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Abstract 

Background:  The regular addition of plant-available nutrients such as nitrogen and phosphorus, either as manu-
factured fertilisers or animal manure, to agricultural soils is needed for global food security. Increased recycling of 
nutrients back to agriculture from organic waste streams is necessary for increased rural–urban sustainability. Anaero-
bic digestion of sewage sludge and agricultural wastes is widely applied to stabilize the substrate and also capture its 
energetic value via biogas production. The liquid phase of anaerobic digestate is a concentrated source of nutrients 
to which nutrient recovery technologies can be applied. Two such promising technologies that could increase nutri-
ent recycling from e.g. wastewater and thereby contribute to environmental amelioration are struvite precipitation 
and ammonia stripping. By combining anaerobic digestion and nutrient recovery technologies on the digestate, a 
treatment process that provides both renewable energy and plant nutrients is achieved. This review will examine the 
effectiveness of ecotechnologies for the recovery and reuse of nitrogen and phosphorus from anaerobic digestate 
with the aim of reducing the impact of waste on the environment.

Methods:  We will search for both academic and grey literature published after 2013. English language searches will 
be performed in 4 bibliographic databases, and Google Scholar, while searches in 41 specialist websites will be per-
formed in English, Finnish, Polish and Swedish. Eligibility screening will be conducted at two levels: title and abstract 
and full text. Included eligible studies will be subject to a critical appraisal that will assess external and internal study 
validity. We will extract information on study characteristics, intervention, comparators, effect modifiers, and meas-
ured outcomes. Data synthesis will involve narrative synthesis of each included study of sufficient validity. Quantita-
tive synthesis (i.e. meta-analysis) may be possible in cases where a sufficient number of studies report similar types of 
outcomes.
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Background
Soil fertility and global food security depend on a 
regular addition of plant-available nutrients, such as 
nitrogen (N) and phosphorus (P), either in the form of 
manufactured fertilisers or animal manure, to agricul-
tural soils [1]. There is a thin line between the optimum 
amount and timing of N fertiliser and its over-supply. N 
over-supply can quickly lead to serious environmental 
problems, since excess N is typically lost from the soil 
system, contaminating bodies of water [2, 3]. In con-
trast to N, which is effectively unlimited in its atmos-
pheric form, high-quality rock reserves of P are limited 
and expected to deplete within a few hundred years 
[1]. P does not leach through the soil but it is prone 
to excessive soil accumulation, and is subsequently 
exposed to the risk of erosion into water courses while 
being sorbed to soil particles [4].

Environmental problems associated with N and P use 
are particularly pressing in the Baltic Sea Region (BSR), 
since excessive inputs of nutrients coming from the sur-
rounding land are among the primary causes of the Bal-
tic Sea eutrophication [5]. N and P entering water bodies 
that originate from the application of synthetic fertilisers 
or farmyard manure are regarded as non-point source 
pollution. As of 2014, non-point sources in the BSR con-
tributed 46.5% and 35.7% of total N and P riverine loads, 
respectively [6]. Point source pollutants are another sig-
nificant N and P loads to BSR, and mostly originate from 
wastewater treatment plants (WWTPs). The contribution 
of point source pollutants to total riverine load entering 
into the Baltic Sea in 2014 was considerably smaller than 
that of non-point sources, i.e. 11.7% and 23.5% for total N 
and P, respectively [6].

In agriculture, nutrient recovery and reuse practices 
have a potential to address the most pressing problems 
related to nutrients use in the food chain, such as pollu-
tion, depletion of finite resources (such as P), and waste 
management. Agricultural waste consists of livestock 
manure, primary agricultural residuals (such as post-har-
vest crop residuals), and secondary agricultural residuals 
(from crop processing in agricultural industries). If not 
properly managed, this waste can be a significant envi-
ronmental and economic burden [7].

Spreading manure on agricultural land constitutes 
approximately 53% of the P and 33% of the N applied 
annually to agricultural soils in the EU27 [8]. However, 
the spatial segregation of crop-intensive and livestock-
intensive areas leads to uneven spatial distribution of 
manure, creating nutrient–deficient areas and nutrient 
hot-spots [9–11]. Finding cost-effective manure process-
ing technologies to create safe and stable fertilisers from 
organic waste streams is thus a fundamental quest for 
sustainable agricultural production.

Domestic wastewater also represents an organic waste 
stream, from which nutrients can be recovered for agri-
cultural use. The focus within the wastewater sector has, 
however, traditionally been on removal of organic matter, 
and P (including N to a certain degree) from the effluent 
by applying various treatment methods to protect receiv-
ing waters against eutrophication, rather than on nutri-
ent recovery per se. Since recently, however, there is a 
shift in thinking towards circular economy that is defined 
as an economy where the value of products, materials 
and resources is maintained in the economy for as long 
as possible, and the generation of waste minimized [12]. 
This paradigm applied to the wastewater sector means a 
shift from the sole focus on waste treatment and nutri-
ent removal to the recovery of energy and nutrients from 
waste and further reuse of these products [13, 14].

Some nutrient reuse from domestic wastewater (P 
especially) is being done via application of sludge to 
agricultural fields. The P content in sludge depends on 
whether P removal processes are applied at the WWTP 
where P removal from wastewater into the sludge can 
be achieved by different chemical precipitation or bio-
logical removal processes [15]. The suitability of sludge 
as a fertiliser in agriculture is, however, debated in many 
countries due to contaminants that can be found in it. 
In addition, WWTPs are typically not located close to 
the arable land where sludge from wastewater process-
ing could be applied [11]. Furthermore, the recovery 
of N through sludge application is low when compared 
to P recovery rate, since most N is either removed by 
denitrification or remains in the treated wastewater at 
conventional WWTPs [13]. For example, Van der Hoek 
et  al. [16] showed that for Amsterdam’s WWTP about 
38% of the incoming N was captured in the sludge. Out 
of all N-carrying inflows to the WWTP, urine would be 
the most interesting source for N recovery if captured 
separately [16].  Thus, separate collection and treatment 
of blackwater (wastewater from the toilet only) captures 
this N-rich stream and is a technical solution on the rise 
in several countries [17].

Nutrient recovery technologies can be applied to dif-
ferent waste streams, where a higher starting nutrient 
concentration will make the waste stream in question 
obviously more valuable. Anaerobic digestion of sludge, 
agricultural waste and blackwater is widely applied. 
Anaerobic digestion produces biogas which can be used 
as renewable energy. Dewatering of the digestate, often 
applied to reduce its weight, results in a liquid and a solid 
digestate phases. The liquid phase of anaerobic diges-
tate is a concentrated source of nutrients, such as N and 
P, to which then nutrient recovery technologies can be 
applied. By combining anaerobic digestion and nutri-
ent recovery technologies, a treatment process can be 
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achieved that provides both renewable energy and nutri-
ents for plants. Van der Hoek et al. [16] showed that the 
digestate has a potential of recovering 27% of the incom-
ing N to the WWTP. Nutrient recovery from wastewa-
ter and agricultural wastes could decrease the need for 
mineral N and P fertilisers, reducing the pressure on 
respective biogeochemical cycles [18, 19] and further is 
an important and integral contribution of the wastewater 
sector to a circular economy.

Potential solutions
Two promising technologies for N and P recovery identi-
fied in systematic maps of ecotechnologies for recovering 
nutrients and carbon from domestic wastewater [20] and 
agricultural waste streams [21] are struvite precipitation 
and ammonia stripping.

Struvite precipitation and recovery is an ecotechnol-
ogy that can be used mainly for P recovery and was one 
of the most represented ecotechnologies identified in both 
systematic maps (unpublished data). Struvite is a crystal-
line mineral composed of equimolar concentrations of 
magnesium, ammonium and phosphate with the chemical 
formula MgNH4PO4*6H2O. Struvite is formed under alka-
line conditions and the process depends on specific and 
controlled molar ratios in the liquid, pH, aeration, reaction 
time and temperature. Usually, magnesium must be added 
in order to achieve sufficient struvite precipitation when 
the technique is applied to domestic or manure wastewa-
ter. Under optimal conditions, up to 94% of the P can be 
recovered as struvite and approximately half as much N, 
because struvite contains approximately 0.5 kg of N per kg 
of P [22]. Struvite is an effective, slow-release fertiliser with 
a relatively low content of contaminants, which can replace 
fertilisers produced from phosphate rock [22]. The value of 
struvite as fertiliser has only been recently understood and 
it is now the focus of increasing research attention [23].

Ammonia stripping is applied to liquids containing high 
concentrations of ammonia [24, 25], and using this method 
up to 98% of the ammonia in the liquid can be removed 
in a given flow stream [25]. High temperature and pH 
increase efficiency of ammonia stripping since this leads to 
a larger fraction of N as gaseous ammonia. The stripped 
ammonia gas is then recovered by absorption to an acid, 
commonly sulphuric acid. The resulting product is a low 
pH ammonium sulphate, used as a fertiliser recommended 
for use on soils with alkaline or neutral reaction [24].

Both struvite precipitation and ammonia stripping 
could potentially be incorporated into existing WWTPs 
and manure management processes to enhance nutri-
ent recovery, improve WWTP function, and contribute 
to an increased P recovery. The liquid phase of anaero-
bic digestate is a concentrated stream of nutrients, com-
monly produced in the current management process of 

both manure and wastewater. Therefore, the focus of this 
review is on the liquid phase of anaerobic digestate as a 
source of nutrients for recovery. We have chosen struvite 
recovery and ammonia stripping for this review in order 
to focus on both P and N recovery, since the N content of 
struvite is too low to be considered as a N fertiliser.

Although there are some relevant reviews on the topic 
[9, 26, 27], to our knowledge, no systematic reviews of 
effectiveness of modern ecotechnologies for reuse of N 
and P from anaerobic digestate have been conducted. 
Here, we define ecotechnologies as “human interventions 
in social-ecological systems 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” [28]. This definition was produced by a 
thematic synthesis of definitions in the literature, encom-
passing both hard (e.g. mechanical or chemical) and soft 
(e.g. behaviours and practices) technologies and has been 
used in two other, preceding systematic maps [20, 21].

Stakeholder engagement
The topic for this review 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 drafting an applica-
tion in response to the call by the research funder. The 
scope and the search strategy were further refined by a 
stakeholder group consisting of the broader BONUS 
RETURN project consortium members (see https​://www.
bonus​retur​n.com/), local stakeholders from the three 
BONUS RETURN case study areas in Finland, Poland 
and Sweden, as well as external experts from these coun-
tries, which explains the Baltic Sea basin focus.

Objective of the review
The primary question for this systematic review is:

Are struvite precipitation and ammonia stripping 
effective ecotechnologies for recovery and reuse of 
nitrogen and phosphorus from anaerobic digestate?

The secondary questions are as follows:

SQ1: How effective are struvite precipitation and 
ammonia stripping for the recovery of nitrogen and 
phosphorus from anaerobic digestate?
SQ2: How effective are recovered products from these pro-
cesses (struvite and ammonium sulphate) as fertilisers?

This review will focus on struvite precipitation and 
ammonia stripping currently developed and applied 
globally. We will investigate application of recovered 
products (struvite and ammonium sulphate) in the Baltic 

https://www.bonusportal.org/
https://www.bonusreturn.com/
https://www.bonusreturn.com/
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Sea and boreo-temperate regions. Figure 1 describes the 
study system and the relation between review questions.

The first secondary question (SQ1) has the following 
components:

Population(s) Agricultural residuals and domestic 
wastewater (including blackwater) globally.
Intervention(s) Struvite precipitation and ammonia 
stripping undertaken for the purposes of recovering 
N and P from the liquid phase anaerobic digestate.
Comparator(s) Before ecotechnology use, a con-
trol site without an ecotechnology, a comparison 
between different ecotechnologies, different inten-
sities of the same ecotechnology, time series after 
ecotechnology implementation.
Outcome(s) Recovery potential of N compounds 
(total N, ammonium and/or ammonia) and P com-
pounds [total P, phosphate)] expressed as a recovered 
percentage in the digestate flow stream and/or total 
recovery in the wastewater.

The second secondary question (SQ2) has the following 
components:

Population(s) Ecosystems of boreo-temperate 
regions, with a focus on the Baltic Sea region (as 
requested by stakeholders).
Intervention(s) Struvite and ammonium sulphate 
used as fertilisers.
Comparator(s) Before the product use, a control site 
without a product, a comparison between different 
products, different intensities of the same product, 
time series after product implementation.
Outcome(s) Crop yield, N and P uptake by plants 
and their use efficiency, dissolution rate, apparent P 
recovery, apparent N recovery, related fertiliser effi-
ciency, fertiliser use efficiency (including N and P use 
efficiency), and similar.

Methods
The review follows the Collaboration for Environmental 
Evidence Guidelines and Standards for Evidence Synthe-
sis in Environmental Management [29] and this protocol 
conforms to ROSES reporting standards (as will the final 
review) [30] (see Additional file 1).

Fig. 1  Conceptual diagram with review context and questions. The diagram is simplified, and it is showing an ideal system. There are P and N losses 
along the cycle
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Searching for articles
Selection of studies identified in the systematic maps
We will hand search the databases of two ongoing sys-
tematic maps relating to ecotechnologies for recovery 
of carbon, N and P from domestic wastewater [20] and 
waste streams from agriculture [21]. These systematic 
maps are based on searches performed in: (1) Scopus, 
Web of Science Core Collections, Electronic Theses 
Online Service, Digital Access to Research Theses and 
Directory of Open Access Journals using English search 
terms; and, (2) Google Scholar and (3) 38 organisational 
websites using English, Finnish, Polish and Swedish 
search terms. Searches were performed between May 
2017 and August 2018, and results were restricted to 
publication dates between 2013 and 2017.

Search update and amendment
In order to find the most recent and relevant literature, 
we will perform additional searches as described below. 
We are interested in recently published literature in line 
with the paradigm shift towards circular economy and so 
will restrict our searches to the period after 2013.

Bibliographic databases
We will search for evidence in following databases:

1.	 Scopus
2.	 Web of Science (WoS) Core Collections (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 will be performed using subscriptions of War-
saw University of Life Sciences and Stockholm University. 
These searches will be conducted using English language 
search terms.

The following search strings will be used in biblio-
graphic databases:

Search string for SQ1:
(struvite OR “MgNH4PO4” OR “NH4MgPO4” OR 

“Magnesium ammonium phosphate*” OR “Crystal 
green” OR (ammonium AND (sulphate* OR sulfate* OR 
nitrate*)) OR mascagnite* OR ((stripp* OR scrub*) AND 
(ammoni* OR NH3 OR nitrogen OR air OR steam))) 
AND (digest* OR centrate* OR supernatant* OR dewa-
ter* OR “solid–liquid” OR “bio refiner*” OR “reject 
water*” OR effluent* OR “liquid phase”) [shown as for-
matted for WoS]

Search string for SQ2:
(struvite OR “MgNH4PO4” OR “NH4MgPO4” OR 

“Magnesium ammonium phosphate*” OR “Crystal green” 

OR mascagnite OR (ammoni* AND (sulphate*” OR sul-
fate*”))) AND (fertili* OR field* OR farm* OR soil* OR 
agricult* OR arable OR agron* OR nutrient* OR crop* 
OR seed* OR food* OR yield* OR produc* OR uptake OR 
plant* OR vegetat* OR absor*) [shown as formatted for 
WoS]

Search engines
Searches will also be performed in Google Scholar, which 
is an effective tool for identifying grey literature [31]. The 
searches for SQ1 will make use of terms related both to 
ecotechnologies (e.g. ‘struvite precipitation’; ‘ammonia 
stripping’), and outcome terms (e.g. ‘nitrogen recycling, 
‘phosphorus’, ammonium sulphate). The searches for SQ2 
will make use of terms related to struvite and ammo-
nium sulphate and combinations of outcome terms (e.g. 
‘soil quality, ‘crop yield’). Searches will be performed in 
English, Swedish, Finnish and Polish. Google Scholar 
searches will be restricted to articles published after 2013, 
as above. The first 1000 search results will be extracted as 
citations using Publish or Perish software [32] and intro-
duced into the duplication removal and screening work-
flow alongside records from bibliographic databases. See 
Additional file 2 for details of WoS, Scopus and Google 
Scholar searches.

Organisational websites
Searches will be performed across a suite of relevant 
organisational websites (see Table  1). These searches 
will be particularly important for capturing grey litera-
ture. Each website will also be hand-searched for rel-
evant publications. These searches will also use terms 
related both to synonyms for ecotechnologies and com-
binations of outcome terms and reuse terms. Searches 
will be performed in English, Swedish, Finnish and Pol-
ish corresponding to the case-study countries within 
the BONUS RETURN project as well as many of the 
Baltic languages. See Table 1 for a list of specialist web-
sites and Additional file  2 for example search terms in 
English and Swedish. Literature from organisational 
websites will be screened separately before being com-
bined with other records.

Supplementary searches
We will search for eligible literature in the bibliographies 
of reviews identified during the review process (see a 
draft list of relevant reviews in Additional file 2).

Testing comprehensiveness of the search
Two lists of articles of known relevance to the review 
were screened against search results to examine whether 
the search strategies are able to locate relevant evidence 
(see lists of benchmark studies in Additional file  2). If 
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articles were not found during the scoping exercise, 
search terms were examined to identify the reasons why 
articles were missed, and search terms were modified 
accordingly.

Assembling library of search results
Results of the searches in bibliographic databases 
and Google Scholar will be combined, and duplicates 
removed prior to screening. A library of search results 
will be assembled in a review management software (i.e. 
EPPI reviewer [33]).

Table 1  A list of specialist websites and search languages

# Website Search language

1 Foundation for Applied Water Research (STOWA) (http://www.stowa​.nl) English

2 Ekologgruppen i Landskrona AB (http://www.ekolo​ggrup​pen.com/) English

3 Danish Centre for Environment and Energy (DCE) (http://dce.au.dk) English

4 European Environment Agency (EEA) (https​://www.eea.europ​a.eu/) English

5 Finnish Environment Institute (SYKE) (http://www.syke.fi) English

6 Federal Environment Agency (UmweltBundesAmt, Germany) (https​://www.umwel​tbund​esamt​.de) English

7 Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB) (http://www.igb-berli​n.de) English

8 EAWAG Aquatic Research (https​://www.eawag​.ch/en/) English

9 Netherlands National Institute for Public Health and the Environment (RIVM) (https​://www.rivm.nl/en) English

10 United States Environmental Protection Agency (US EPA) (https​://www.epa.gov/) English

11 European sustainable phosphorus platform (https​://phosp​horus​platf​orm.eu/) English

12 Organic Farm Knowledge platform
(https​://organ​ic-farmk​nowle​dge.org/searc​h-toolb​ox)

English

13 Sustainable Sanitation Alliance (www.susan​a.org) English

14 Swedish Environmental Protection Agency (SEPA) (http://www.natur​vards​verke​t.se) English, Swedish

15 Swedish Board of Agriculture (http://www.jordb​ruksv​erket​.se) English, Swedish

16 The Swedish Agency for Marine and Water Management (https​://www.havoc​hvatt​en.se) English, Swedish

17 Swedish directory of Master thesis (DiVA) (http://www.diva-porta​l.org) English, Swedish

18 The Swedish Water & Wastewater Association (SWWA) (http://www.svens​ktvat​ten.se) Swedish

19 Federation of Swedish Farmers (http://www.lrf.se) Swedish

20 The Swedish Environmental Institute (http://www.IVL.se) Swedish

21 Agro base (http://agro.icm.edu.pl/agro) Polish

22 Tech Base (http://bazte​ch.icm.edu.pl) Polish

23 Catalogue of the WULS diploma and doctoral dissertations (https​://sgw0.bg.sggw.pl) Polish

24 Archive of Diploma Theses of the University of Agriculture Hugo Kołłątaj, Krakow (https​://apd.ur.krako​w.pl/catal​ogue) Polish

25 Archive of Diploma Papers of the University of Technology and Life Sciences in Bydgoszcz (https​://apd.utp.edu.pl/catal​ogue) Polish

26 Central Catalog of Polish Journals (http://mak.bn.org.pl/cgi-bin/makww​w.exe?BM=7) Polish

27 NUKat (http://katal​og.nukat​.edu.pl) Polish

28 Portal of Scientific Journals (http://www.ejour​nals.eu) Polish

29 Journal repository of the Nicolaus Copernicus University (http://wydaw​nictw​oumk.pl/czaso​pisma​) Polish

30 Repository of the Open Science Center (http://depot​.ceon.pl) Polish

31 SYMPOnet (https​://gate.bg.pw.edu.pl/) Polish

32 Melinda (https​://melin​da.kansa​llisk​irjas​to.fi) Finnish

33 ARTO (https​://arto.linne​anet.fi/vwebv​/searc​hBasi​c?sk=fi_FI) Finnish

34 HELDA Institutional repository (https​://helda​.helsi​nki.fi) Finnish

35 DORIA Institutional repository (https​://www.doria​.fi) Finnish

36 JUKURI (http://jukur​i.luke.fi) Finnish

37 TAMPUB (http://tampu​b.uta.fi) Finnish

38 THESEUS (http://www.these​us.fi) Finnish

39 University of Lapland (http://lauda​.ulapl​and.fi) Finnish

40 Aalto University (https​://aalto​doc.aalto​.fi) Finnish

41 SYKE library collection (http://kirja​sto.ympar​isto.fi/syke/fi/searc​h_yha.htm) Finnish

http://www.stowa.nl
http://www.ekologgruppen.com/
http://dce.au.dk
https://www.eea.europa.eu/
http://www.syke.fi
https://www.umweltbundesamt.de
http://www.igb-berlin.de
https://www.eawag.ch/en/
https://www.rivm.nl/en
https://www.epa.gov/
https://phosphorusplatform.eu/
https://organic-farmknowledge.org/search-toolbox
http://www.susana.org
http://www.naturvardsverket.se
http://www.jordbruksverket.se
https://www.havochvatten.se
http://www.diva-portal.org
http://www.svensktvatten.se
http://www.lrf.se
http://www.IVL.se
http://agro.icm.edu.pl/agro
http://baztech.icm.edu.pl
https://sgw0.bg.sggw.pl
https://apd.ur.krakow.pl/catalogue
https://apd.utp.edu.pl/catalogue
http://mak.bn.org.pl/cgi-bin/makwww.exe%3fBM%3d7
http://katalog.nukat.edu.pl
http://www.ejournals.eu
http://wydawnictwoumk.pl/czasopisma
http://depot.ceon.pl
https://gate.bg.pw.edu.pl/
https://melinda.kansalliskirjasto.fi
https://arto.linneanet.fi/vwebv/searchBasic%3fsk%3dfi_FI
https://helda.helsinki.fi
https://www.doria.fi
http://jukuri.luke.fi
http://tampub.uta.fi
http://www.theseus.fi
http://lauda.ulapland.fi
https://aaltodoc.aalto.fi
http://kirjasto.ymparisto.fi/syke/fi/search_yha.htm
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Article screening and study eligibility criteria
Screening process
Screening will be conducted at two levels: at title and 
abstract level (conducted together for efficiency), and at 
full text level. The full texts will be retrieved, tracking 
those that cannot be located or accessed and reporting 
this in the final review report. Retrieved records will 
then be screened at full text.

Prior to commencing screening, consistency check-
ing will be performed on a subset of articles (10%) at 
both title and abstract level and full text level screen-
ing. A subset of title and abstract records and full texts 
will be independently screened by three reviewers. The 
results of the consistency checking will then be com-
pared between reviewers and all disagreements will 
be discussed in detail. Where the level of agreement 
is low (below c. 80% agreement), further consistency 
checking will be performed on an additional set of arti-
cles and then discussed. Following consistency check-
ing (i.e. when agreement is above 80%), records will 
be screened by one experienced reviewer (and EPPI 
reviewer’s machine learning component will be used on 
a same set of records to avoid errors in screening).

Eligibility criteria
The following criteria will be applied at all levels of 
screening:

For SQ1:

Eligible population(s) Liquid phase of anaerobic 
digestate from agricultural residuals and domestic 
wastewater (including blackwater). Studies con-
ducted anywhere across the globe will be eligible.
Eligible intervention(s) Struvite precipitation and 
ammonia stripping undertaken for the purposes of 
recovering N and P.
Eligible comparator(s) Before ecotechnology use, a 
control site without an ecotechnology, a compari-
son between different ecotechnologies, different 
intensities of the same ecotechnology, time series 
after ecotechnology implementation.
Eligible outcome(s) Recovery potential of N com-
pounds (total N, ammonium and/or ammonia) 
and P compounds (total P, phosphate) expressed as 
recovered percentage in the digestate flow stream 
and/or total recovery in the wastewater
Eligible languages English, Finnish, Polish and 
Swedish

For SQ2:

Eligible population(s) Ecosystems of boreo-temper-
ate regions, with a focus on the Baltic Sea region. 
Eligible studies will be located in both hemispheres, 
with fully humid temperate (Cfa, Cfb, Cfc) and fully 
humid boreal (Dfa, Dfb, Dfc, Dfd) climates accord-
ing to the Köppen–Geiger climate classification [34].
Eligible interventions(s) Struvite and ammonium sul-
phate recovered from anaerobic digestate and used 
as fertilisers.
Eligible comparator(s) None, before the product 
use, a control site without a product, a comparison 
between different products, different intensities of 
the same product, time series after product imple-
mentation.
Eligible outcome(s) Effectiveness of the products 
expressed as crop yields, N and P release and uptake 
by plants, soil quality, apparent P recovery, apparent 
N recovery, related fertiliser efficiency, fertiliser use 
efficiency (including N and P use efficiency).
Eligible languages English, Finnish, Polish and Swedish.

We will provide a list of articles excluded at title and 
abstract level, and at full text level. The list will include 
reasons for exclusion.

Study validity assessment
Eligible studies will be subject to a study validity assess-
ment. The assessment will evaluate external and internal 
study validity and categorise relevant studies as having 
a high, medium or low validity. This information will be 
used into separate studies during narrative synthesis and 
in sensitivity analyses during the quantitative synthesis 
stage (if performed). Studies with unacceptably low valid-
ity may be excluded from the review. The detailed crite-
ria for the study validity assessment of included studies 
(i.e. critical appraisal tool) will be developed during the 
review process in a 1-day workshop with experts on the 
review team and external subject experts. The critical 
appraisal tool will be tested on a set of 5 studies by the 
entire team. The study validity assessment may consider 
several elements, including:

1.	 Level of methodological details reported (which 
affects the ability to judge the validity);

2.	 Study design (e.g. BA/CI/BACI);
3.	 Number of replicates and scale of replication
4.	 Confounding factors and susceptibility to bias.

Study validity criteria will be tailored to and conducted 
for studies in each review question separately. The deci-
sion during the study validity assessment will be recorded 
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in a detailed and transparent manner. The validity of a 
study will be assessed by one reviewer and checked by a 
second reviewer. Final decisions regarding doubtful cases 
will be taken by the review team as a whole. A list of stud-
ies excluded based on quality assessment will be provided 
in an appendix together with the reasons for exclusion.

Data coding and extraction strategy
Data will be extracted from included studies and recorded 
in spreadsheets that include pre-determined coding 
adapted for each secondary question. A draft version of 
data extraction sheet is in Additional file 3. We will extract 
information on study characteristics, intervention details, 
comparators, effect modifiers, study validity assessment 
scores and study findings. This list may be expanded dur-
ing the review process depending on the type and variety 
of included studies. The outcome means and measures 
of variation (standard deviation, standard error, or confi-
dence intervals) will be extracted from tables and graphs 
(using image analysis software if needed). In case of unob-
tainable data from published materials, the review team 
will ask authors of relevant articles for access to unpub-
lished raw data. The review team will calculate summary 
statistics if the raw data are provided. All extracted data 
records will be made available as additional files. A con-
sistency checking exercise will be done before coding and 
data extraction on a subset (10%) of records by all review-
ers. All disagreements will be discussed, and the coding 
scheme will be clarified where needed.

Potential effect modifiers/reasons for heterogeneity
The following factors, which potentially can cause vari-
ation in measured outcomes, will be considered and 
recorded if reported in primary studies or available from 
authors:

For SQ1:

•	Specific characteristics of intervention and 
ecotechnology process parameters including: 
temperature, reactor type, amount of chemicals 
added, NH4:P molar ratios

•	Type of a substrate used for anaerobic digestion
•	Type of waste treatment processes before anaero-

bic digestion phase and before application of stru-
vite recovery or ammonia stripping

•	Study design, including study scale and sampling 
method.

For SQ2:

•	Climatic conditions
•	Physical and chemical conditions of soil

•	Type of product used as fertiliser: granular, liquid, 
etc.

•	Amount of applied fertiliser, purity of fertiliser or 
level of organic pollutants

•	Plant species exposed to the fertilisers
•	Study design, including study scale and sampling 

method.

More effect modifiers and reasons for heterogeneity 
may be recorded and extracted from the studies during 
the review process.

Data synthesis and presentation
A narrative synthesis will describe the validity of the 
results along with summary of findings (in a graphical 
and tabular form) of each included study. We will pro-
duce a database of studies including full meta-data that 
can be visualised in an evidence atlas. Meta-analysis may 
be used to synthesise quantitative data and it will be pos-
sible in cases where a sufficient number of studies (for 
our purposes, we will set a lower limit of 3) report simi-
lar types of outcomes. In such cases, effect sizes will be 
standardised (as Hedges g) and weighted appropriately. 
Meta-regression and subgroup analysis of different study 
categories may be performed where sufficient data exist. 
We will also analyse the potential presence of publication 
bias. We will conduct sensitivity analysis based on critical 
appraisal judgement where sufficient studies allow (i.e. 
where 3 or more high validity studies remain). The review 
will also highlight and discuss methodological deficien-
cies of the relevant studies, and major knowledge gaps in 
the evidence base for each secondary question. Knowl-
edge gaps will be highlighted by identifying un- or under-
represented subtopics using heat maps.

Additional files

Additional file 1. ROSES form for systematic review protocols. 

Additional file 2. Scoping exercise. 

Additional file 3. Data extraction sheet.
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