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Abstract

Background: Agriculture is the main sector responsible for nutrient emissions in the Baltic Sea Region and there is

a growing pressure to identify cost-effective solutions towards reducing nitrogen and phosphorus loads originating
from farming activities. Recycling resources from agricultural waste is central to the idea of a circular economy, and
has the potential to address the most urgent problems related to nutrients use in the food chain, such as depletion of
natural phosphorus reserves, water pollution and waste management. This systematic map examined what evidence
exists relating to the effectiveness of ecotechnologies in agriculture for the recovery and reuse of carbon and/or nutri-
ents (nitrogen and phosphorus) in the Baltic Sea region and other comparable boreo-temperate systems.

Methods: We searched for both academic and grey literature. English language searches were performed in 5 bib-
liographic databases and search platforms, and Google Scholar. Searches in 36 specialist websites were performed in
English, Finnish, Polish and Swedish. The searches were restricted to the period 2013 to 2017. Eligibility screening was
conducted at two levels: title and abstract (screened concurrently for efficiency) and full text. Meta-data was extracted
from eligible studies including bibliographic details, study location, ecotechnology name and description, type of
outcome (i.e. recovered or reused carbon and/or nutrients), type of ecotechnology in terms of recovery source, and
type of reuse (in terms of the end-product). Findings are presented here narratively and in a searchable database, and
are also visualised in a web-based evidence atlas (an interactive geographical information system). In addition, know!-
edge gaps and clusters have been identified in the evidence base and described in detail.

Results: We found 173 articles studying the effectiveness of 177 ecotechnologies. The majority of eligible articles
were in English, originated from bibliographic databases and were published in 2016. Most studies with reported
locations, and given our boreo-temperate scope, were conducted in Europe and North America. The three most
prevalent ecotechnologies in the evidence base (collectively 40.7%) were; soil amendments, anaerobic digestion
and (vermi)composting. Manure was the principal waste source used for recovery of nutrients or carbon, making up
55.4% of the all studies in evidence base, followed by a combination of manure and crop residues (22%). There were
51 studies with 14 ecotechnologies that reported on recovery of carbon and nutrients together, predominantly via
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through soil amendments.

(vermi)composting and anaerobic digestion. Only 27 studies focused on reuse of recovered nutrients and carbon

Conclusions: This systematic map report provides an evidence base that can be useful for researchers and decision-
makers in policy and practice working on transformation from linear to circular economy in the agricultural waste
sector. Three potential topics for future systematic reviews are: (1) effectiveness of products recovered from different
types of agricultural wastes as soil amendments or fertilizers; (2) effectiveness of anaerobic digestion as an ecotech-
nology used for recovery of nutrients and carbon; (3) effectiveness of composting and/or vermicomposting as
ecotechnologies used for recovery of nutrients and carbon.

Keywords: Circular economy, Eutrophic, Fertilisers, Manure, Nitrogen, Nutrient recycle, Phosphorus, Pollution

Background

The degradation of water quality in the Baltic Sea is con-
tinuing, despite investments in measures to mitigate
pollution from both diffuse and point sources within its
drainage basin [1, 2]. The HELCOM report on Baltic Sea
ecosystem health identified inorganic, nutrient-induced
increase of primary production and high organic car-
bon (C) load as the two greatest environmental pressures
in the Baltic Sea [3]. The high vulnerability of the Baltic
Sea to waterborne nutrient loadings is the result of three
main factors: its large catchment to sea area ratio; long
freshwater renewal time; and limited water exchange
with the North Sea.

The dominant pathway of total nitrogen (N) and total
phosphorus (P) in riverine loads to the Baltic Sea is from
diffuse sources (46.5% and 35.7%, respectively), pre-
dominantly originating from agricultural activities [4].
These percentages are greater than all other N and P
source types (i.e. point sources, atmospheric deposition,
forestry, scattered settlements and natural background
load). There is thus substantial pressure on the agricul-
tural sector to identify cost-effective solutions for reduc-
ing N and P loads originating from farming activities. A
recent Finish assessment has demonstrated that, to date,
investments in water protection measures have not led
to any visible reduction of diffuse nutrient loads at the
national scale in Finland [5]. Furthermore, a multi-ben-
efit approach towards implementation of technological
and management measures is recommended instead of
focusing on a single benefit such as nutrient load reduc-
tion [6].

Since high-quality reserves of P in phosphate rock are
expected to deplete within a few 100 years [7] whilst
global P demand continues to grow, policy and research
attention is shifting towards P recovery from waste, and
its reuse as fertiliser [8, 9]. There are three major types of
agricultural waste: (1) livestock manure; (2) primary agri-
cultural residuals (such as post-harvest crop residuals);
and (3) secondary agricultural residuals (from crop pro-
cessing in agricultural industries). Recycling resources
from agricultural waste is central to the idea of a circular

economy [10] and has the potential to address the most
urgent problems related to nutrient use in the food chain,
such as depletion of natural P reserves, water pollution,
and waste management [9].

If agricultural waste is not properly managed, it can
become an environmental and economic burden [11].
For example, the patchy geographical location of inten-
sive livestock and crop areas has led to an unbalanced
spatial distribution of manure availability, which results
in nutrient-deficient areas and nutrient hot-spots [12,
13]. Production of safe and stable fertilisers from organic
waste streams requires the implementation of cost-effec-
tive manure processing technologies. Although recycling
nutrients back to the soil is the primary reason for appli-
cation of organic materials to farmland, organic C recy-
cling is also important due to reduced soil productivity
resulting from the long-term soil organic C decline in
many areas of the world [14].

Apart from animal manure, the following five catego-
ries of organic soil amendments have been distinguished
[14]: (1) municipal biosolids and septage; (2) green
manure and crop residues; (3) food residues and waste;
(4) waste from manufacturing process; and (5) compost.
This categorisation misses some important products
that can be recovered from different agricultural waste
streams and applied to fields, namely: anaerobic digestate
and its derivatives [15] or biochar from pyrolysis process
[16, 17].

N, P and C are also ubiquitous in agricultural run-
off [18, 19] and in natural water bodies [20]. However,
the implementation of recovery technologies for non-
reactive P, is much less common for natural water bod-
ies than for manure [20], due to several reasons: (1) the
presence of other constituents such as organics; (2) a
lower per unit conversion efficacy; and, (3) the technical
ease of implementation. Furthermore, pollutants in agri-
cultural runoff or natural waterways contaminated with
nutrients are usually considered as a source for nutrient
removal, as in the case of constructed wetlands [21, 22],
or a source for nutrient retention in streams, as in the
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case of river restoration projects [23], but not a source for
nutrient recovery.

The focus of the present study is on ecotechnologies for
the recovery and reuse of organic C and nutrients (N and
P) in the agricultural sector. The term ‘ecotechnologies’ is
understood here as “human interventions in social-eco-
logical 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” [24].

Stakeholder engagement

The topic for this review was initially proposed by the
research funder BONUS (https://www.bonusportal.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
specially formed stakeholder group, consisting of the
broader BONUS RETURN project consortium members
(see https://www.bonusreturn.com/), which explains the
Baltic Sea basin focus.

Objective of the review
The primary question for this systematic map was:

What evidence exists relating to effectiveness of ecotech-
nologies in agriculture for the recovery and reuse of carbon
and nutrients in the Baltic and boreo-temperate regions?

Definitions of the question components
Population(s): The boreo-temperate regions comparable
with and including the Baltic Sea region.

Intervention(s): Any practice undertaken for the pur-
poses of recovering and/or reusing C and/or nutrients (N
or P) from agricultural waste, manure, soil or waterbod-
ies (including surface and ground water).

Comparator(s): Before ecotechnology use, a control
site without an ecotechnology, a comparison between
different ecotechnologies, different intensities of the
same ecotechnology, time series after ecotechnology
implementation.

Outcome(s): Described recovery and/or reuse of C
and/or following nutrients: N compounds (N, nitrate,
nitrite, ammonium) or P compounds (P, phosphate)

As requested by the stakeholders, this review had a spe-
cific focus on the Baltic Sea region, but it also included
studies from other comparable boreo-temperate regions
in both hemispheres (see “Eligible population(s)” below).
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Methods

The review followed the Collaboration for Environmental
Evidence Guidelines and Standards for Evidence Synthe-
sis in Environmental Management [25]. It was conducted
according to the peer-reviewed protocol [26] and it con-
formed to ROSES reporting standards [27] (see Addi-
tional file 1).

Deviations from the protocol

An additional source of evidence was added to the review
that was not stated in the protocol. Parallel to this review,
a systematic map on recovery of nutrients and C from
municipal wastewater was conducted within the same
BONUS RETURN project (and similar review team)
[28]. This map used the same search sources, but differ-
ent search strings. Records (screened at title and abstract
or full text) found in one map but relevant to the other,
were transferred between the maps rescreened and dedu-
plicated against the other map’s relevant full texts and
included together with grey literature search results. For
other deviations, see “Data coding strategy” section.

Searching for articles

Bibliographic databases

We searched for evidence in following databases and
platforms:

1. Scopus.

2. Web of Science Core Collections (consisting of the
following indexes: SCI-EXPANDED, SSCI, A&HCI,
CPCI-S, CPCI-SSH, and ESCI).

Electronic Theses Online Service (€ThOS).

Digital Access to Research Theses (DART).

5. Directory of Open Access Journals (DOAYJ).

B W

Searches were performed using subscriptions of War-
saw University of Life Sciences and Stockholm University.
These searches were conducted using English language
search terms. The following search string was used in
bibliographic databases:

(recycl* OR reus* OR circul* OR conver* OR recover*
OR return*) AND (agr* OR farm* OR crop* OR live-
stock OR “live stock” OR manure OR animal OR cul-
tivat*) AND (“organic carbon” OR DOC OR “organic
C” OR “organic matter” OR nutrient* OR nitrogen OR
nitrate OR nitrite OR ammoni* OR phosphorus OR
phosphate) [shown as formatted for Web of Science Core
Collections]

The searches were restricted to articles published dur-
ing the period of 2013-2017 as we intended to concen-
trate on technological innovations not yet in industrial
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use. Moreover, we conducted searches until 2017 as this
year marked the start of the BONUS RETURN project.

Search engines

Searches performed in Google Scholar were in English
only and restricted to articles published between 2013
and 2017, as above. The first 1000 search results were
extracted as citations using Publish or Perish software
[29] and introduced into the duplication removal and
screening workflow alongside records from bibliographic
databases.

Organisational websites

Searches were performed across a suite of 36 relevant
organisational websites for ecotechnologies for the reuse
of C and/or nutrients. Each website was hand-searched
for eligible publications. Searches were performed in
English, Swedish, Finnish and Polish corresponding to
the case-study countries within the BONUS RETURN
project as well as many of the Baltic languages. Literature
from organisational websites was screened separately
before it was combined with other records.

Testing comprehensiveness of the search
Twenty articles of known relevance to the review were
screened against scoping search results to examine
whether searches could locate relevant evidence. If arti-
cles were not found during scoping, search terms were
examined to identify the reasons why articles were
missed, and the search string was modified accordingly.
Details of all the searches including list of benchmark
articles can be found in Additional file 2.

Assembling library of search results

Results of the searches in bibliographic databases and
Google Scholar were combined, and duplicates were
removed prior to screening. A library of search results
was assembled in a review management software (i.e.
EPPI Reviewer [30]). These search results were ran-
domly divided into 5 equal sets (each containing 20% of
all searches from bibliographic databases and Google
Scholar), and then each set was screened and coded
sequentially to facilitate rapid identification of knowledge
gaps and knowledge clusters.

Article screening and study eligibility criteria

Screening process

Screening was conducted at two levels: at title and
abstract level together, and at full text level. The full texts
of potentially relevant abstracts were retrieved, tracking
those that could not be located or accessed (see Addi-
tional file 3 for details). Retrieved records were screened
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at full text, with each record being assessed by one expe-
rienced reviewer.

Prior to commencing screening, consistency checking
was performed with 3 reviewers on a subset of articles
at both title and abstract level and full text level screen-
ing. A subset of 700 title and abstract records and 40 full
text records was independently screened by all review-
ers. These numbers represent approximately 10% of each
set of results at each level for both searches. The results
of the consistency checking were compared between
reviewers and all disagreements discussed in detail
Where the level of agreement was low (below 80% agree-
ment level), further consistency checking was performed
on an additional set of articles and then discussed.

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

Eligible population(s): Relevant studies located in
the Baltic Sea Region or comparable boreal/temperate
regions in both hemispheres, with fully humid temper-
ate (Cfa, Cfb, Cfc) and fully humid boreal (Dfa, Dfb, Dfc,
Dfd) climates according to the Koppen-Geiger climate
classification [31].

Eligible intervention(s): Any ecotechnology (see the
definition of ‘ecotechnology’ above) undertaken for the
purposes of recovery and/or reuse of C and/or nutrients
(N or P) in agriculture. Recovery affects either agricul-
tural waste (animal- or plant-based) or agricultural runoff
(e.g. surface runoff, tile drain flow or groundwater flow).
A study was excluded if a given recovery source was not
directly related to agriculture (e.g. industrial/municipal
wastewater, agro-industrial wastewater, an inland or sea
water body whose pollution level could not be directly
attributed to an agricultural activity).

Eligible comparator(s): Before ecotechnology use, a
control site without an ecotechnology, a comparison
between different ecotechnologies, different intensities of
the same ecotechnology, time series after ecotechnology
implementation.

Eligible outcome(s): Described recovery and/or reuse
of C and/or nutrients from e.g. agricultural waste (e.g.
crop residues, manure, agricultural runoff, etc.) within
the Baltic Sea Region or boreo-temperate systems. C out-
comes include soil C, soil organic C, total C, dissolved
organic C, and organic matter, but also chemical oxygen
demand and biological oxygen demand, which are prox-
ies for C. Nutrient outcomes include N compounds (N,
nitrate, nitrite, ammonium) and P compounds (P, phos-
phate). Studies describing agricultural reuse of products,
such as soil amendments (including fertilizers), recovered
for example from wastewater or sludge were not included
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in this map (but they are being catalogued in a separate
systematic map (see [28]).

A list of articles excluded at title and abstract level, and
at full text level, with reasons for exclusion provided for
all excluded articles is in Additional file 4.

Study validity assessment

The validity of articles was not be appraised as part of
this systematic map in accordance with accepted system-
atic mapping methodological guidance [32], although
particular meta-data extracted into the systematic map
relate to internal and external validity.

Data coding strategy

The following meta-data extraction and coding was per-
formed for all relevant studies (which was updated after
the protocol [26] was published):

+ Ecotechnology name (as stated in the original arti-
cle).

+ Short description of ecotechnology (as stated in the
original source).

» Category of ecotechnology (e.g. struvite precipita-
tion, bioreactors, source separation).

+ Substrate used for recovery:

+ Manure-based.

+ Crop-based.

+ Manure- and crop-based combined.
+ Other.

« Qutcome: recovered or reused C and/or nutrients (N
and P).

+ Name of recovered product reused as soil amend-
ment.

+ Study country and location.

+ Latitude.

+ Longitude.

+ Study scale and type (laboratory experiment, field
study with micro, medium or macro scale).

The categories of ecotechnologies were assigned post
hoc at the final coding stage, primarily based on coded
ecotechnology names. Short descriptions were a sup-
plementary source, and the full texts were used in case
of doubts. The goal was to derive relatively homogenous
clusters that could be used at the synthesis stage. Meta-
data extraction and coding was performed by multiple
reviewers (3 in total) following consistency checking on a
parallel coding of subset of 21 full texts (which was about
10% of the evidence base), discussing all disagreements.
Meta-data from the remaining relevant studies were
then extracted in EPPI reviewer 4. All articles reported
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sufficient amount of information and no contact with
authors was needed.

Data mapping method

The evidence base identified within this systematic map
was described narratively, in the form of descriptive sta-
tistics and within a systematic map database; a searchable
database with columns containing codes and meta-data
related to the variables described in the meta-data extrac-
tion and coding schema, above. We produced an evi-
dence atlas using study latitude and longitude meta-data,
where studies are plotted on an interactive cartographic
map. We have identified knowledge clusters and gaps by
cross-tabulating different variables and inspecting the
extent of evidence (number of studies) within each cell of
the table.

Results

The initial search (see Additional file 4 for details of
search results) yielded 40,336 articles, that after dedu-
plication process resulted in 29,150 unique records that
were screened at title and abstract level. After screening
titles and abstracts, we have included 1747 records for
retrieval and full text screening, but 412 articles could
not be found or accessed (see Additional file 3) and a
total of 1335 articles was screened at full text, where 151
articles were included (see Additional file 4 for exclusion
reasons). A total of 12 articles was added from searches
of specialist websites in relevant languages. Additional 10
records were added from the systematic map on recovery
of nutrients and C from municipal wastewater. A final set
of 173 articles with relevant data was included in the sys-
tematic map database (see Additional file 5). Three arti-
cles reported more than one ecotechnology and, in total,
the evidence base included records of 177 studies with
ecotechnologies. Each separate study of ecotechnology
effectiveness was assigned a unique study ID and we refer
to it as a ‘study’ in this map. Figure 1 shows the numbers
of included and excluded articles and studies at different
stages of the mapping process.

Evidence atlas

We have created an evidence atlas using the EviAtlas tool
[33] and it is accessible at https://bonusreturntest.githu
b.io/ (and www.bonusreturn.eu/program/agriecotec
hevidence/). The evidence atlas shows the locations from
the studies included in the systematic map database on a
cartographic map. Depending on the information avail-
able in the articles, we have extracted and mapped coor-
dinates of (1) sampling locations; (2) locations where an
ecotechnology was developed or (3) where the ecotech-
nology was implemented. The evidence atlas is interactive
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Fig. 1 ROSES flow diagram [27] showing literature sources and inclusion/exclusion process

and can be searched for specific evidence using visual
interface (see Fig. 2 for a snapshot). Where coordinates of
study sites were not available from the included articles,
we retrieved them from Google Earth. If a study reported
a country only, we have added coordinates of country’s
capital (available from https://www.latlong.net) to the
atlas. From 27 studies (15.3%) coordinates could not be
found and extracted at all, and these studies could not be
displayed on the map (26 of these were experimental or
modelling studies).

Review descriptive statistics
Figure 3 shows the number of relevant articles included
in the map database published per year and general
source of searches such as specialist websites and biblio-
graphic searches including Google Scholar. The majority
of articles in the evidence base were published in 2016
(23.7%) and primarily originated from bibliographic data-
bases (93.1%).

Figure 4 shows publication type and language of
included articles. Journal articles were predominant
publication type (80.3%) with the majority of articles
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published in English (93.1%). There were no eligible stud-
ies published in Swedish, and no grey literature articles
published in English.

Description of ecotechnologies

Most of the studies included in the map database, which
specifically indicated a study country (150, 84.7%), were
in Europe (76, 42.9%), followed by North America (50,
28.3%) and specifically, the United States (36, 24%) (see
Table 1). Studies were located in 26 countries. The two
most frequently represented European countries were

Finland (16) and Belgium (13). Note that the distribution
of studies across continents and countries is influenced
by the eligible population criterion (see “Methods”).

Types of ecotechnologies

In this map, we catalogued a total of 177 studies with 25
ecotechnologies that focused on recovery effectiveness of
C, P and N (Table 2).

The most frequent category in the evidence base were
soil amendments (15.3%), i.e. studies describing the reuse
of products such as compost or biochar as additions to
improve the soil; followed by anaerobic digestion (12.9%)
and (vermi)composting (12.4%). Here, (vermi)compost-
ing refers to composting with or without various spe-
cies of worms. Studies describing effectiveness of various
combinations of ecotechnologies comprised 11% of evi-
dence base (Fig. 5). The combinations were usually two
single ecotechnologies coupled together in a sequence
and most frequently anaerobic digestion coupled with
an alternative technology, such as ammonium stripping,
bioelectrochemical systems, ultrasonication, or similar.

Main substrate used for recovery
Manure was the principal source used for recovery of
nutrients or C (98), followed by a combination of manure
mixed with crop residues (or any other plant biomass)
(39) and crop residues solely (29). In addition, a compara-
tively small number of studies (11) tested ecotechnologies
on substrates that could not fit into any of the previous
categories and were classified as ‘Other’ (see Fig. 6).
Among manure-based ecotechnologies, combinations
of different ecotechnologies were the most common
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(19.4%), followed by anaerobic digestion (16.3%) and
struvite precipitation (13.3%). Various types of manures
were reported as a recovery source including manure
of swine, poultry, cattle, and horse. Manure was some-
times described as solid or liquid, but without specifica-
tion of the exact source, and some studies did not specify
manure type or origin at all. The most common ecotech-
nologies to use a mixed substrate were soil amendments
(33.3%), (vermi)composting (28.2%) and anaerobic diges-
tion (15.4%). The majority of crop-based ecotechnologies
included cover crops (23.5%) and other crop manage-
ment practices (24.1%), followed by soil amendments
(20.6%) and (vermi)composting (10.3%). Two noteworthy
examples of ecotechnologies applied to substrates classi-
fied as “Others” were (11 studies): bioreactors placed in
drainage ditches for nutrient removal and/or recovery
(27.3% of 11 studies) and aquaponics (recirculation sys-
tems typically with fish tanks and hydroponic plants, e.g.
vegetables) (18.2% of 11 studies). The substrate was agri-
cultural drainage wastewater and liquid from the aqua-
ponic system, respectively.

Fourteen categories of ecotechnologies used only one
substrate type for recovery of P, N or C. Six used two
substrate types, while five were applied on three or more
substrate types (including soil amendments, (vermi)com-
posting, anaerobic digestion, pyrolysis and struvite pre-
cipitation) (Table 3).

Recovery of C and nutrients

There were 51 studies (28.8%) with 14 ecotechnologies
that reported on recovery of all 3 elements (C, N and
P) (see Table 4) and mostly using (vermi)composting
and anaerobic digestion (reported by 14 and 11 studies
respectively). Joint P and N recovery was also frequent
in the evidence base (39, 22%) and was mostly done via
struvite precipitation and a combination of ecotech-
nologies. The number of studies that reported only
N recovery (35, 19.8%) was higher than those report-
ing only P recovery (22, 12.4%). P and N recovery were
more frequently reported than C recovery. N recovery
was mostly achieved by soil amendments and cover
crops, while P recovery was mostly achieved by struvite
precipitation and soil amendments. Only 10 studies
(5.6%) reported recovery of C and mostly via anaero-
bic digestion, and only 2 studies (1.1%) reported joint
recovery of C and P using either pyrolysis or membrane
filtration.

The majority of ecotechnologies using manure as a
recovery substrate focused on recovery of P and N (26),
followed by C, P and N (23) and N only (20) (Table 5)
and they constitute the largest knowledge cluster within
the systematic map. The second cluster was within the
ecotechnologies classified as manure- and crop-based,
predominately focusing on joint recovery of C, P and N
(19). Crop-based ecotechnologies very mostly focusing
on N, followed by C and N and C, P and N recovery.
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Table 1 Number of studies (n=177) per continent
and country included in the systematic map database

*

Continent Country

Asia China

Japan

Korea, Republic of
Pakistan

India

Finland

Belgium
Netherlands
France

Europe

—_ = = = NN W W DM DM DO O WO =N WD

Germany
Denmark
Poland

United Kingdom
Italy

Sweden
Lithuania
Russia

Czech Republic
Ireland

Norway

Spain

United States

w
(o)}

North America
Canada

[CSIN

South America Brazil
Argentina
Chile

No location stated 27

Table 6 shows the type of ecotechnology recovery
source across different locations. In the evidence base,
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manure-based technologies clearly dominated over all
other types in boreo-temporal regions of many coun-
tries including United States, China and many European
countries.

Studies located in the United States (7 out of 36) mostly
reported on the effectiveness of cover crops, while soil
amendments were one of the top ecotechnologies in Can-
ada, Finland and Belgium (Table 7). Studies that reported
no location were mostly focusing on vermicomposting (9
out of 27) followed by soils amendments (5 out of 27) and
a combination of ecotechnologies (5 out of 27).

Reuse potential

Only 27 studies focused on reuse of recovered nutrients
and C through soil amendments (Table 8). The majority
of soil amendments present in the evidence base were
compost (6, 22.2%), biochar (5, 18.5%) and biogas resi-
dues (5, 18.5%) originating from the recovery process
of N only (7, 25.9%) or a combination of C, P and N (6,
22.2%).

Study design and scale

The majority of studies (Fig. 7) were conducted in a
laboratory context and on a small scale (88, 49.7%), fol-
lowed by the medium scale field studies (34, 19.2%) and
medium scale laboratory experiments (22, 12.4%). Mod-
elling (i.e. including calculations of potential effectiveness
under modelled conditions) and large-scale field stud-
ies made up with only 6.8 and 6.2% of the evidence base,
respectively. There were 6 (3.4%) small-scale field studies
(mostly composting) and 4 studies that included both
laboratory experiments and field tests (2.3%). The scales
were defined as follows. Small scale studies were for
example pot or growth experiments, or in case of waste
water treatment processes, lab or bench scale operations

Table 2 Ecotechnologies for recovery and reuse of C, P and N from agricultural waste streams included in the evidence

base

Category of ecotechnology # (%) Category of ecotechnology # (%)
Soil amendments 27 15 Aquaponics 2 1
Anaerobic digestion 23 13 Constructed wetlands 2 1
(Vermi)composting 22 12 Microbial fuel cells 2 1
Combination 20 11 Scrubber for NH4 recovery 2 1
Struvite precipitation 15 8 Ammonia stripping 1 1
Crop management 11 6 Electrocoagulation 1 1
Cover crops 9 5 Gasification 1 1
Membrane filtration 9 5 Nanoparticles to control P leaching 1 1
Manure treatment/management 8 5 Nutrient biofilters 1 1
Industry systems 5 3 P removal from drainage ditches 1 1
Pyrolysis 5 3 Source separation 1 1
Bioreactors 4 2 Algal turf scrubber 1 1
Microalgae cultivation 3 2 Number of studies 177 100
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Fig. 5 Number of studies across different categories of ecotechnologies

10 15 20 25 30

Number of studies

with input flows from several millilitres to up to 10 L.
Medium scale studies included study plots in size of 10 s
of meters. In case of waste water treatment processes,
studies were classed as medium scale if they were pilot
operations with input flows from 100 to up to 5000 L. A
study was classified as a large if study plots were in size
of 100 s of meters or over an entire field. In case of waste
water treatment processes, large scale studies were at full
scale operations.

Of the most frequent ecotechnologies in the evidence
base, soil amendment and (vermi) composting were
examined with either small scale lab experiments or
medium scale field studies, while studies on anaerobic
digestion, a combination of ecotechnologies, and struvite
precipitation were mostly conducted on a small scale in a
laboratory setting (Table 9).

Limitations of the map
The limitations of the map may originate from: (1) the
search strategy; and (2) bias in the pool of studies found.
We will address both types of limitations consecutively.
Although we have used a comprehensive set of both
general and specific search terms and we have checked
comprehensiveness our search using a benchmark list,
there is a risk that we have missed some studies. Namely,
our search terms were ‘open’ to any ecotechnologies for
reuse/recovery/recycling of nutrients and C, but did not
contain any example names/types of existing ecotech-
nologies, such as anaerobic digestion, struvite precipi-
tation, composting, etc. It may be that there exist valid
articles on these ecotechnologies that do not contain
any of our ‘reuse’ terms in their title, abstract or key-
words, but they do mention or describe the reuse aspect
at full text level. On the other hand, although we were
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searching for different ecotechnologies, none of the stud-
ies we found mentioned ‘ecotechnology’ in their title or
abstract. Future maps should account for this limitation
and potentially introduce more synonyms for specific
ecotechnologies, or make use of emerging technological
developments to search for potentially relevant studies
via text analysis or citation connections.

Our grey literature searches were focused on the Bal-
tic Sea Region and European contexts (due to the focus
of the BONUS RETURN project and available language
skills in the review team). Future work could include
more searches for grey literature on non-European spe-
cialist websites. In addition, the evidence base included
only four studies conducted in Denmark, which is sur-
prising since this is a country with significant manure
problems on the one hand and a high level of techno-
logical innovations on the other. In contrast, the evidence
base included 16 studies from Finland, but as many as 9
of them came from specialist website searches in using

B Manure ®Mixed HCrop M Other Finnish search terms. We therefore expect that, as in the
Fig. 6 Distribution of studies per substrates used for recovery Finnish case, some eligible studies could be identified

Table 3 Distribution of ecotechnologies according to the main substrate type used for recovery

Manure-based Manure- and crop-based  Crop-based Other

(Vermi)composting 8 1 3

Algal turf scrubber 1
Ammonia stripping 1

Anaerobic digestion 16 6 1

Aquaponics 2
Bioreactors 1 3
Combination 19 1

Constructed wetlands 1 1
Cover crops 1

Crop management 4

Electrocoagulation

Gasification

Industry systems

Manure treatment/management
Membrane filtration

Microalgae cultivation

Microbial fuel cells

- N W O 0 N = =

Nanoparticles to control P leaching
Nutrient biofilters 1
P removal from drainage ditches 1
Pyrolysis 1
Scrubber for NH4 recovery 2
Soil amendments 7 13 6 1
Source separation 1
Struvite precipitation 13
Number of studies 98 39 29 11
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Table 4 Recovery of C, P and N reported across different ecotechnologies in the evidence base

C P N

CandP CandN PandN C,PandN

(Vermi)composting 1
Ammonia stripping 1
Anaerobic digestion 3 4
Aquaponics

Bioreactors 1

Combination 3
Constructed wetlands

Cover crops 1

w un = N

Crop management 2
Electrocoagulation 1
Gasification

Industry systems 2 1
Manure treatment/management 1 1
Membrane filtration 1 2
Microalgae cultivation

Microbial fuel cells 1
Nanoparticles to control P leaching 1

Nutrient biofilters 1
P removal from drainage ditches

Pyrolysis 1 2

Scrubber for NH4 recovery 2
Source separation

Struvite precipitation 6 1
Soil amendments 2 5 7
Algal turf scrubber

Number of studies 10 22 35

5 2 14

— N = N WD
| S I N S

— N —

Table 5 Number of studies per type of recovery and type of ecotechnology based on recovery source

C P N

CandP CandN Pand N C,PandN

Manure-based
Crop-based

Manure- and crop-based
Other

Number of studies

S = N M w
N
wul

22 35

1 7 26 23
1 6 3 6
5 6 19

4 3

2 18 39 51

from searches in Danish language and future syntheses
should attempt these searches.

In this systematic map we have not focused on the
reduction of C and nutrient emissions from agriculture,
but instead on their recovery and reuse, due to a pre-set
context of the BONUS RETURN project. In fact, reduc-
tion of pollutant emissions from agriculture is often
(traditionally) seen as a more important problem than
recovery of nutrients and C, so a larger body of evidence
may exist for ‘reduction ecotechnologies. For example, a
recent systematic map concerning on-farm water quality

improvement measures applied in countries with tem-
perate climate [34] identified buffer strips and catch/
cover crops as the two most frequently studied inter-
ventions. The size of their evidence base (410) was sig-
nificantly higher than the size of ours (177). In another
systematic review focused on the effectiveness of con-
structed or restored wetlands for nutrients removal, 93
articles were identified with data from 203 wetlands [22].
Future maps could expand the scope and catalogue other
types of removal and reduction ecotechnologies.
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Table 6 Number of studies per type of ecotechnology recovery source across different locations

Continent Country Manure-based

Manure- and crop- Other Total

based

Crop-based

Asia China 7
India
Japan 3
Korea, Republic of 2
Pakistan

Europe Belgium

Czech Republic

Denmark

Finland 1
France

Germany

Ireland

w = NN W = N

[taly

Lithuania
Netherlands
Norway

Poland

Russia

Spain

Sweden

United Kingdom

North America Canada

N 00 W — = N~ —

United States
South America Argentina
Brazil
Chile

No location stated 16

N —

— 1 = .
wu
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N
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~
w  —
N W N Oy

e}
N
N
~

Finally, we have limited our search to 5 years, between
2013 and 2017 as we focused on the technological inno-
vations, but future work should update this range to
capture research published since 2017, and potentially
examine articles published before 2013 for a more exten-
sive evidence base.

Given the scope of this map and the focus on boreo-
temperate zones, a geographical bias towards developed
countries, especially the United States and western Euro-
pean countries, can be noticed in our evidence base.
Studies from some large countries covering large part
of the relevant climate zones, such as China or Russia,
have a minor contribution to the evidence base (7 and 2
studies respectively) which may also be partly explained
by the lack of Russian and Chinese focus in our review.
Moreover, searching for and including literature pro-
duced in more languages (in addition to English, Finnish,
Polish and Swedish), may have identified more evidence

from relevant geographical regions (such as boreo-tem-
perate zones of South America or similar).

This systematic map dealt with two different aspects
of processing waste products: recovery of nutrients
from agricultural waste and reuse of recovered prod-
ucts as soil amendments (including fertilizers). The
studies dealing with the latter (27) appeared to be much
less abundant than the former (150). Many studies that
dealt with nutrient or C recovery frequently mentioned
the potential of the reuse of recovered products in agri-
culture, but they rarely evaluated its effectiveness. Tri-
als have been mostly conducted in laboratory plots, but
evidence of their effectiveness is needed at larger spa-
tial and temporal scales [12]. It should be noted, how-
ever, that studies that described agricultural reuse of
products derived from municipal wastewater or sludge
were included in the parallel systematic map carried
out within the BONUS RETURN project [28]. The
effectiveness of the recovered products as fertilisers is
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Table 7 Ecotechnologies per top four locations (with or more than 13 studies), including studies that have not stated
country

Ecotechnology Belgium Canada Finland United States No
stated
country

(Vermi)composting 2 1 9

Ammonia stripping 1

Anaerobic digestion 2 3 3

Aquaponics 1

Bioreactors 1 2

Combination 1 4 2 4

Constructed wetlands 2

Cover crops 1 7

Crop management 2 2 1

Electrocoagulation 1

Gasification

Industry systems 2

Manure treatment/management 2 2 1

Membrane filtration 1 4 1

Microalgae cultivation
Microbial fuel cells

Nanoparticles to control P leaching 1 1
Nutrient biofilters 1

P removal from drainage ditches 1

Pyrolysis 2

Scrubber for NH4 recovery 1 1
Source separation 1 1
Struvite precipitation 4 2 1

Soil amendments 4 5 5 3 5
Algal turf scrubber 1 1

Table 8 Different reuse products originating from recovered nutrients and C

Reuse product C P N CandP CandN NandP CandPand N Total
Compost 1 3 1 1 6
Biochar 2 2 1 5
Biogas residues 1 1 3 5
Plant residues 2 1 1 4
Biogas residues and compost 1 1 2

1

Algae residues 1
Biogas residues and struvite 1 1
Food industry by-products 1 1
Nano calcium sulphate 1 1
Struvite 1 1
Grand total 2 5 7 0 2 5 6 27
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Fig. 7 Scale and design of included studies (n=177)

Laboratory Modelling study Field study,
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Table 9 Study scale and designs used to assess the effectiveness of ecotechnologies in the evidence base

Lab, small scale

Field,
medium
scale

Lab,
medium
scale

Modelling Field,
study

Field,
large scale small
scale

Laboratory
and field,
medium scale

(Vermi)composting

Algal turf scrubber

Ammonia stripping

Anaerobic digestion
Aquaponics

Bioreactors

Combination

Constructed wetlands

Cover crops

Crop management
Electrocoagulation

Gasification

Industry systems

Manure treatment/management
Membrane filtration

Microalgae cultivation

Microbial fuel cells
Nanoparticles to control P leaching
Nutrient biofilters

P removal from drainage ditches
Pyrolysis

Scrubber for NH4 recovery

Soil amendments

Source separation

Struvite precipitation

Number of studies

- = w O b

13
88

5

34

1
1

22

4
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still under investigation. Trials have been mostly con-
ducted on laboratory plots, but evidence of their effec-
tiveness is needed at larger temporal and spatial scales.
The review team is however, trying to cover this synthe-
sis gap [35].

Finally, meta-data coding within this map had to
include some level of subjectivity. For example, the dis-
tinction between different categories of eco-technologies
was in some cases difficult to clearly define. The category
“Combination” contains combinations of ecotechnolo-
gies, of which one component was frequently anaerobic
digestion, thus the true value of studies that described
anaerobic digestion is higher than 23 as reported in
Table 2. The same applies to study design, whereby it was
difficult to provide precise estimate of the study scale and
mostly due to lack of reporting clarity.

Conclusions

Implication for policy/management

This systematic map sought ecotechnologies—the term
defined strictly for the purpose of the BONUS RETURN
project [24]—for recovery and reuse of nutrients and C
in agriculture. In the context of the Baltic Sea eutrophi-
cation and the role of non-point agricultural pollution
affecting it, most of the current environmental and water
policies at both European (e.g. Water Framework Direc-
tive), regional (e.g. HELCOM’s Baltic Sea Action Plan)
and national levels (country-specific legislation) still
focus on the reduction of emissions from agriculture
rather than on recovery and reuse of nutrients in this
sector. For example, a background document to the 2018
HELCOM Ministerial Meeting [36] mentions actions for
nutrient recycling in order to reduce eutrophication only
once—in the context of P recycling in agriculture and
wastewater treatment, whereas the HELCOM discourse
has been for a long time dominated by the country allo-
cated reduction targets (CARTs), which are the amounts
of nutrient inputs that member states need to reduce in
comparison to the reference period of 1997-2003 [37].
In contrast, as the EU shifts to a circular economy [10],
a specific action plan for nutrient recovery and reuse
established at the EU level is being recommended [12].
This systematic map report provides evidence base that
can be useful for decision-makers working on transfor-
mation from linear to circular economy in the agricul-
tural waste sector.

Implication for research

Future work could focus in more detail at specific ele-
ments of this map through a full systematic review (and
meta-analysis, where possible). Taking an arbitrary
number of 20 studies in each category as a threshold
(and excluding combinations of ecotechnologies as an

Page 16 of 18

heterogenous category), three main topics that stand out
as potential knowledge clusters suitable for systematic
reviews are:

1. What is the effectiveness of products recovered from
different types of agricultural wastes as soil amend-
ments or fertilisers? The most popular products were
compost, biogas residues and biochar.

2. How effective is anaerobic digestion as an ecotechnol-
ogy used for recovery of nutrients and carbon from
manure and mixtures of manure with biomass waste?

3. How effective is composting and/or vermicomposting
as an ecotechnology used for recovery of nutrients and
carbon from manure and/or biomass waste?

There is a potentially long list of ecotechnology cat-
egories with very low numbers of corresponding stud-
ies (cf. Table 2) that could be considered as knowledge
gaps. However, these are knowledge gaps only within
the limits of our map and would need to be further dis-
cussed with relevant stakeholders before being seen
as primary research priorities. Ecotechnologies for
which primary or secondary (i.e. non-manure) agri-
cultural residues were the sole recovery source were
not the focus of the evidence base, but this is under-
standable given that they are not ubiquitous and their
environmental impact less severe than that of manure.
Even less studied were ecotechnologies for which con-
taminated water was a source for recovery, e.g. water
in closed, recirculation systems (aquaponics), or water
in the natural, open systems (constructed wetlands or
bioreactors placed in small ditches). Future work could
investigate these processes.
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