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One of the key features of nature-based solutions (NBSs) is their high effectiveness and economic and resource
efficiency in solving problems compared to traditional grey interventions. These aspects, however, have so far
attracted little attention in the literature but should be considered, as the evaluation of NBS projects before im-
plementation provides an opportunity to use them as practical tools. This paper aims to present a new evaluation
framework of NBS projects (at the stage of solution selection) based on the application of performance questions
and the indicators approach. The framework consists of threemain stages: (1) the formulation of the project aim
(s), including the problem(s) to be solved, the scales of the expected effects and the thresholds to be achieved;
(2) the elimination of solutions that do not fit the local conditions and setting requirements; and (3) the exam-
ination of the performance questions. To consider thewhole spectrum of influencing factors, a systematic review
was performed to indicate themain concepts related to the issue of NBS effectiveness, including (1) stakeholders'
participation, (2) policy andmanagement capability, (3) economic efficiency, (4) analysis of synergies and trade-
offs, (5) adaptation to local conditions, (6) adequate spatial scale and (7) performance in the long term. In the
current study around 130 indicators were identified for the evaluation of NBS projects. Regarding the impact
on the state of knowledge, the present work contributes to the discussion on the conceptual sphere of NBS and
its practical implementation by introducing multi-perspective standards and guidelines for the selection of pos-
sible NBS projects, and it deals with the complexity of synergies and the trade-offs between benefits.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nature-based solutions (NBSs) work with nature to benefit both
natural ecosystems and the people that depend on them. This
concept reflects the paradigm that nature provides solutions to
global challenges and turns them into opportunities (Science for
Environment Policy, 2021). Their primary role and scope may be
expressed by the following statement: ‘by working with nature, rather
than against it, communities can develop and implement solutions that
pave the way towards a resilient, resource-efficient and green economy’
(European Commission, 2020).

To be practical, feasible and represent a tool for long-term problem
mitigation, an NBS should be effective and cost-efficient. The Oxford
English Dictionary (2016) defines effectiveness as ‘the degree to
which objectives are achieved and the extent to which targeted prob-
lems are solved’. The Merriam-Webster Dictionary (2007) provides an-
other definition: ‘the power to produce a desired result’. Taking into
account the complex nature of NBSs, such ‘power’ means solving or
diminishing problem(s) through activities dealing with environmental,
social and economic pillars (Sowińska-Świerkosz et al., 2021).

The European Commission report on NBSs and re-naturing cities
(European Commission, 2015) called for research and innovation ef-
forts to address questions about the effectiveness of all types of NBSs
by searching for amore comprehensive evidence base on their social,
economic and environmental benefits. To do so, at the stage of
selecting a solution, it is necessary to answer certain questions re-
lated to its performance. In response to the EC Report's call,
Kabisch et al. (2016) identified indicators for assessing the effective-
ness of NBSs for climate change mitigation and adaptation. They in-
dicated four general types of such indices used for integrated
environmental performance, including human health and well-
being assessments, citizen involvement analysis and management.
Another example of a study focusing on climate impacts is a global
systematic map of evidence on the effectiveness of nature-based in-
terventions elaborated by Chausson et al. (2020) based on a detailed
analysis of the literature. The aspect of NBS effectiveness versus al-
ternative approaches was examined by Sowińska-Świerkosz et al.
(2021) in relation to a specific type of solution based on the use of
historical urban green/blue infrastructure. The most extensive
study on the evaluation of NBS projects is presented in the ECLIPSE
report (Raymond et al., 2017b). This document proposes three ques-
tions referring to different aspects as the basis for solution optimisa-
tion: Does the NBS lead to environmental/social/economic benefits?
This report suggests the use of indicators as an effective tool for in-
tervention evaluation. Similarly, IUCN (2020) global standards for
NBSs advocate for the use of indicators based on the best-practice
principles. They should inter alia refer to societal challenges, biodi-
versity and ecosystem integration, economic viability, management
capability and trade-offs between the benefits provided by an NBS.
Moreover, Rutt and Gulsrud (2016) concluded that, next to expert-
based measurements, stakeholders also need to have a chance to de-
fine their quality indicator of different types of NBSs. The latest
European Commission publication on NBSs (published in February
2021) presents some principles for creating ecosystem-based ap-
proaches that are effective and efficient. According to this publica-
tion, effective intervention should be evidence-based, integrate
traditional knowledge and be supported by the best available data,
research and practice (Science for Environment Policy, 2021). This
document emphasized that the elaboration of clear evaluation
criteria and methods will encourage appropriate uptake and imple-
mentation of NBSs. Such criteria should be used to build a framework
constituting a multi-criteria decision-making approach to account
for direct and indirect effects that different interventions may pro-
vide as well as possible trades-offs between them.

In response to this call, the main aim of this paper is to explore the
issue of the evaluation of NBS projects in terms of their effectiveness
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and efficiency. Specific aims of the paper include the following:
(1) the development of an assessment framework for the evaluation
of NBS projects (at the stage of project selection) and (2) a discussion
on the use of indicators as a tool of NBS evaluation. Although the
paper deals with both aspects—the power of a solution to solve/dimin-
ish problem(s) through activities related to environmental, social and
economic pillars (effectiveness) and economic costs and resource use
(efficiency)—the term ‘effectiveness’ is used in the text to capture the
evaluation process as a whole by taking into account diverse groups of
factors.

2. Methods

2.1. Identification of the main concepts related to NBS effectiveness

To identify the main concepts related to the issue of NBS effec-
tiveness, a literature search was performed based on the Scopus da-
tabase. The following search criteria were adopted: ‘nature-based
solution’ AND ‘effectiveness’ OR ‘effective’ OR ‘efficiency’ OR ‘effi-
cient’ IN title, abstract, keywords (30 October 2020). This gave a
total set of 303 results (English papers). The results were presented
in order of relevance and the threshold screening method was ap-
plied. Next, papers were screened by searching for the terms ‘effec-
tiveness’, ‘effective’, ‘efficiency’ and ‘efficient’ in relation to the NBS
term (excluding references). In a further part of the research, papers
presenting new evidence and ideas or summarising current stage of
the knowledge were included (17 papers). The main concepts re-
lated to NBS effectiveness were identified as issues discussed in at
least four papers (Appendix A).

2.2. Evaluation framework of NBS projects

2.2.1. Main pillars of the evaluation framework
The research approach adopted in the framework elaboration deals

with the application of performance questions and effectiveness indica-
tors of qualitative (reflected by description criteria) and quantitative
(reflected by objective measures such as numbers and economic
costs) character. Such a methodology is consistent with the European
Commission Report (European Commission, 2015) as well as with
some previous papers (Raymond et al., 2017b; Sowińska-Świerkosz
et al., 2021). The reason behind this lies in the fact that indicators help
to assess the performance of solutions, increase the measurability of
their effects and assist in the systematic evaluation of NBS projects
(Kabisch et al., 2016; Raymond et al., 2017b). Indicators listed in this
paper (in Figs. 4–10) were extracted from the papers listed in
Appendix A, which are marked with the symbol ^. The selected indica-
tors fulfil the requirements for ‘ideal’ or ‘efficient’ or ‘smart’ indicators
(the term differs among authors), which follow: (1) Is an indicator
relevant to the topic under study (NBS)? (2) Is an indicator reliable
(having a solid scientific basis)? (3) Is an indicator measurable (easy
data collection, easy indicator analysis and update)? (4) Is an indicator
stable (adaptable to changing conditions)? (Sowińska-Świerkosz and
Michalik-Śnieżek 2020).

2.2.2. Assumptions behind the evaluation framework
The analysis of the reviewed papers enabled the formulation of four

specific assumptions that were taken into accountwhile elaborating the
evaluation framework (Table 1).

3. Results

3.1. Identification of the main concepts related to NBS effectiveness

The threshold screening procedure showed that 43 papers deal with
the issue of NBS effectiveness. Most of the papers, however, used search
terms (‘effectiveness’, ‘efficiency’, ‘efficient’) but did not go deeper into
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the problem of evaluation aspects. Only 17 papers focused on the effec-
tiveness analysis as one of the analysed issues by presenting new evi-
dence and ideas or summarising the current knowledge (Appendix A).
The analysis of these 17 papers enabled us to indicate seven main con-
cepts related to the issue of NBS (Fig. 1):

(1) Stakeholders' participation: The participation of stakeholders is
crucial for the effective implementation and management of
NBS (Chausson et al. 2020; Dumitru et al., 2020; Ferreira et al.,
2020; Frantzeskaki et al., 2019; Giordano et al., 2020; Padma
et al., 2019; Raymond et al., 2017b). A solution may be ideal
from an environmental point of viewbyfitting the natural condi-
tions butmay not be accepted by society. Therefore, any action to
tackle challenges should be based on the involvement of stake-
holders, thereby respecting and reinforcing local communities'
rights over natural resources (Ferreira et al., 2020). The wide in-
volvement of diverse groups of respondents, including aca-
demics, managers, practitioners and businesses, should be the
priority in all stages of the intervention's life: design, implemen-
tation, management and monitoring.

(2) Policy and management capability: An intervention treated as
nature-based should be based on flexible and transparent
models of governance to measure, verify, replicate, maintain
and if necessary, alter and improve the solutions adopted
(Chausson et al. 2020; European Commission, 2015; Krauze
and Wagner, 2019; Nesshöver et al., 2017; Raymond et al.,
2017b; Santoro et al., 2019; Sowińska-Świerkosz et al., 2021). Be-
sides, the selected management style impacts the resilience of
Table 1
Assumptions behind the elaboration of the framework.

Assumptions References and examples

Indicator type depends on the
challenge to be tackled or
problem to be solved

Some indicators, such as the water recycling amount an
stakeholders' acceptance, may be used in relation to a v
of challenges and types of environmental problems (Eu
Commission, 2015). Other indicators are more appropri
responding to just one particular challenge (IUCN, 2020
et al., 2017b; Science for Environment Policy, 2021), for
number of people participating in outdoor activities, loc
production for the enhancement of sustainable urbanisa
peak reduction for strengthening flood protection.

Indicator type depends on the
solution type

Some indicators are meant to analyse the performance o
of solution, whereas others are of a general nature and
applied to assess the effectiveness of different intervent
(European Commission, 2015; Raymond et al., 2017b; S
Environment Policy, 2021). For example, among indices
the evaluation of urban green spaces, such as parks and
number of sport facilities and playgrounds may be men
is of no use in assessing the effectiveness of phytoremed
phytostabilisation processes. On the other hand, indicat
the costs of maintaining and repairing may be used in r
the types of NBS projects, including green, green-grey a
solutions (Sowińska-Świerkosz et al., 2021).

The threshold values of
indicators depend on the
scale of the problem to be
solved

The selection of the threshold values of indices depends
geographical scale of the problem that has to be solved
Commission, 2015), which may vary from micro- to ma
(Lafortezza et al., 2018). A given solution, such as a gree
be effective in enhancing sustainable urbanisation at th
city district, but the national scale requires the applicati
extensive solutions (Raymond et al., 2017b).

Evaluation criteria depend on
the stage of a solution's life
cycle

There are different data available at the stage of solution
and implementation—theoretical forecasts and evidence
fields are more likely—compared to during its functioni
situ data are available (Sowińska-Świerkosz et al., 2021
full assessment of an NBS needs an appropriate amount
include both short- and long-term effects (Kabisch et al
result, the selection of specific indices depends on the d
availability in a given time period, as well as the perform
indicators that are subject to change (Sowińska-Świerk
Michalik-Śnieżek, 2020).

3

the NBS to changes (Krauze and Wagner, 2019). Management
capability is crucial in order to consider an NBS a practical tool
and not merely a hypothetical solution. An NBS may be based
on an existing policy framework—including environmental pro-
tection measures, cultural heritage policy, spatial planning, eco-
nomic opportunities and incentives (Nesshöver et al., 2017).
While an existing government framework may foster or hinder
the implementation of an NBS, the need to adopt institutional
structures must also be taken into account (Vignola et al.,
2013). Changes in policy, legislation and spatial planning are all
possible ways of influencing the uptake of an NBS. The second
approach, however, seems to be more likely, as institutional-
related issues were found to be one of the most important bar-
riers hampering the effectiveness of NBS project implementation
(Santoro et al., 2019).

(3) Economic efficiency: NBSs have the potential to be cost-efficient
(producing good results without huge costs) and resource-
efficient (using building materials, natural resources and energy
in a sustainable manner while minimizing impacts on the envi-
ronment) (European Commission, 2015; Faivre et al., 2017;
Frantzeskaki et al., 2019; Maes and Jacobs, 2017; Nika et al.,
2020; Nesshöver et al., 2017). NBSs play a critical role in promot-
ing ‘transitions’ froma resource-intensive growthmodel towards
a more resource-efficient and sustainable growth model (Faivre
et al., 2017). Thismodelmeans that the cost of a solution's imple-
mentation, maintenance or transformation should not exceed
the potential environmental and social benefits (European
Impact on the framework

d the level of
aried number
ropean
ate for
; Raymond
example, the
al food
tion or flood

The first stage of the framework deals with the formulation of the
main aim and specific aims, which condition any further analysis and
the selection of specific indices. Taking into account the
multifunctional character of NBS, the aims should refer to the three
main pillars of NBS and enable the formulation of the quantitative
thresholds of a solution implementation.

f a given type
may be
ions
cience for
applicable for
forests, the
tioned, which
iation and
ors such as
elation to all
nd blue-grey

The framework does not refer to a particular type of NBS but presents
a diversity of methods for indicator calculations, data sources and
examples of some general types of indices, which may be calculated
in relation to various NBS types utilising green infrastructure. The
selection of specific indicators among these listed in Figs. 4–10
should be inter alia based on the type of solution to be implemented.

on the
(European
cro-scale
n roof, may
e level of the
on of more

The first stage of the framework consists of the formulation of
expected threshold values, i.e., we have to decide whether we expect
to solve a given problem in a local, regional or national context. Such
an approach facilitates the selection of an intervention corresponding
to the given scale of a problem.

selection
from test

ng, when in
). Moreover, a
of time to
., 2016). As a
ata
ance of

osza and

The presented framework lists indicators and the method of their
assessment, referring to the stage of NBS project selection rather than
to the evaluation of a solution after implementation.
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Commission, 2015). These costs include acquisition, manage-
ment, transaction and damage and actions such as the costs of
planting, irrigation, water management, energy and cleaning
and repairing engineering infrastructure over a certain period
of time. Furthermore, to be highly efficient, for example, artificial
irrigation should not consume drinking water resources rather
than using rainwater or treatedwater (Xing et al., 2017). Renew-
able energy is preferred over non-renewable energy: ideally, an
NBS should be self-sufficient in terms of water and energy.

(4) Synergies and trade-offs: The analysis of themutual relations be-
tween different benefits provided by NBSs ensure a solution's ef-
fectiveness (Chausson et al. 2020; Dumitru et al., 2020; European
Commission, 2015; Giordano et al., 2020; Kabisch et al., 2016;
Science for Environment Policy, 2021). Such an analysis, how-
ever, is difficult, as benefits are mutually dependent, creating a
dynamic ecosystem servicemodel (Xing et al., 2017). Both syner-
gies (the increase of one service causes the increase of another)
and trade-offs (the increase of one service causes the decrease
of another) exist between them (Kabisch et al., 2016; Raymond
et al., 2017a, 2017b). The positive impact of an NBS project may
include an increase in outdoor activities, a decrease in the num-
ber of premature deaths, the creation of green jobs and the pro-
duction of food. Negative contributions of green solutions to
human well-being and the economic pillar include undesired
and harmful impacts such as exposure to allergenic pollen, an in-
crease in mosquitos, inequalities in access to the NBS, increased
land prices and rent and increased crime and vandalism
(Ferreira et al., 2020; Raymond et al., 2017a). An effective NBS
should be based on a solution that ensures synergies and does
not lead to significant trade-offs (Sowińska-Świerkosz et al.,
2021).

(5) Adaptation to local conditions: To be effective, an NBS must be
adapted to the environmental features of a given implementa-
tion area (European Commission, 2015; Majidi et al., 2019;
Short et al., 2019; Xing et al., 2017). The properties of the local
natural environment may favour one solution while excluding
others. It is especially important when considering key organ-
isms of NBSs such as plants. Their selection depends on a multi-
tude of aspects, including soil characteristics, local biodiversity,
4

climate suitability, drought and stress tolerance and aesthetic
value (Short et al., 2019; Xing et al., 2017). That is why the solu-
tion must reflect local environmental conditions and require-
ments (Frantzeskaki, 2019; Kolokotsa et al., 2020; Short et al.,
2019). Therefore, to ensure the effectiveness of a solution, a
‘case-by-case’ approach should be adopted, rather than a ‘copy-
paste’ approach. As a result, it is advisable to assess the effective-
ness of different key NBSs under different environmental condi-
tions before project implementation. To do so, the extent to
which local variables modify effectiveness needs to be deter-
mined in order to select local solutions that fit the local context.

(6) Performance in the long term: NBSs require time to be effective, as
there is a time lag between the implementation of an intervention
and its peak effectiveness (European Commission, 2015; Giordano
et al., 2020; Raymond et al., 2017b). Therefore, it remains unclear
which approaches would be more effective in the long term and
whichwould bemore effective immediately after implementation
(Kabisch et al., 2016). This is especially crucial when considering
innovative solutions based on new technologies whose perfor-
mance has not been fully assessed due to the short period that
has elapsed since their creation. Therefore, their performance
should first be assessed in reference to the experimental sites,
and if proven, they may be adopted at real locations. Regardless
of the solution type, the achievement of a wide range of benefits
requires a time lag of a few years to several decades, and different
co-benefits can be produced at different time steps (Giordano
et al., 2020). For example, while considering the social pillar, for
example, the increase in the number of people participating in out-
door activitiesmay be considerable right after the implementation
of the NBS, whereas the process of the inclusion of excluded
groups requires long-term performance. That is why the evalua-
tion of an NBS project should, at least hypothetically with a large
margin of error, consider the length of time for particular actions
to become effective in relation to the challenge to be addressed
and the benefits provided (Raymond et al., 2017b). To do so, NBS
effectiveness should be assessed in reference to different time
thresholds in order to evaluate short-time effects (1–5 years),
medium-time effects (5–10 years) and long-time effects (over 10
years).



B. Sowińska-Świerkosz and J. García Science of the Total Environment 787 (2021) 147615
(7) Adequate spatial scale: To be effective, an NBS must be of relevant
size (Frantzeskaki, 2019;Majidi et al., 2019; Nesshöver et al. 2017;
Raymondet al., 2017b;Xing et al., 2017). Intervention can embrace
the micro-level of a single building (e.g., green walls), the meso
level of a whole city (e.g., constructed wetlands) and the macro-
level of an entire country (e.g., a national strategy for the multiple
replications of interventions) (Raymond et al., 2017b). The scale of
a solution affects effectiveness in terms of the provision of services
and the level of tackling challenges. The area and configuration of
vegetation patches influence the stability of ecological processes,
impact the amount of carbon capture, affect the number of people
benefiting and influence the long-term efficiency in terms of the
use of resources (European Commission, 2015). Therefore, the
level of disturbance causing the problem and the expected thresh-
olds should determine the scale of the solution implementation. In
practice, however, the amount of resources—space, funds, people,
time–condition the size of the solution implemented (Sowińska-
Świerkosz et al., 2021).
Fig. 2. General framework of NBS effectiveness assess
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3.2. Evaluation framework for NBS projects

The elaborated framework consists of threemain stages: (1) Formu-
lation of aims; (2) Preselection of solutions; and (3) Examination of per-
formance questions (Fig. 2).
3.2.1. Stage 1: Formulation of aims
According to the assumptions, the selection of indicators depends on

the aim(s) of the action(s) to be taken. The main aim includes the chal-
lenge (problem) to be tackled, the scale of the intervention and the
thresholds to be achieved (e.g., expected numerical values that can indi-
cate positive environmental changes, such as a decrease in temperature
or the level ofwater consumption). Specific aimsdealwith the impact of
an intervention on the three main pillars of NBS. For example, an action
may aim to enlarge the area of green spaces within a city (environmen-
tal pillar), reduce the rate of social segregation (social pillar) or promote
employment in green jobs (economic pillar).
ment applicable at the stage of solution selection.
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3.2.2. Stage 2: Preselection of solutions
The main and specific aims help to eliminate solutions which do not

fulfil the set requirements and thresholds (e.g., green parking does not
correspond to an increase in outdoor activities). Factors which also af-
fect the selection of the solution to be implemented include the follow-
ing (Chausson et al. 2020; Dumitru et al., 2020; Kabisch et al., 2016;
Raymond et al., 2017b; Sowińska-Świerkosz et al., 2021; Xing et al.,
2017): (1) the size of the area available and its localisation (e.g., an
urban forest cannot be considered if the area is too small); (2) environ-
mental characteristics such as climate, the amount of rainfall, tempera-
tures and soil type (e.g., thermophilic plants cannot be planted in harsh
climates and vice versa); (3) the funds available (e.g., low financing fa-
vours low-cost solutions such as pocket gardens instead of an artificial
water reservoir surrounded by a park); (4) the human resources avail-
able (e.g., the profile of specialists and managers employed); (5) the
time factor (e.g., to solve urgent problems, solutions giving quick results
are favoured, such as the implementation of semi-permeable surfaces);
Fig. 3. Link between main concepts related to NB
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and (6) local needs and traditions (e.g., the long tradition and proven ef-
fectiveness of community gardens means that their enlargement is ex-
pected by society). As a result of a process of elimination, from the set
of NB interventions, feasible solutions are pre-selected to be fully
analysed in a further part of the framework. They may include both
new pure green solutions, NBSs implemented alongside existing green
or grey infrastructure or grey-green hybrid solutions (Science for
Environment Policy, 2021).

3.2.3. Stage 3: Examination of performance questions
This stage starts with the formulation of performance questions

aimed at the evaluation of NBS projects (stage 3.1). These questions
constitute the basis for solution selection and correspond to the eight
main concepts related to the issue of NBS effectiveness. Two questions
are attributed to each concept (Fig. 3).

The selection of indicators (stage 3.2) should be based on the criteria
of ‘smart’ indicators described in Section 2.2.1. First of all, a given index
S effectiveness and performance questions.



Fig. 4. Examples of effectiveness indicators related to the issue of stakeholders' acceptance.
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must be relevant, meaning it is related to the topic under study, which is
the evaluation of an NBS project. The indicators applied should be reli-
able, meaning that they have a solid scientific basis (Science for
Environment Policy, 2021). Their performance should be proven by pre-
vious studies and their formula andmethod of interpretation should be
widely agreed upon (Sowińska-Świerkosza and Michalik-Śnieżek,
2020). Measurability refers to the availability of data or easy data collec-
tion and easy indicator analysis and update, so that the effectiveness
analysis does not consume most of the resources meant for solution
management (Kabisch et al., 2016; Lindenmayer et al., 2015). The stabil-
ity of indicators means their ability to adapt to changing environmental
and social conditions, so that a comparison in time and space can be
performed.
7

The selection of indicators that can be used to evaluate NBS pro-
jects (Figs. 4–10) show that their calculation (stage 3.3) must be
based on the application of a set of data sources and methods. The
draft of a project for solution implementation may be helpful in
assessing some simple indices, such as the existence/number of dif-
ferent facilities (seats, playgrounds, picnic zones, sport facilities,
etc.), level of energy produced from renewable sources or projected
area of green space on buildings. Sociological studies (surveys, work-
shops, focus groups, etc.) enable the detection of a multitude of indi-
cators assessing stakeholders' acceptance (Fig. 4) and evaluating NBS
projects in time (e.g., their impact on social learning and innovation,
their impact on conflict prevention) (Fig. 8). Existing legal provisions
and valid registers constituting data sources are especially valuable



Fig. 5. Examples of effectiveness indicators related to the issue of the effectiveness of policy and management.

Fig. 6. Examples of effectiveness indicators related to the issue of the economic and resource efficiency of NBSs.
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Fig. 7. Examples of effectiveness indicators related to the issue of the adaptation of NBSs to local environmental conditions.
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for the analysis of management capability. They are helpful for calcu-
lating indices such as the existence of bureaucratic obstacles, and the
type of institutional bodies responsible for a given area (Fig. 5). Spa-
tial (GIS) analysis provides a range of indices concerning all the per-
formance questions. Effectiveness in terms of the scale of an NBS,
however, may be assessed to the greatest extent based on this data
type (Fig. 9). Notwithstanding, in most of the cases, direct measures
are not available and must be replaced by estimations and/or results
from previous research conducted in relation to similar environmen-
tal conditions, species, city types, respondents' profiles, test sites, etc.
(Examples are given in Figs. 6 and 7). The obtained results would
constitute an approximation of the actual values and will constitute
a starting point for considering the actual effectiveness of a given
solution.

The analysis of the synergies and trade-offs between the benefits
provided by NBS projects (stage 3.4) seems to be the most difficult
step of the framework implementation, as it is not possible to detect
all the pros and cons of any intervention a priori (Nesshöver et al.
2017). Besides, as already pointed out by Dumitru et al. (2020), there
is almost a lack of the systematic mapping of synergies and trade-offs
between different categories of the impacts of NBSs. To facilitate this
stage, however, the framework proposed analyses the relationships
among the different pillars of NBS, that is, environmental, social and
economic. Fig. 10 presents some examples of the synergies and trade-
offs indicated in the literature (Coletta et al., 2021; Colléony and
Shwartz, 2019; Ferreira et al., 2020; Frantzeskaki, 2019; Gómez Martín
9

et al., 2020; Maes and Jacobs, 2017; Raymond et al., 2017b; Science for
Environment Policy, 2021).

Comparing the solutions deals with the evaluation of the integral
performance of each solution (stage 3.5). One method is the eco-
nomic assessment method, which aggregates all monetary costs
and expected benefits (Raymond et al., 2017a). Many of the effec-
tiveness indicators are of a qualitative nature or take the form of
physical parameters, and thus the economic aggregation is difficult.
Therefore, multi-criteria analysis is required, which allows for the
assessment of different outcomes of the assessment process accord-
ing to different groups (Raymond et al., 2017b). In the case of NBSs,
these groups may be understood as the three main pillars of green
solutions as well as the synergies and trade-offs between them
(Sowińska-Świerkosz et al., 2021). Such an approach does not indi-
cate an ‘optimal’ solution but allows us to visualise the impact of
each solution on the different pillars.

3.2.4. Selection of solution(s) to be implemented
As a result of the framework implementation, most probably a set of

possible NBS projects would be selected. In such a case, provided there
are enough funds and space, the best solution seems to be the applica-
tion of more than one type of intervention to simultaneously address
different dimensions. The assessment can also show that there is no so-
lution that fits the set of requirements. In such a case, the whole proce-
dure should be repeated with modified aim(s), a different localisation,
increased funds or a lowered expected threshold.



Fig. 8. Examples of effectiveness indicators related to the issue of an NBS' performance in time.
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4. Discussion and conclusions

The presented study contributes to going beyond the state of the art
on the evaluation of NBS projects in relation to diverse aspects, which
may be identified as follows: (1) conceptual, referring to the concept
of NBS itself; (2) practical, referring to NBS implementation and man-
agement; and (3) problem solving, referring to the obstacles indicated
in the literature (Fig. 11).

Regarding the conceptual sphere, the main concepts related to NBS
effectiveness were formulated and structured. As a result, the frame-
work addresses the seven most important aspects discussed in the
literature (e.g., Chausson et al. 2020; European Commission, 2015;
Giordano et al., 2020; Nesshöver et al. 2017) as crucial for NBS effective-
ness. All of the detected aspects should be treated as being on the same
level of importance, without prioritising any one aspect. An analysis of
effectiveness only from the point of view of environmental benefits is
contrary to the idea of NBSs itself. NBSs, unlike traditional grey solu-
tions, should simultaneously address the environmental, social and eco-
nomic pillars.

Another impact on the conceptual sphere refers to the consideration
of an NBS as a complex socio-ecological system (Nesshöver et al. 2017)
by considering multiple perspectives and points of view. According to
the division proposed by Sarabi et al. (2019), the framework ensures
the participation of micro-level actors (citizens whose opinions are
10
crucial to formulate indicators of stakeholders' acceptance), meso-
level actors (employees of municipal departments, water bodies, etc.,
who contribute to the formulation of thresholds and analysis of local
conditions) and macro-level actors (regional and national authorities
whose knowledge is needed to evaluate implementation and manage-
ment capability). Their involvement in the formulation and calculation
of the indicators may be considered one of the methods of effective
communication, social participation and feedback, which should be ob-
tained according to the literature (European Commission, 2015;
Ferreira et al., 2020).

From a practical point of view, the framework proposes standards
and guidelines for the selection of possible NBS projects, which have
not been precisely determined so far (Faivre et al., 2017). Of course,
some recommendations constituting the assumptions behind the
framework elaboration have been formulated in previous papers and
reports (Chausson et al. 2020; European Commission, 2015; Kabisch
et al., 2016; Raymond et al., 2017b, Science for Environment Policy,
2021), but they have not previously been combined into one compre-
hensive evaluation framework. Such a framework, however, is
needed, as it will encourage the appropriate uptake and implemen-
tation of NBSs (Science for Environment Policy, 2021). It must be em-
phasized here, once again, that the proposed framework and listed
indicators refer to the stage of NBS project selection rather than to
the evaluation of the project after its implementation. As the



Fig. 9. Examples of effectiveness indicators related to the issue of the impact of NBS size on its effectiveness.
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framework shows step-by-step how to shift from the motive(s) of
green activity implementation to the selection of possible solution
(s), it constitutes a starting point for the elaboration of ‘a guide to
good practice’ or a similar elaboration directed to managers. It is
worth noting that the framework also considers the issue of adaptive
management, meaning the introduction of changes in policy, legisla-
tion and spatial planning, as inmany cities it is expected that existing
structures are inadequate or too inefficient to properly manage an
NBS (Vignola et al., 2013).

The main obstacle to framework implementation in practice is
the lack of available data to calculate a total set of indicators crucial
for the comprehensive evaluation of an NBS project. The lack of rele-
vant data was also stressed by other authors (European Commission,
2015; Kabisch et al., 2016; Nesshöver et al. 2017; Sowińska-
Świerkosz et al., 2021). This shortcoming is especially crucial when
analysing the impact of a solution on the following factors: (1) envi-
ronmental values and nature functioning, as direct measurements
are not available, and the total evaluation needs to collect data before
and after project implementation to enable comparison; and (2) the
types and strengths of synergies and trade-offs, because the relations
between different benefits and NBS pillars are of a very complex na-
ture and so are often impossible to capture (European Commission,
2015; Raymond et al., 2017a).

Regarding the first obstacle, the framework proposes two solu-
tions. The first one is the application of so-called surrogate measures,
understood as indices that indirectly testify on the state of a given
component or the performance of a given solution based on the ap-
plication of substitute data (Sowińska-Świerkosz, 2017). Such mea-
sures may be based on the analysis of landscape structure and
configuration or the application of remote-sensing techniques
11
instead of in-situ analysis (Sowińska-Świerkosza, 2020; Uuemaa
et al., 2009). Another type of surrogate is based on the estimation
of the economic gains and costs of a solution implementation, such
as air or water purification, via the avoided costs for health care
(Raymond et al., 2017b). As the review showed (see examples of in-
dicators in Figs. 3–9), different types of surrogates contribute to the
evaluation of NBS projects, both in relation to the current state and
in forecasting the impact of action in time and space. Of course, sur-
rogate measures provide only approximate information on a
solution's performance, but they are of high importance when
other data types are not available or only available at high cost and
for great amounts of time/effort. The second solution, given the
lack of evidence on the performance of a given intervention, is the
implementation of test sites to obtain data on the environmental im-
pact of the intervention. Examples are indices such as the level of
carbon storage by plants (t C/y), level of the cooling effect by evapo-
ration and shading (°C) and reduction of air pollutants. Their estima-
tion is needed to answer the question of whether a solution has the
capability to achieve set thresholds. Test sites help to avoid the situ-
ation where the posed problem cannot be resolved because inappro-
priate actions were taken or because their scale does not correspond
to the formulated challenge. For example, an urban forest was
proven to have only a limited impact on air quality relating to the
overall concentration of PM10 in cities and a moderate contribution
to city annual emissions of GHG and NO2 even if planted on a signif-
icant share of available space (Baró et al., 2014). As a result, mitiga-
tion actions have to be taken in relation to both types of areas:
inside and outside urban sites (Raymond et al., 2017b).

Given the complexity of synergies and trade-offs between the
benefits provided by NBSs, the framework includes their assessment



Fig. 10. Examples of effectiveness indicators related to the NBS effectiveness in terms of providing benefits.
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as one of the key stages. A factor which hinders a comprehensive
evaluation is the lack of the systematic mapping of synergies and
trade-offs between the different categories of impacts of NBSs, as
only 5% of the total contributions (somewhat) systematically con-
sider this issue (Dumitru et al., 2020). Furthermore, it is not possible
to detect all the possible pros and cons of any intervention at the
stage of its selection (Nesshöver et al. 2017). Despite this, an inter-
vention that maximises one benefit (e.g., biodiversity conservation)
may have no influence on, or even negatively affect, others
(e.g., social justice) (Colléony and Shwartz, 2019). Ideally, an effec-
tive NBS should make the best use of resources and limit trade-offs
at the same time to ensure the fair distribution of benefits and
costs (Science for Environment Policy, 2021). To facilitate such an as-
sessment, the framework is based on the analysis of potential bene-
fits provided among the three main pillars of NBSs. Such an approach
is partially consistent with the methodology proposed by Colléony
12
and Shwartz (2019), who discussed the trade-offs and synergies
among the three pathways for greening cities and the achievement
of sustainability: conserving biodiversity, providing ecosystem
services and providing the experience of nature. The presented
approach, however, along with the environmental and social
spheres, also includes the economic dimension. Although the rela-
tions listed in Fig. 10 do not present the whole spectrum of possible
dependencies between effects produced by green solutions, they
may be treated as a starting point for building a more comprehensive
image of the co-benefits and adverse effects provided by NBSs.
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Appendix A. Key references related to the effectiveness/efficiency of
NBS based on 17 relevant papers (in the alphabetical order)

Chausson et al. (2020): Mapping the effectiveness of NBS for climate change adaptation
‘(…) such a synthesis on ecological outcomes is essential to understand the long-term
effectiveness and sustainability of NBS. NBS must be designed in line with ecological
principles to deliver solutions which are resilient to future changes in climate’
(p. 6147); ‘This highlights the need for more integrated assessments of intervention
outcomes to uncover potential synergies and trade-offs’ (p. 6149); ‘Properly
implemented, NBS can strengthen social infrastructure and foster a sense of place,
supporting virtuous cycles of community engagement to sustain interventions over
time; (p. 6149); (…) financial constraints or funding priorities can confine the scope
of research to a narrow set of outcomes, or research teams may lack the capacity and
resources to pursue interdisciplinary approaches’ (p. 6149); ‘An in-depth synthesis
of these studies is now needed to better appraise the effectiveness of nature-based
interventions under future scenarios of environmental change’ (p. 6150).

Reference to NBS key concepts: Stakeholders' participation; Policy and management
capability; Analysis of synergies and trade-offs; Adequate spatial scale; Performance
in the long-term

Dumitru et al. (2020): Identification of evaluation frameworks with effectiveness criteria
‘A clear delineation of impacts of NBS, of synergies and trade-offs between different
types of impacts, and robust, flexible and cost-effective methods for their monitoring
and evaluation are essential to building an evidence base for their performance in
cities’ (p. 108); ‘Different categories of stakeholders are increasingly demanding
more evidence for the effectiveness of policies, as part of a broader movement
towards evidence-based policy and management’ (p. 108); ‘Immediate effects might
depend on design and implementation, but long-term effects are likely to be more
dependent on additional conditions, related to social uptake, sustainable mecha-
nisms for their maintenance and use, and conditions that might foster continuous
renovation and creativity around the use of NBS’ (p. 112)
13
Reference to NBS key concepts: Stakeholders' participation; Analysis of synergies and
trade-offs; Performance in the long-term

European Commission (2015)^: Indication of general NBS' features in relation to the
effectiveness

‘They (NBS) have tremendous potential to be energy and resource-efficient and resil-
ient to change, but to be successful they must be adapted to local conditions’ (p. 4);
‘Nature-based solutions result in multiple co-benefits for health, economy, society
and the environment, and thus they can represent more efficient and cost-effective
solutions than more traditional approaches (p. 4)’; ‘This (adaptation of NBS) would
build on the circular economy and increased reliance on local resources, leading to
greater efficiency in the use of energy and materials (p. 8)’; ‘(…) nature-based
solutions, such as developing low cost, low maintenance and low carbon emissions
solutions to climate change mitigation will enhance the cost effectiveness of
responses to societal, environmental, and possibly economic challenges’ (p. 12).

Reference to NBS key concepts: Policy and management capability; Economic effi-
ciency; Analysis of synergies and trade-offs; Adaptation to local conditions

Faivre et al. (2017): Provisioning of empirical evidence and knowledge of the NBS
effectiveness

‘Nature-Based Solutions also play a critical role in promoting ‘transitions' from a
resource-intensive growth model towards a more resource-efficient, inclusive and
sustainable growth model’.

Reference to NBS key concepts: Economic efficiency
Ferreira et al. (2020)^: Discussion of the impact of stakeholders' involvement
‘NBS effective governance and accuracy establishment increasingly require public
input (…). Understanding stakeholders’ perceptions of, and preferences for green
spaces and engaging them in the planning process can potentially bring benefits to
residents and urban planners' (p. 8).

Reference to NBS key concepts: Stakeholders' participation
Frantzeskaki et al. (2019): Discussion on the NBS effectiveness to mitigate and adapt
climate change

‘(…) models for true codesign of NBS need to incorporate solid evaluation and
evidence-generating mechanisms that can then inform targeted and cost-effective
interventions’ (p. 457).

Reference to NBS key concepts: Stakeholders' participation; Economic efficiency
Giordano et al. (2020): Description of a methodology for assessing NBS effectiveness
‘NBS require time for being effective, and different co-benefits can be produced at
different time steps’ (p. 5). ‘NBS in managing climate-related risks claims for effec-
tive communication among decision-makers and stakeholders’ (p. 16).

Reference to NBS key concepts: Stakeholders' participation; Analysis of synergies;
Performance in the long-term

Kabisch et al. (2016)^: Identification of indicators and knowledge gaps for assessing
the effectiveness of NBS for climate change mitigation and adaptation

‘The first group of knowledge gaps focuses on the effectiveness of NBS related to an
incomplete evidence base concerning trade-offs and synergies between NBS for
climate change mitigation/ adaptation and biodiversity, human health, or social and
economic aspects (p. 4)’.

‘(…) NBS have not yet received assessments of their effectiveness in dealing with
climate mitigation and adaptation targets such as carbon offsets that may also create a
performance unknown (p. 7)’.
Reference to NBS key concepts: Analysis of synergies and trade-offs
Krauze and Wagner (2019): Analysis of the NBS' effectiveness for sustainable city

(continued on next page)
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‘Depending on the choice of management style, the corresponding NBSmay or may not
(need to) be resilient to change, and in some cases their cost-efficiency may be
attainable only in the long term’ (p. 700). ‘NBS are resilient and efficient when they
are based on mature systems under low or intermediate stress, but this feature
decreases in more highly invested (grey-infrastructure) city areas’ (p. 705).

Reference to NBS key concepts: Policy and management capability
Maes and Jacobs (2017): Conditions for effective implementation of NBS
‘(…) foremost, adaptation of economic subsidy schemes is required (to adopt effective NBS)
(..) investors and practitioners to choose for nature-based over conventional techniques,
choices and decisions have to consider larger temporal and spatial scales and integrate
diverse values (…) ecological innovations are key to design nature-based solutions which
effectively contribute to sustainable economic growth’ (p. 123).

Reference to NBS key concepts: Economic efficiency; Analysis of synergies and
trade-offs

Majidi et al. (2019): Determination of NBS effectiveness for urban flood reduction
‘(…) the most effective performance in terms of flood mitigation and thermal comfort
enhancement is likely achieved by applying a range of different measures at different
locations’ (p. 1).

Reference to NBS key concepts: Adaptation to local conditions; Adequate spatial scale
Nesshöver et al. (2017): Indication of key elements for the operationalization of the
NBS concept

‘NBS will need to be embedded in the existing policy mix including biodiversity
protection measures, spatial planning, environmental assessment or economic
incentives, as well as in practical applications and trials (p. 1221)’; ‘NBS will often
deal with problems that manifest at different spatial scales from local to regional,
national and even global (e.g. NBS for addressing climate or planetary change such as
carbon fixation). When evaluating and monitoring the efficiency and effectiveness of
NBS a nested approach across scales is therefore required’ (p. 1224)

Reference to NBS key concepts: Stakeholders' participation; Policy and management
capability; Economic efficiency; Adequate spatial scale

Padma et al. (2019): Analysis of the effectiveness of NBS in tourism
‘In order to be viable in the long-term, NBS have to be effective in modifying the behaviour
of stakeholders, towards the adoption of nature-friendly approaches’ (p. 15).

Reference to NBS key concepts: Stakeholders' participation; Performance in the
long-term

Raymond et al. (2017b)^: Introduction of guide for the effectiveness assessment
‘One of the major issues in implementing NBS for urban climate resilience and in
understanding their potential impact and effectiveness is related to the scale of
intervention.’ (p. 9); ‘(…) the effectiveness of NBS is limited by the availability of
space (…)’ (p.23); ‘Given the variety of factors that can affect the temporal scale of
the effectiveness of individual NBS actions, any assessment should consider the
length of time for particular actions to become effective in relation to the challenge
to be addressed and its urgency’ (p. 46).

‘Assessing the effectiveness of NBS actions is a complex process requiring (i) the
engagement of a range of different actors including academics, practitioners and
businesses, (ii) a range of disciplines and transdisciplinary working, and (iii) the
employment of a variety of different indicators and methods, in order that the
economic, environmental and social challenges can each be addressed’ (p. 47).
Reference to NBS key concepts: Stakeholders' participation; Policy and management
capability; Adequate spatial scale; Performance in the long-term

Santoro et al. (2019): Analysis of NBS' effectiveness for coping with water-related risks
‘The institutional-related issue represents also the most important barrier hampering
the effectiveness of the NBS’ (p. 199).

Reference to NBS key concepts: Policy and management capability
Short et al. (2019): Assessment of the cost-effectiveness of intervention
‘The effectiveness at a particular location is dependent upon many site-specific local
variables such as geology, ecology, land management practices, and timings’ (p.248).

Reference to NBS key concepts: Adaptation to local conditions
Xing et al. (2017)^: Characterisation of NBS for the built environment
‘Depending on the landscape, including soil structure and chemistry, urban greening
actions can be developed based on an appropriate integration of site planning, plant
selection, installation, and maintenance of trees in the challenging urban
environment’ (p. 10).

‘The selection criteria for choosing a plant for urban greening are biodiversity, climate
suitability, drought and stress tolerance, aesthetics, leaf area coverage, potential for
cooling, and pollutant removal efficiency’ (p.11); ‘Water efficiency should be a key
indicator (e.g., consumption per unit area, and use of waste or rainwater) in develop-
ing urban green actions’ (p. 12).
Reference to NBS key concepts: Economic efficiency; Adaptation to local conditions;
Adequate spatial scale

^ Papers being the basis of the indicators proposed on Figs. 4–10.
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