Digestion of Sewage Sludge with OFMSW and Organic
Industrial Waste

An example of co-digestion takes place in Billund, a municipality located in central
Jutland, the mainland of Denmark. Billund Vand, in charge of wastewater treatment, has
been producing biogas from the co-digestion of organic wastes and sewage sludge since
1996. In this plant, organic household waste and organic industrial waste (OIW) are added
to the sewage sludge, which are anaerobically digested to produce biogas. The citizens
of Billund municipality have been effectively sorting organic household waste since 1997,
which is transported from the collection points to the plant. Organic household waste is
collected in special paper bags, which do not degrade with the moisture of the waste, but
can take part in the anaerobic digestion [100]. In addition, the waste passes through a
magnetic separator to make sure there are no metal scraps. The other organic waste is OIW,
which consists of flotation fat from the food processing industry. A total of 48,000 tons of
waste is treated annually, of which sewage sludge represents 63%, organic household waste
4% and OIW 33%. The produced biogas, around 1.28 million m3, is used for electricity and
heat production, generating a 50% energy surplus in the plant. Electricity is sold to the
public grid and the heat is used to heat the plant. Additionally, the digestate after AD is
dewatered in a screw press, the rejected liquid is sent to the WWTP again, and the fiber
fraction (20–25% DM) is used as fertilizer by the farmers. Nevertheless, the national policies
limit the application of digested OFMSW as fertilizers, requiring a previous hygienization
process at 70 ◦C degrees for 1 h, in order to ensure there are no present bacteria in the
fertilizer [70].

In 1993, the first pilot project to sort OFMSW started, which was consolidated in 1997.
The sorting rate is extremely good, since only 1% of the collected fraction is rejected [100].
The success is largely due to the motivation of the citizens, which are responsible for the
proper sorting of the waste. Billund was the first municipality in the country which used
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OFMSW for biogas production, a currently increasing trend in the rest of the country.
Despite the current effectiveness of the system, the plant initially faced some technical
challenges: the presence of sand and bones in the waste broke the rotatory pumps only
after 14 days of operation and the heat exchanger capacity had to be increased. However,
the system currently uses centrifugal pumps and has run smoothly since 2001 [100]. The
process is also centralized, meaning that the residues from different locations are treated
in the same plant. The successful treatment of different types of wastes is very socially
accepted in the region, which can help increase awareness of the need of proper waste-
sorting in the rest of the country.

4.2. IVAR, Norway. Co-Digestion of Sewage Sludge with Fish Sludge

On the Norwegian west coast, an association of municipalities aims to digest fish
sludge, as well as other organic waste fractions, with their municipal sludge. IVAR IKS
was stablished in 1979 as an inter-municipal organization to treat water, wastewater and
waste from the Stavanger region. The central wastewater treatment plant at Nord Jæren
(SNJ) in Randaberg, near Stavanger, is the biggest waste treatment plant in this region [101].
In addition to SNJ, Grødaland is the newest and largest biogas plant built by IVAR in Hå,
Rogaland, opened in April 2017. This is one of Norway’s biggest biogas plants to date and
is dimensioned to treat 22,600 tons DM/year of both regional sewage sludge and OFMSW.
The addition of other substrates as fat from the neighboring dairy industry and fish sludge
is currently being considered.

SNJ opened in 1992 as a chemical wastewater treatment plant and was upgraded to a
biological one in 2018. The mesophilic biogas plant produces methane from the co-digestion
of OFMSW and sewage sludge, currently testing the addition of some fish sludge to the mix.
Research trials were performed on sewage sludge co-digestion, with up to 30% in volatile
solids (VS) from fish sludge, obtaining a 35% increase in the methane production [102].

The produced biogas at the plant is upgraded to biomethane and injected to the
gas grid, while the digested sludge is dewatered in centrifuges and dried with steam
(and hygienized in the process, so it can be used as fertilizer). The dried sludge is then
used for the production of biopellets as soil improver or fertilizer production by nutrient
addition [101]. In fact, SNJ was the first plant in Europe to produce a complete fertilizer
from sewage sludge. IVAR is very interested in improving the recirculation of nutrients in
the region and, therefore, also invests in the addition of dry fish sludge as a nitrogen source
for the already-produced, sewage-sludge-based organic fertilizer (MINORGA© pellets).
The factory that produces these pellets is located in the same area as the SNJ plant, and
based its technology on IVAR’s 20 years of experience with drying and pelletizing sludge.
The MINORGA© pellets are produced by adding N, P and K to the dried sludge, adapting
the amount of nutrients to the customer’s needs. Moreover, the content of heavy metals is
closely monitored to ensure compliance with pertinent regulations [103].

4.3. Gryaab, Sweden. Co-Digestion of Sewage Sludge with Grease and Food Waste

In Sweden, several plants for co-digestion of different organic wastes exist, but not
many treat sewage sludge together with other organic waste. One example is Ryaverket
WWTP, which belongs to Gryaab, a municipally owned company. This plant receives the
wastewater collected from several municipalities surrounding Gothenburg and treats the
generated sludge together with other organic wastes. Digestion of the sewage sludge takes
place since 1990 and co-digestion with fat and food waste since 1996 [57]. Two organic
wastes are added to the digester in order to increase the biogas yield: grease from grease
separators in catering kitchens, restaurants, etc. and food residues from the food industry
and restaurants, as long as it is not classified as animal by-product. Gryaab is licensed to
receive and treat up to 70,000 tons of organic waste every year, although only 22% of this
amount is currently treated [104]. In addition, the waste must be pumpable and should not
affect the quality of the sludge. Digestion of the wastes takes place in a series of operations,
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in which the substrate is treated in the two first digesters. The third digester in the plant is
used as storage of the digested sludge before it is drained in the screw press.

The biogas generated in the process is stored in a chamber and sent to the upgrading
facility 3 km away at Arendal, which belongs to Gothenburg Energy, via long pipes. In
this plant, the biogas is chemically upgraded using the Cooab® technology to capture the
carbon dioxide present in the gas, and the purified gas is then compressed and sold as
vehicle fuel [105]. The digested sludge after anaerobic digestion is dewatered via screw
press and polymer addition, followed by different uses depending on its quality. Samples
of digested sludge are analyzed to verify that it meets the guidelines of the REVAQ quality
system [104], the certification system used in WWTP that aims to reduce the flow of
hazardous substances [106]. If the sludge complies with the requirements, it is hygienized
via long-term storage for six months and then applied to agricultural land. In the case that
the sludge does not meet the requirements or cannot be disposed for agricultural use, it is
used for the production of different soil products. The sludge is composted, mixed with
bark and chippings and finally mixed with rock flour and sand. The final product is used
for golf courses, coverage of landfills or construction, among others [57].

4.4. Advanced Biorefinery Scenarios for Wastewater Treatment and Resource Recovery

Despite the established energy recovery from sewage sludge, the organic matter
content from this fraction can also be converted to other valuable compounds, such as
carboxylates. Due to the current depletion of natural resources, used as precursors of daily
products like fuels, plastics or clothing, research efforts are switching towards production of
green chemicals from sewage sludge in a circular economy framework. Moreover, different
technologies for the recovery of other resources from wastewater, such as nutrients, are
being developed to transform WWTP into WRRF.

As a step forward from Billund Vand, Billund Biorefinery was inaugurated in 2017 in
collaboration with Krüger Veolia A/S. It was established by inserting process units into
the already existing facility, which enables the application of this transformation process
to any other WWTP. The novelty of Billund Biorefinery revolves around the combination
of new technologies in a unique way of consuming less energy for wastewater treatment
while generating a water effluent far cleaner than the requirements (25% of the maximum
values). Additionally, the plant focuses on the co-digestion of sewage sludge with organic
household waste and waste from restaurants, caterings, dairies or slaughterhouses. One of
the main features of this plant is the use of the ExelysTM technology from Veolia, which
contributes to the 50% increase in energy production in the plant, while reducing the
generated sludge by 30–40% [107,108]. Therefore, the sludge is easier to manage and
produces an efficient organic fertilizer for agriculture. Another important feature is the
ANITATM Mox process, also from Veolia, which reduces operational costs while removing
nitrogen from the wastewater. This technology is especially suitable for treating the reject
water generated during sludge dewatering, after anaerobic digestion, due to its high
ammonia content [109]. At present, the generated biogas is used for the production of
electricity and heat, but other uses, such as operation of fuel cells, are being considered for
the future.

Following the same line, Aarhus Vand (which aims to be energy- and CO2-neutral
by 2030) decided to centralize the wastewater treatment of the region, transforming two
of its WWTP, Egå and Marselisborg WWTP, into energy-exporting plants [110]. They aim
to generate 50% more energy than they consume. Egå WWTP was renovated in 2016,
by EnviDan A/S and Per Aarslef A/S, using cutting-edge new technologies, such as the
Salsnes® filters and DEMON® [111]. With the Salnes® filters, the plant maximizes the
carbon input to the anaerobic digester, replacing the conventional primary treatment [112].
Moreover, two anammox technologies are used to reduce the nitrogen load: DEMON® for
the reject water from sludge dewatering and EssDe® for wastewater [113,114].

Marselisborg WWTP, on the other hand, is being expanded so that it can treat
480,000 PE (from initial 200,000 PE), and become a resource recovery facility, called Marselis-
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borg ReWater, by 2028 [110]. In order to upgrade the plant, several current processes will
be optimized, such as nutrient removal or the gas engines for electricity and heat produc-
tion from biogas. Moreover, a nutrient recovery process will be established in order to
generate struvite, as is currently performed in Aaby WWTP (which also belongs to Aarhus
Vand) [115]. This technology commercializes a product called PhosphorCareTM, a valuable
fertilizer produced from the recovered nutrients from wastewater [116]. Additionally,
Marselisborg ReWater aims to improve biogas utilization in the plant, and to use the final
dewatered solids (after anaerobic digestion) as a fertilizer in agriculture (60%) and for
the cement industry (40%) [115]. For this purpose, pellets of dried sewage sludge can be
transformed to a similar material to expanded clays during a ceramization process [117].

Another Scandinavian biorefinery will be developed by Hias IKS WWTP in Norway.
The Norwegian company started to rethink their WWTP in 2009, aiming to convert it to a
WRRF, focusing on phosphorus removal. For that purpose, they developed the patented
Hias® process, which produces struvite from wastewater (extracting about 50% of the
phosphorus). The method combines two technologies: enhanced biological phosphorus
removal (EBPR) and moving-bed biofilm reactor (MBBR) [118]. The process is performed
in a new type of bioreactor and does not require the addition of chemicals, with a 30%
lower operating cost than competing technologies [119]. During the period 2013–2015, the
technology was successfully applied to a pilot plant, followed by a demonstration plant
treating 10,000 PE in 2016. The next step includes the complete Hias IKS WWTP retrofit,
with a capacity of 140,000 PE, by the end of 2021 [118].

5. Conclusions

In this paper, management of sewage sludge, together with other organic waste types
in Scandinavia, was reviewed, identifying relevant organic waste sources for each country.
Sewage sludge contains organic matter that can be used for energy generation or the
production of green chemicals. Among the technologies applied for the stabilization of the
organic matter in the sludge, anaerobic digestion is very common in WWTP, since it also
recovers its energy content in the form of methane. Nevertheless, other novel routes for
energy recovery from sludge are emerging, such as pyrolysis or gasification, which present
a greater volume reduction. Due to the abundance of other organic wastes, anaerobic
co-digestion has been used as a management strategy in Scandinavia, which, in turn,
enhances the methane production. However, the use of sewage sludge for production
of green chemicals has also received increased attention, due to the future depletion of
natural resources.

Originally, the sole objective of WWTP was to meet the environmental policies for
safe water discharge, focusing only on water recovery. This approach has changed in
recent years, and different resources can be recovered from wastewater at present. In this
paper, some Scandinavian examples were presented, which focus on energy and resource
recovery from wastewater and sewage sludge, showing the potential of co-managing
these waste streams in a circular economy framework. Therefore, future efforts will focus
on the development and optimization of these strategies for sewage sludge valorization,
simultaneously achieving environmental and economic sustainability.
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Abbreviations

AD Anaerobic digestion
DM Dry matter
EBPR Enhanced biological phosphorus removal
EC European Commission
EU European Union
LCA Life cycle assessment
MBBR Moving bed biofilm reactor
OFMSW Organic fraction of municipal solid waste
OIW Organic industrial waste
STBR Sludge treatment reed beds
VS Volatile solids
WAS Waste activated sludge
WRRF Wastewater resource recovery facility
WWBR Wastewater biorefinery
WWTP Wastewater treatment plant
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