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SYSTEMATIC MAP

What evidence exists on ecotechnologies 
for recycling carbon and nutrients 
from domestic wastewater? A systematic map
Solveig L. Johannesdottir1*  , Biljana Macura2, Jennifer McConville3, Dag Lorick2, Neal R. Haddaway2,4,5, 
Agnieszka Karczmarczyk6, Filippa Ek2, Mikołaj Piniewski7, Marta Księżniak8 and Paweł Osuch7

Abstract 

Background:  Eutrophication of the Baltic Sea, and many other water bodies, is partly the result of point-source emis-
sions of nutrients and carbon from wastewater. At the same time, nitrogen and phosphorus planetary boundaries 
have been breached. There is a need for more efficient resource management, including the recovery and reuse of 
nutrients and carbon in waste. The aim of this paper is to collate evidence on ecotechnologies intended for use in the 
wastewater sector globally to facilitate the recovery or reuse of carbon and/or nutrients.

Methods:  Searches were performed on literature published between 2013 and 2017 and in 5 bibliographic data-
bases, 1 search engine, and 38 specialist websites. Database searches were performed in English. Searches in specialist 
websites were also performed in Finnish, Polish and Swedish. There was no geographical limitation. Screening was 
conducted at title and abstract level, and on full texts. Apart from bibliographical information, we extracted informa-
tion on ecotechnology type, intervention, details of the recovery or reuse, the type of wastewater stream to which 
the ecotechnology is applied, the study location, type and design. Prior to screening and coding, we conducted 
consistency checks amongst reviewers. We generated a searchable database of coded studies. Findings were synthe-
sised narratively and visualised in a geographical information system (i.e. an evidence atlas). We identified a series of 
knowledge gaps and clusters that warrant further research.

Results:  The search resulted in 4024 records, out of which 413 articles were retained after the screening process. 
In addition, 35 pre-screened studies from the specialist website searches were added. Together, these 448 articles 
contained 474 individual studies of 28 types of ecotechnologies. A combination of ecotechnologies (16.7%), followed 
by microalgae cultivation (14.1%) were the most frequent ecotechnologies in the evidence base. Ecotechnologies 
for recovery composed 72.6% of the evidence base. The most common wastewater streams for recovery were mixed 
wastewater and sludge (73.8%). There was a relative lack of studies on recovery from source-separated wastewater. 
The most common type of recovery was energy (27.3%), followed by simultaneous recovery of nitrogen and phos-
phorus (22.1%). Reuse of recovered substances was described in 22.8% of the studies. The most common type of 
reuse was of nitrogen and phosphorus (57.4%), followed by joint reuse of organic carbon, nitrogen and phosphorus 
(35.2%). Reuse ecotechnologies were mostly focused on the use of wastewater for irrigation or reuse of biosolids, and 
not on the nutrients that had been extracted through e.g. precipitation of struvite. In 22 studies both recovery and 
reuse were described. In total, 60 different study countries were reported in the evidence base, and the most com-
mon study location was China.
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Background
The ecological status of the Baltic Sea is poor and affected 
by eutrophication. The primary cause of eutrophication 
is increased loading of inorganic nutrients and organic 
matter from terrestrial sources which increases primary 
production [1] mainly as algal growth. Because the Bal-
tic Sea has a large catchment in relation to its volume 
of water and a long renewal time, it is particularly vul-
nerable to waterborne nutrient loadings. Despite meas-
ures to decrease emissions, the spatial extent of open 
water eutrophication in the Baltic Sea has increased in 
recent years [2]. The main source of nutrients that causes 
eutrophication in the Baltic sea is agriculture, through so 
called diffuse emissions, followed by municipal wastewa-
ter treatment plants (WWTPs), through so called point 
sources [3]. The Shared socio-economic pathways (SSPs), 
recently extended for the Baltic Sea region [4] assume a 
wide range of future developments in drivers affecting 
nutrient emissions. Both diffuse and point emission path-
ways are projected to remain high under climate change 
and socio-economic change scenarios for the Baltic Sea 
Basin [5].

Humans can be safely sustained by the Earth systems 
if both nitrogen (N) and phosphorus (P) biogeochemical 
cycles are kept within planetary boundaries [6]. Human 
interference has caused the nitrogen cycle to breach 
its threshold, and fixation of N from the atmosphere to 
produce fertilisers should be reduced if we are to avoid 
further imbalance of the N cycle [6, 7]. Additionally, the 
production of N fertiliser is highly energy consuming and 
is responsible for 5% of the global use of natural gas [8]. 
P is naturally occurring in the Earths’ crust and is a non-
renewable resource that is unevenly distributed globally. 
The reserves of P, i.e. deposits of high-quality ore, are 
expected to deplete within a few hundred years [9]. The 
European Commission has identified P as critical raw 
materials with high economic importance and supply-
risk [10].

Municipal wastewater contains wastewater from 
domestic sources (e.g. excreta, flush water, washing 
water) and potentially industrial wastes and/or stormwa-
ter. Modern wastewater treatment plants (WWTP) are 
generally designed to remove solids, organic carbon (C) 
and other contaminants from wastewater. Many WWTPs 

have added tertiary treatment units to remove N and P 
in order to reduce the risk for eutrophication in receiving 
waters. Tertiary technologies originally focused on the 
removal of nutrients from effluent flows, either through 
denitrification of N to the atmosphere or capture and 
disposal of the nutrients in the sludge. However, since 
the early 2000s there has been increasing focus on the 
capture of nutrients for resource recovery [11, 12]. The 
potential of nutrient reuse as an agricultural fertilizer is 
significant [9]. For example, based on data for the year 
2009, the P contained in the excreta of the whole human 
population could satisfy 22% of global P demand [13]. 
In addition, nutrient recovery can be combined with 
water and energy recovery for even greater benefits. Cor-
nejo et  al. found that by integrating recovery of water, 
nutrients and energy, the eutrophication potential from 
wastewater treatment could decrease by 18% and the 
carbon footprint by 34% when treating wastewater from 
100,000 people [14]. Apart from N and P, fertilizers and 
soil amendments derived from wastewater can sup-
ply soils with organic carbon (C). Organic carbon could 
potentially improve soil structure and counteract climate 
change through carbon sequestration [30].

(Re)using resources extracted from waste is central 
for a circular economy [16]. A transition towards circu-
lar flows of resources has entered the wastewater sec-
tor where the focus on simple removal of nutrients and 
C from waste streams has started to shift to resource 
recovery practices [11, 17]. Modern WWTP could pro-
vide multiple benefits to society if they adopted resource 
recovery technologies [18]. There are numerous tech-
nological solutions to recover nutrients, energy and 
other resources from wastewater, and there is a growing 
interest in applying such solutions [11]. However, to our 
knowledge, there are no systematic and comprehensive 
efforts to collate current evidence on ecotechnologies 
to recover nutrients and C from wastewater sources, or 
to reuse of recovered C or nutrients globally. Although, 
there have been some comprehensive efforts to col-
late evidence (see for example [19] review on recycling 
human excreta) there is no systematic evidence synthesis 
on the subject that includes a wide set of ecotechnolo-
gies applicable across wide range of contexts. With this 
systematic map we aimed at closing this synthesis gap 

Conclusions:  We found substantial evidence for the recovery and reuse of nutrients and carbon from wastewater 
sources. The relative abundance of studies where substances are recovered compared to studies where they are 
reused, suggests a knowledge gap on reuse of recovered nutrients and carbon. The majority of studies on reuse were 
on irrigation with treated wastewater or reuse of biosolids, and not on reuse of extracted nutrients such as struvite.

Keywords:  Circular economy, Energy recovery, Fertiliser, Nutrient reuse, Resource recovery, Sewage, Wastewater 
treatment
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and we collated evidence on ecotechnologies used in the 
wastewater sector globally to facilitate the recovery or 
reuse of C and/or nutrients.

This systematic map was conducted within the BONUS 
RETURN project that uses the term “ecotechnology” 
defined as “human interventions in social-ecological sys-
tems in the form of practices and/or biological, physical, 
and chemical processes designed to minimise harm to the 
environment and provide services of value to society” [20].

Stakeholder engagement
The topic for this systematic map was initially proposed 
by the research funder BONUS (https​://www.bonus​
porta​l.org). The scope of the project was then refined 
through expert discussions as part of the process of draft-
ing an application in response to the call by the research 
funder. Once the funding was received, a diverse group 
of stakeholders were involved in discussions of the scope 
and search strategy for the map. The stakeholder group 
consisted of the broader BONUS RETURN project (https​
://www.bonus​retur​n.eu) consortium members and pro-
ject’s case study representatives, including methodologi-
cal experts on systematic maps and reviews, as well as 
experts in resource recovery technologies for waste and 
wastewater.

Objective of the review
The primary question for this systematic map is: What 
ecotechnologies exist in the recent research literature for 
the recovery or reuse of carbon, phosphorus and nitro-
gen from municipal and domestic wastewater systems 
globally? Since many wastewater technologies are not 
dependent on the climate zone, we have not restricted the 
study geographically. This map was conducted with the 
purpose to map research that has been done before 2017 
which is when the project BONUS RETURN started.

Definitions of the question components
Population(s)
Municipal wastewater systems, including systems for 
treatment and disposal of wastewater fractions and 
wastewater-derived residues and products such as diges-
tate, effluent water, etc. The wastewater fractions consid-
ered are blackwater (i.e. urine, faeces and flush water), 
greywater (i.e. wastewater from sinks, baths, washers 
etc.), mixed wastewater (i.e. blackwater and greywater 
mixed), urine, sludge reject water (i.e. liquid separated 
from anaerobically digested sludge) and other fractions 
such as faecal sludge. Both municipal and domestic on-
site systems, as well as co-treatment of wastewater with 
other organic wastes were considered. No industrial or 
agricultural wastewater systems were considered. C and 

nutrient recycling from agricultural sources have been 
addressed in a related map [21].

Intervention(s)
Any practice undertaken for the purposes of recovering 
and/or reusing carbon and/or nutrients in the waste-
water management process including wastewater, sew-
age sludge, human urine etc., including the recovery of 
C in the form of energy. Ecotechnologies for recovery 
include the extraction or capture of the nutrients and/or 
C, through e.g. nutrient adsorption or bioenergy produc-
tion. Reuse refers to a further use of the recovered nutri-
ents and/or C, for example through the application of 
sludge or effluents to agricultural fields as fertilizers.

Outcome(s)
Described recovery or reuse of C, N and P from the 
wastewater management process. Energy recovery was 
also included as it was considered as a form of carbon 
recovery, since the chemical energy stored in carbon 
bonds in organic matter is utilized (for example by anaer-
obic digestion). However, reuse of recovered energy (such 
as using biogas for fuel) was not considered since the use 
of different forms of energy was outside of the scope of 
this map.

Study type(s)
Experimental or observational studies on N, P and/or C 
recovery and/or reuse. Literature reviews and commen-
tary papers were excluded.

Methods
This systematic map was conducted according to the pre-
viously published protocol [22] and it followed the Col-
laboration for Environmental Evidence guidelines and 
standards for evidence synthesis in environmental man-
agement [23]. The map conforms to Reporting stand-
ards for systematic evidence syntheses (ROSES) [24] (see 
Additional file 1).

Deviations from the protocol
We have made changes to search strategy and data cod-
ing. Specifically, we have added one more literature 
source and made minor changes to the coding. All the 
deviations from the protocol are detailed in respective 
sections.

Search for articles
Due to the ongoing paradigm shift in the wastewater sec-
tor towards resource recovery, we were primarily inter-
ested in studies published in recent years. Additionally, 
this map was conducted for the purposes of the BONUS 
RETURN project which started in 2017. The purpose was 

https://www.bonusportal.org
https://www.bonusportal.org
https://www.bonusreturn.eu
https://www.bonusreturn.eu


Page 4 of 14Johannesdottir et al. Environ Evid            (2020) 9:24 

to map the research that has been done before the project 
commenced. Thus, searches were restricted to the lit-
erature published in the period between 2013 and 2017. 
Search details are further described below, and search 
results are in Additional file 2.

Bibliographic databases
Searches for evidence were performed in the following 
bibliographic databases:

1.	 Scopus
2.	 Web of Science Core Collection (consisting of the 

following indexes: SCI-EXPANDED, SSCI, A&HCI, 
CPCI-S, CPCI-SSH, and ESCI)

3.	 Electronic Theses Online Service (eThOS)
4.	 Digital Access to Research Theses (DART)
5.	 Directory of Open Access Journals (DOAJ)

Searches were performed using English language 
search terms across all bibliographic databases with sub-
scriptions from the Warsaw University of Life Sciences 
(all search details including dates are in Additional file 2). 
The following search string was used in bibliographic 
databases:

(“organic carbon” OR DOC OR “organic C” OR 
“organic matter” OR nutrient* OR nitrogen OR nitrate 
OR nitrite OR ammoni* OR phosphorus OR phos-
phate) AND (wastewater OR “waste water” OR “storm 
water” OR stormwater OR blackwater OR “black water” 
OR greywater OR “grey water” OR graywater OR “gray 
water” OR sludge OR septage OR sewage OR “organic 
waste*” OR “septic sludge” OR sewerage* OR digestate* 
OR “toilet waste”) AND (return OR recovery OR recover 
OR conversion OR convert OR circulate OR circular 
OR reuse OR recycle) [shown as formatted for Web of 
Science].

Search engines
Searches in Google Scholar were performed in English. 
The first 1000 search results were extracted as citations 
using Publish or Perish software [25] and introduced into 
the duplication removal and screening workflow along-
side records from bibliographic databases. Details of 
the search, including search terms used, can be found in 
Additional file 2.

Specialist websites
We applied a case study approach for searching for grey 
literature relevant for the Baltic Sea catchment area. 
Searches were performed in English, Swedish, Finnish 
and Polish across a suite of relevant organisational web-
sites for ecotechnologies for the reuse of C and nutrients 
(see Additional file  2). Each website was hand-searched 

for relevant publications. Literature from organisational 
websites was screened separately for relevance before 
being combined with other records after the full text 
screening stage.

Other sources
Parallel to this review, ecotechnologies for carbon and 
nutrient recycling from agricultural waste streams were 
collated in a related systematic map that was conducted 
within the same BONUS RETURN project (and simi-
lar review team) [21]. This map used the same search 
sources, but different search strings. Records (screened at 
title and abstract or full text) found in one map but rel-
evant to the other, were transferred between the maps, 
rescreened and deduplicated against the other map’s 
records and included together with grey literature search 
results.

Testing comprehensiveness
Twenty-five studies of known relevance to the review 
were screened against scoping search results to examine 
whether searches were able to locate relevant records (see 
Additional file  2). If benchmark articles were not found 
during the exercise, search terms were examined to iden-
tify why relevant records were missed and search strings 
where further refined accordingly. Our final search string 
retrieved all the articles from the benchmark list.”

Assembling a library of search results
Results of the bibliographic searching and Google 
Scholar were combined, and duplicates removed prior 
to screening. We have included only the most recent 
records in case of duplicates. A library of search results 
was assembled in a review management software (i.e. 
EPPI reviewer [26]).

Article screening and study eligibility criteria
Screening process
Screening was done at two levels: at title and abstract 
(screened concurrently for efficiency) and at full text. 
Potentially relevant abstracts were retrieved and screened 
at full text, with each record being assessed by one expe-
rienced reviewer. Prior to commencing screening, con-
sistency checking was performed with all reviewers on a 
subset of articles at both title and abstract and full text 
screening. A subset of 723 title and abstract (20% of ini-
tial search results from Scopus, Google Scholar and Web 
of Science Core Collection) was independently screened 
by all reviewers. The level of agreement between review-
ers was between 71 and 78% on title and abstract level. 
After clarifying all the disagreements and eligibility crite-
ria the reviewers proceeded with the screening. Twenty-
four full texts were screened for consistency checking 
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(1.8% of retrieved full texts). The agreement reached 70% 
after discussing and resolving disagreements. Reviewers 
did not author any of the studies screened or appraised 
for this review, and therefore no measures for procedural 
independence had to be taken.

Eligibility criteria
The following criteria were applied at all levels of 
screening:

Eligible population(s)
Wastewater systems, including systems for treatment 
and disposal of wastewater-derived residues and frac-
tions such as digestate, effluent water, urine etc. Both 
municipal and on-site systems were included, as well as 
co-treatment of wastewater with other organic wastes. 
Industrial and agricultural wastewaters were not eligible.

Eligible intervention(s)
Any practice undertaken for the purposes of recovering 
and/or reusing C and/or nutrients from the wastewater 
management process.

Eligible outcome(s)
Described recovery or reuse of C and/or nutrients from 
the wastewater management processes. C outcomes 
included: energy, methane, biogas, soil C, soil organic C, 
total C, dissolved organic C, and organic matter, but also 
chemical oxygen demand and biological oxygen demand, 
which are proxies for C. Nutrient outcomes included: N 
compounds (N, nitrate, nitrite, ammonium) and P com-
pounds (P, phosphate).

Eligible study type(s)
Observational and experimental studies on nutrient and/
or carbon recovery and/or reuse. Review articles and 
commentary papers were excluded.

Study validity assessment
The validity of articles was not appraised as part of this 
systematic map in accordance with established methodo-
logical guidance [27].

Data coding strategy
Apart from extracting bibliographical information, we 
coded each included study as follows:

•	 Ecotechnology type (coded after all ecotechnologies 
were identified)

•	 Short description of ecotechnology (as stated in the 
study)

•	 Wastewater fraction (to which the ecotechnology 
is applied such as blackwater, greywater, mixed 
wastewater, sludge, sludge reject water, urine, sev-
eral inputs, other (e.g. faecal sludge))

•	 Resource recovered or reused (i.e. organic C, 
energy, N, P)

•	 Study location (latitude, longitude)

Meta-data extraction was performed by 4 review-
ers following consistency checking based on a parallel 
coding of 24 full texts, discussing all disagreements. 
Contacting authors by email with requests for missing 
information was not necessary, since the eligible stud-
ies reported all required information.

Initially, we planned to distinguish between ‘explicit’ 
and ‘implicit’ reuse. However, making this distinction 
proved to be very difficult because studies often lacked 
the necessary details to determine whether recovery 
was conducted with the intention of reuse. Therefore, 
we decided to include studies that clearly mentioned 
recovery with the intention of reusing the C or nutri-
ents as well as studies where reuse of recovered C or 
nutrient was described. The studies of recovery were 
separated from the studies of reuse by the ecotechnol-
ogy categories. If the potential use of the recovered C or 
nutrients was not described, the article was excluded.

We have extracted study coordinates including either 
sampling locations, the location where the ecotech-
nology was developed, or where it was implemented. 
In cases where no such information was provided, the 
coordinates were extracted from the affiliation of the 
main author. In some cases when the publication was a 
book the affiliation of the author of the relevant chapter 
was used, instead of the main author of the whole book.

Data mapping method
The evidence base identified within this review was pre-
sented as a systematic map database, i.e. a searchable 
spreadsheet with meta-data and coding (as per the meta-
data extraction and coding schema presented above). We 
produced cross-tabulations of 2 categorical variables (also 
referred to as ‘heat maps’) to describe knowledge gaps 
and clusters i.e. to detail the volume of evidence (number 
of studies) across different combinations of variables. The 
cross-tabulations included: the type of ecotechnologies 
and the outcome(s); the type of ecotechnologies and the 
input substrate; the input substrate and outcome(s). We 
also produced an evidence atlas where studies were plotted 
on an interactive geographical information system (using 
study latitude and longitude meta-data).
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Results
Review descriptive statistics
The searches in all bibliographic databases and Google 
Scholar resulted in 4596 records and from the map of 
ecotechnologies applied to agricultural waste streams 
[19] 325 records were added (Fig.  1). After duplicate 
removal (897), a total of 4024 records were screened on 

title and abstract level, and 1737 records were judged 
as eligible for full text screening and were marked for 
retrieval. A list of the unobtainable articles (429) is pro-
vided in Additional file  3. Out of 1308 retrieved and 
screened records at full text, 415 articles were included 
in the systematic map database. There were 35 articles 
added from specialist searches and the final database 

Fig. 1  ROSES flow diagram [24] showing the search results and number of articles retained or excluded at the different stages of the systematic 
mapping
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included 450 articles. All search results, including search 
settings, dates and subscription information, are reported 
in Additional file  2. A list of all articles excluded at full 
text screening with reasons for exclusions is provided in 
Additional file 4, and a list of all included articles includ-
ing meta-data and coding is provided in Additional 
file  5. The map database contains articles that include 
more than one study of ecotechnologies, i.e. if one arti-
cle details several different treatment trains (e.g. separate 
recovery of two different products from two different 
waste streams). In such cases, these articles (21 in total) 
were split into two or more studies and coded separately. 
Each separate study of ecotechnology was assigned a 
unique study ID and is referred to as a ‘study’ in this map. 
There are in total 476 studies in the evidence base.

Figure 2 shows the number of articles in the evidence 
base published per year. During the years of 2013–2016 
the number of articles published per year increased from 
61 to 115 and 85 articles in the evidence base were pub-
lished in 2017. Note that the searches for the main body 
of literature screening were performed in July/August 
2017 (see Additional file  1) and articles published in 
late 2017 were therefore not included in the evidence 
base. Given the volume of evidence and limitations to 
resources, we were unable to update the searches before 
publication. As seen in Fig. 2, the majority of the included 
articles were journal articles.

Evidence atlas
We have created an evidence atlas using the EviAtlas tool 
[28] and it is accessible at https​://www.bonus​retur​n.eu/
progr​am/evide​nce-base-for-ecote​chnol​ogies​-in-waste​
water​-treat​ment/. The evidence atlas shows the locations 
from the studies included in the systematic map database 
on a cartographic map.

It is interactive and can be searched using a visual 
interface (see Fig. 3).

In total, 60 different countries were represented in the 
evidence base (see Additional file  6). The location with 
the most studies in the evidence database was China 
(16.4%), followed by the US (8.0%) and Spain (7.6%). 
Among the European countries, apart from Spain, Poland 
was the most common study location (5.5%), followed by 
the UK (4.6%), the Netherlands (4.2%) and Italy (4.0%). 
The remaining 53 countries were the study location in 
less than 4% of the articles in the evidence base.

Categories of ecotechnologies
In the 474 studies mapped, 28 categories of ecotech-
nologies were identified (Fig.  4). One of these catego-
ries is ‘Combination’, representing studies where two 
or more ecotechnologies are combined for recovery or 
reuse. Most studies in the evidence base were focusing 
on recovering carbon and nutrients (n = 344, 72.6%) in 
contrast to reuse (n = 108, 22.8%) in the evidence base. 
Some studies presented both the recovery and reuse of 
carbon or nutrients (n = 22, 4.6%) through a combination 
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https://www.bonusreturn.eu/program/evidence-base-for-ecotechnologies-in-wastewater-treatment/
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of ecotechnologies, but most studies focused solely on 
either recovery or reuse. The most prevalent category of 
ecotechnologies in the evidence base was ‘Combinations’ 
(n = 79, 16.7%). This was followed by ‘Microalgae cultiva-
tion’ (n = 67, 14.1%) and ‘Irrigation with effluents’ (n = 58, 
12.2%) as the second and third most abundant. The next 
most frequent ecotechnologies were ‘Reuse of biosolids’ 
(n = 39, 8.2%) followed by ‘Anaerobic digestion’ (n = 36, 
7.6%). The category “Other” includes 19 studies (4.0%) 
describing ecotechnologies that do not fit in any of the 
other categories. The 10 categories with lowest number 
of studies together comprised 4.9% of the studies.

Ecotechnologies and recovery
Ecotechnology categories and the substances recovered 
are shown in Table  1. Note that the studies including 
both recovery and reuse are not included in the Tables 1, 
2, 3, 4, but they are described in separate section fur-
ther below. When considering recovery ecotechnolo-
gies only, microalgae cultivation was the most common 
(n = 67, 14.1%) followed by combination (n = 59, 12.0%). 
Energy recovery only was the most common recovery 
type, and specifically via microalgae cultivation, combi-
nation of technologies and anaerobic digestion. Although 
the recovery of energy by microalgae cultivation is often 

done through anaerobically digesting the algal biomass, 
the studies that did not describe the digestion process 
were not coded as anaerobic digestion (those that did 
are categorised as ‘Combination’ of ecotechnologies). 
The joint N and P was the second most common type of 
recovery, and specifically through struvite recovery (27 
out of 76 studies) and microalgae cultivation (24 out of 
76). This was followed by joint recovery of energy, N and 
P (n = 69, 20.0%). Recovering only one substance (except 
for energy) was less common than joint recovery. The 
most common substance to recover singularly besides 
energy was P (n = 37, 10.8%), followed by N (n = 13, 3.8%) 
and organic C (n = 6, 1.7%).

Recovery substrate
Out of 8 waste streams used as a recovery substrate 
in the evidence base (Table  2), the most common was 
mixed wastewater (162, 47.1%), i.e. greywater and black-
water mixed (as is commonly the case in regular sewer 
systems). The second most common input was sludge 
(n = 92, 26.7%). Source-separated black- and greywater 
were the least common recovery substrates in the evi-
dence base with only 4 and 2 studies, respectively. Note, 
however, that faecal sludge was coded as ‘Other’ type of 
input. The recovery from source-separated urine was 

Fig. 3  Screenshot of the evidence atlas
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more common in the evidence base (28, 8.1%) than black- 
and greywater. The most common types of recovery from 
mixed wastewater was joint energy, P and N (49 out of 
162) followed by joint P and N or only energy recovery 
(44 out of 162 for both). From sludge, the most frequent 
recovery was only energy (43 out of 92 studies). From 
urine the most frequent recovery was joint P and N (18 
out of 28).

The most common waste stream studied for use in 
recovery was wastewater. This stream was the most 

often used for cultivation of microalgae (52 out of 162 
studies) as well as for combination of ecotechnologies 
(27 out of 162 studies) (see Additional file  6). Sludge 
was the most frequently reported substrate used for 
anaerobic digestion (34 out of 92 studies) in the evi-
dence base. Sludge reject water was most often used for 
struvite precipitation (9 out of 23 studies). For urine, 
the most frequent ecotechnology applied was struvite 
precipitation or relatively rare technologies (both 6 out 
of 28 studies), such as membrane distillation (category 
‘Others’).

0 10 20 30 40 50 60 70 80 90
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Hydrothermal liquefac�on
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Hydrothermal carboniza�on
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Fig. 4  The number of studies per category (n = 28) of ecotechnology in the evidence base (n = 474). Blue represents recovery ecotechnologies 
and orange represent reuse ecotechnologies. *biosolids/sludge/compost, **other than struvite, ***directly in substrate other than microalgae, 
****biochar/biocoal/adsorption medium
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Ecotechnologies and reuse
Only 108 of the studied ecotechnologies (22.7%) in the 
evidence base solely involved the reuse of recovered 
substances including C, P and N (Table  3). The reuse 
ecotechnologies identified in the evidence base were 

irrigation with effluents, reuse of biosolids/sludge/com-
post, reuse of biochar/biocoal/adsorption medium and 
reuse of other product (e.g. struvite and sewage sludge 
ash). The majority of ecotechnologies for reuse were 
irrigation with effluents (n = 58, 53.7%) and reuse of 

Table 1  Ecotechnologies identified as  recovering carbon (C), energy (E), phosphorus (P) and/or  nitrogen (N) (n = 344). 
Studies including both recovery and reuse are not presented (n = 22)

a  Other than struvite
b  Directly in substrate, other than algae

Ecotechnology C E P N C & E P & N E & P E & N C & P E, P & N C, P & N E, C & P E, C, P & N Total

Microalgae cultivation 24 43 67

Combination 8 7 8 4 3 1 21 2 3 57

Anaerobic digestion 33 1 2 36

Struvite precipitation 1 27 28

Adsorption 14 4 3 21

Other 2 3 1 2 7 3 1 19

Microbial fuel cell 16 1 1 18

Anaerobic bioreactors 14 1 15

Pyrolysis 2 4 4 2 2 14

Composting 10 10

P precipitationa 9 9

Membrane filtration 1 1 2 5 9

Microbial electrolysis cell 8 8

Vermicomposting 7 7

Biomass productionb 1 3 4

Incineration 3 1 4

Ammonia stripping 4 4

Other thermal treatment 2 1 3

Hydrothermal carbonization 1 1 1 3

Electrodialysis 2 2

Torrefaction 2 2

Leaching 2 2

Hydrothermal liquefaction 1 1

Macroalgae cultivation 1 1

Total 6 94 37 13 4 76 6 4 1 69 24 2 8 344

Table 2  Waste streams used for recovery of C, E, P and/or N (n = 344)

Studies including both recovery and reuse are not presented (n = 22)

Waste stream C E P N C & E P & N E & P E & N C & P E, P & N C, P & N E, C & P E, C, P & N Total

Mixed wastewater 2 44 18 44 1 2 49 1 1 162

Sludge 3 43 6 4 1 4 2 5 18 2 4 92

Urine 1 1 6 18 2 28

Sludge liquid phase 1 3 2 11 6 23

Several inputs 2 3 4 1 1 1 6 1 1 20

Other 4 6 1 2 13

Blackwater 2 2 4

Greywater 1 1 2

Total 6 94 37 13 4 76 6 4 1 69 24 2 8 344
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biosolids (n = 39, 36.1%). Reuse of nutrients that had 
been extracted, for example, by precipitation of struvite 
were not common in the evidence base, i.e. ‘Reuse of 
other product’ (n = 10, 9.3%). Joint P and N reuse was the 
most common, followed by ecotechnologies for joint C, 
N and P reuse (57.4% and 35.2%, respectively).

Combinations of ecotechnologies
Amongst the 79 studies of combinations of ecotechnolo-
gies, 45 different combinations were identified (see Addi-
tional file  6). Thirty-three of the different combinations 
appeared in only one study. The combinations studied in 
more than 1 study (12 combinations) and the substances 
recovered or reused is shown in Table 4. A table showing 
the output of every combination is shown in Additional 
file  6. The most prevalent combination of ecotechnolo-
gies in the database was microalgae cultivation followed 

by anaerobic digestion of the algal biomass (n = 11, 
13.9%) (Table  4). The second most prevalent combina-
tion was anaerobic digestion followed by microalgae cul-
tivation in the liquid separated from the digestate (n = 7, 
8.9%). Through microalgae cultivation and anaerobic 
digestion of the algal biomass, energy is recovered as well 
as N and P (incorporated into the biomass). The same 
substances are recovered by combining the ecotechnolo-
gies in the opposite order, as well as hydrothermal lique-
faction of the algal biomass. Reusing biochar or nutrient 
enriched adsorption medium was as common in the evi-
dence base as recovering P from ashes after incineration 
of a waste stream (typically sludge) (n = 3, 3.8%).

Studies of both recovery and reuse
Only 22 studies in the evidence base (4.6%) described 
both recovery and reuse of energy (only recovery), C, P 
and/or N. Amongst this subset, the most common waste 
stream was mixed wastewater and sludge (Table 5). The 
most common substance to recover or reuse was joint P 
and N.

Limitations of the map
The limitations of the map may originate from: (1) the 
mapping methodology; and (2) bias in the pool of stud-
ies found. We will address both types of limitations 
consecutively.

Our search string included 3 substrings with search 
terms on (1) nutrients, (2) types of waste sources and (3) 
general reuse and recovery terms. We have not used any 
search terms connected to specific ecotechnologies or to 
types of reuse and recovery, which was a trade-off that we 

Table 3  Ecotechnologies identified for  reuse of  C, P and/
or N (n = 108)

Studies including both recovery and reuse are not presented (n = 22)
a  /sludge/compost
b  /biocoal/adsorption medium

Ecotechnology C P P & N C, P & N Total

Irrigation with effluents 57 1 58

Reuse of biosolidsa 3 36 39

Reuse of other product 1 3 5 1 10

Reuse of biocharb, biocoal 
or adsorption medium

1 1

Total 5 3 62 38 108

Table 4  The 12 most common combinations of ecotechnologies and the recovered or reused substance(s) (n = 45)

Total number of studies of combinations is 79
a  Hydrothermal liquefaction
b  /biocoal/adsorption medium
c  /sludge/compost

Combination E P N C & E P & N E & P C & P E, P & N C, P & N E, C & P E, C, P & N Total

Microalgae cultivation -> Anaerobic digestion 11 11

Anaerobic digestion -> Microalgae cultivation 6 1 7

Microalgae cultivation -> HTLa 4 4

Adsorption -> Reuse of biocharb 2 1 1 4

Pyrolysis -> Reuse of biocharb 1 3 4

Incineration -> Thermal ash recovery 3 1 4

Adsorption -> Microalgae cultivation 2 1 3

Composting -> Reuse of biosolidsc 3 3

Adsorption -> Struvite precipitation 2 2

Struvite precipitation -> Microbial fuel cell 1 1 2

Pyrolysis -> Adsorption 1 1 2

Membrane filtration -> Microbial fuel cell 2 2
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employed to remain as inclusive as possible. This, how-
ever, may have resulted in some relevant ecotechnologies 
not being picked up by our searches. Additionally, 25% of 
articles included at title and abstract screening had irre-
trievable full texts.

Even though the searches in bibliographic databases 
had no geographical restrictions, we have limited grey 
sources to organisations based in European countries, 
with the one exception (US EPA) (see Additional file 2). 
The number of relevant results from grey literature 
sources was very small in relation to the scientific litera-
ture identified and we expect the same trend if the grey 
literature searches were extended. Nonetheless, future 
work could expand the map to include searches in more 
languages and more varied grey literature sources to 
avoid geographical bias. Furthermore, the searches were 
limited to the literature published between 2013 and 
2017, but future reviews could easily build on this map 
and include both older and more recent literature.

Each study has been coded for a type of the recovered 
or reused substance (N, P, C or energy), but the amount 
of a recovered or reused substance was not recorded. 
The recovery or reuse of one substance (for example N) 
was indicated explicitly, while the recovery or reuse of 
other substances (for example P) in the same study might 
have only be implied. The distinction between explic-
itly stated reuse of a recovered product and potential or 
implicit reuse were not captured in the evidence base, 
but all products were coded regardless of this. Given that 
authors were often unclear if there was a real potential for 
nutrient recovery and reuse, we relied on the expertise in 
our review team. Interestingly, the majority of ineligible 
studies (55.8%) were excluded because they were mostly 
about the removal of C and nutrients, without reuse of 
them, as is standard practice for treating wastewater for 
release into the environment.

Conclusions
Implication for policy/management
This study is the first systematic mapping performed 
on the topic of C and nutrient recovery and reuse from 
domestic wastewater and can aid decision-makers to 
navigate the vast body of literature existing on resource 
recovery from municipal wastewater. Although we 
found substantial amount of literature on different cir-
cular solutions (474 studies in total), the evidence base is 
much larger for ecotechnologies for carbon and nutrients 
recovery than for reuse. Our findings suggest that there 
is a need for policies encouraging reuse or more research 
funding to investigate the (efficiency of ) reuse of carbon 
and nutrients from wastewater, including risks and ben-
efits of reuse.

Additionally, identified ecotechnologies for nutrient 
and C reuse were mostly focused on the use of waste-
water for irrigation or biosolids as organic fertilizers or 
soil amendments, and not on the nutrients that have 
been extracted through e.g. precipitation of struvite. This 
indicates a knowledge gap in the use of extracted C, N 
and P in agriculture as opposed to the use of biosolids as 
fertilizers. Current policy trends in Europe are moving 
towards decreased use of sludge in agriculture [29, 30] 
which suggests there is a potential need for a legal frame-
work encouraging reuse of recycled nutrients by other 
means than sludge application. Additionally, by returning 
captured C to soils can lead to C sequestration and nega-
tive greenhouse gas emissions [15]. Applying C recovered 
from wastewater, e.g. as sludge, is one way of returning 
C to soils. Given the significant threat of climate change 
and the need to reduce greenhouse gas emissions, the 
potential for C sequestration from wastewater sources 
should be relevant further assessed to inform policies.

Table 5  Waste stream and recovered or reused substance(s) in the studies where both recovery and reuse were studied 
(n = 22)

Waste stream P N C & E P & N E, P & N C, P & N E, C & P E, C, P & N Total

Mixed wastewater 1 1 3 1 2 8

Sludge 1 2 4 1 8

Urine 2 2

Several inputs 1 1 2

Other 1 1

Sludge liquid phase 1 1

Total 2 1 2 6 1 3 4 3 22
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Implications for research

•	 We hope this systematic map and associated evi-
dence atlas could provide useful tool for research-
ers interested in carbon and nutrient recovery from 
domestic wastewater to identify interesting topics for 
future primary research or reviews. We found several 
knowledge gaps that future research could address: 
Reusing C or nutrients in wastewater sector (includ-
ing quality aspects, fertilizing performance and 
broader life-cycle assessments).

•	 Effectiveness and implementation of ecotechnologies 
for recovery other than microalgae cultivation, anaer-
obic digestion and struvite precipitation. BONUS 
RETURN project is already addressing recovery of 
nutrients by ammonia stripping [31].

•	 Recovery from waste streams other than well-studied 
mixed wastewater and sludge.

•	 Reuse potential by other means than well-studied 
irrigation with effluents or sludge application, such as 
reuse of nutrients extracted by struvite precipitation. 
BONUS RETURN project is already addressing one 
of the identified synthesis gaps on reuse of extracted 
nutrients from struvite precipitation and ammonia 
stripping [31].

•	 More primary research on ecotechnologies for recov-
ery or reuse from wastewater conducted in Africa, 
South America and Asia (apart from China) poten-
tially needed. These locations are also where large 
areas are lacking sewer systems today and thus lack 
mixed wastewater, and sewage sludge. Research in 
these locations could therefore address two of the 
knowledge gaps stated here.

•	 Studies including the aspect of technical maturity of 
ecotechnologies.

Knowledge clusters identified where there is a lot 
of evidence to conduct a synthesis include

•	 Effectiveness and implementation of ecotechnologies 
for recovery of carbon and nutrients by microalgae 
cultivation, anaerobic digestion or struvite precipita-
tion. BONUS RETURN project is already addressing 
recovery of nutrients by struvite precipitation [31].

•	 Reuse of carbon and nutrients through irrigation 
with treated effluents and sludge.

•	 Implementation of ecotechnologies for recovery 
and reuse from wastewater in developed countries, 
where there is an extensive wastewater infrastruc-
ture in place.

Furthermore, this map could be extended to:

1.	 Identify the most efficient processes for recovery and 
reuse of each resource considered.

2.	 Identify co-benefits associated with application of 
ecotechnologies to assess their economic, technical 
and social feasibility (and provide policy guidance).

3.	 Collate studies that map the evidence over a broader 
time scale which could give a better picture of the 
development trends within the area of recover-
ing and reuse carbon and nutrients from municipal 
wastewater.

If all this is done, we could have a more comprehen-
sive decision support tool for circular solutions in the 
wastewater sector globally. Decision support tools of 
this kind facilitate evidence-based policies and sustain-
able development.
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