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Chapter 33 ®)
A Framework for Evaluating Gzt
Performance of Large-Scale

Nature-Based Solutions to Reduce
Hydro-Meteorological Risks

and Enhance Co-benefits

Laddaporn Ruangpan and Zoran Vojinovic

Abstract Over recent decades, hydro-meteorological disasters appear to be
becoming more intense and frequent. Nature-Based Solutions (NBS) have been intro-
duced to address hydro-meteorological risks as they offer the possibility of working
closely with nature. This provides solutions to adapt to future changes in climate and
society, as well as to achieve multiple benefits to services and functions of ecosys-
tems. However, the performance and efficiency of NBS for hydro-meteorological
risk reduction are still highly uncertain. Scientists and decision-makers require
holistic perspectives and frameworks to help understand, evaluate and design NBS
in such a way that can minimize social and economic losses, reduce environmental
impacts and increase resilience to hydro-meteorological events. Therefore, methods
or frameworks that can be used to evaluate NBS performance are necessary. In this
work, a framework for evaluating large-scale NBS for hydro-meteorological risks is
presented. The evaluation framework is separated into three main stages; identifica-
tion of Indicators, before implementation (ex-ante) evaluation and after implemen-
tation (ex-post) evaluation. Developing a framework will be useful in assisting and
supporting communities that wish to implement NBS for hydro-meteorological risk
reduction, as well as communities that have implemented NBS and wish to assess
their effectiveness. The work presented here is part of the EC-funded HORIZON
2020 RECONECT project (Regenerating Ecosystems with Nature-based solutions
for hydro-meteorological risk rEduCTion).
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33.1 Introduction

Every year disasters caused by natural hazards affect millions of people around the
world. The incidence and frequency of these hazards have increased during the past
few decades [1-3]. This situation can be viewed as a result of our disconnected devel-
opments underpinning broader global environmental and sustainability problems [4],
as well as our fragmented ways of dealing with natural disasters [5].

Nature-Based Solutions (NBS) are inherently flexible and will naturally adapt
to changing conditions [6]. In addition to helping minimizing risks, NBS measures
provide several other benefits. NBS have been used in numerous cases especially
in runoff reduction or flood risk reduction in urban areas. Only implementing small
NBS at urban scales may not be sufficient for large events as the frequency and
intensity of futures events may increase due to future changes. Large scale NBS (i.e.,
as applied in rural areas, river basins, and/or at the regional scale) may provide a
more significant impact in different management scenarios [7].

NBS require holistic perspectives and frameworks to help scientists and decision-
makers to understand their complexity and to evaluate and design them in such a
way that can minimize social and economic losses, reduce environmental impacts
and increase resilience to hydro-meteorological events. The uncertainty of effective-
ness of NBS for hydro-meteorological risk reduction are still highly. Therefore, the
methods or frameworks that can be used to assess the performance is necessary.

For implemented NBS, the monitoring and evaluation process can be significantly
enhanced to help to determine whether NBS are actually working, will NBS adapt
to expected climate change or can NBS perform better. However, there is still a lack
of methods that can be used to help in answering the above questions.

The present work presents a framework for evaluating large-scale NBS for
hydro-meteorological risks. The evaluation framework consists of three main stages;
identification of Indicators, before implementation (ex-ante) evaluation and after
implementation (ex-post) evaluation. The work is developed within the EC-funded
HORIZON 2020 RECONECT project (Regenerating Ecosystems with Nature-based
solutions for hydro-meteorological risk rEduCTion) [8].

33.2 Background

33.2.1 Selection and Assessment of Measures to Reduce
Hydro-Meteorological Risks

In order to select and assess measures to reduce hydro-meteorological risks, an
exhaustive list of potential measures for achieving risk reduction is needed. This
could be obtained by analyzing the past practices and literature. Often, decision-
makers require a careful balance between different objectives, criteria, scientific
findings and multi-faceted interests from different stakeholders [9]. The objectives
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of NBS depends on the types of problems and the local characteristics of the area
[10, 11].

Various methods are available to carry out the selection and evaluation processes,
which have been reviewed [7]. The most common methods are Multi-criteria Analysis
(MCA) and Cost Benefit Analysis (CBA).

In the preliminary stage, it may not be feasible or necessary to evaluate the
measures in detail (i.e., using modelling) as there are so many measures available
and it is time consuming to assess the performance for all of them. Therefore, such
an analysis would be best carried out through a screening process from various
perspectives [10, 12, 13].

After the list of measures is shortened, more detailed analysis could be introduced
by considering cost effectiveness and feasibility of the measures. In this analysis,
combination of measures should be considered to meet objectives. The appropriate
combination of measures will optimize the project’s objectives as well as its social
and environmental benefits [14]. Moreover, this process may help to identify synergy
and trade-offs of NBS [15].

The selection of best options is a challenge for decision makers, thus it is important
to involve stakeholders from the beginning of the project.

33.2.2 Monitoring and Evaluation

Monitoring and evaluation should be planned as an essential part of the project plan-
ning process. Monitoring of basin condition before, during and after the implemen-
tation of the measures is essential to check its performance and sustainability. The
monitoring and evaluation is a continuous process which can lead to new insights into
NBS functioning and active learning, even from failures, which can help to improve
future NBS implementation [16].

The indicators are usually used to monitor and assess performance of implemented
measures. To do so, it is important to carefully select and agree on the appropriate
indicators [9, 12, 14] and they should cover all aspects and objectives of the project,
including integrated environmental performance, health and well-being benefits, civil
participation and transferability of NBS actions [11, 17, 18]. The indicators can be
used to show how results will be measured and provide an overview of change over
time.

Different indicators require different monitoring data collection methods, which
can be quantitative and qualitative (e.g., measurements, field observation, question-
naires and satellite data), and different monitoring frequencies (e.g., short-term,
intermediate and long-term).

Evaluation is the process of comparing data between a baseline scenario and after
implementation. Baselines are often based on the data before implementing measures
and a threshold target, but could also be based on the impact of similar events in
the past. Method for evaluating the effectiveness of NBS should take the changing
dynamics of system in both spatial and temporal scales into account [11, 18, 19].
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33.3 Define the Evaluation Framework

The evaluation framework can be used to guide the process of evaluation. Developing
a framework will be useful in assisting and supporting communities that wish to
implement NBS for hydro-meteorological risk reduction, as well as communities
that have implemented NBS and wish to assess their effectiveness.

To develop the evaluation framework, a systematic review of existing litera-
ture was performed. The literature is based on the Scopus database which focuses
on publication from 2007 onwards. The literature was selected based on relevant
terminologies related to NBS such as Low Impact Developments (LIDs), Best
Management Practices (BMPs), Water Sensitive Urban Design (WSUD), Sustainable
Urban Drainage Systems (SuDS), Green Infrastructure (GI), Blue-Green Infrastruc-
ture (BGI), Ecosystem-based Adaptation (EbA) and Ecosystem-based Disaster Risk
Reduction (Eco-DRR) [7].

There are various factors and processes in the evaluation of NBS that have been
proposed in the literature. The framework will be developed on these scientific
principles and studies by answering the questions below:

(1) What are the factors that are involved in the performance process?

In the first question, the potential factors that are used to evaluate the performance
of NBS are considered. Some examples include; indicators, local constraints, stake-
holders, costs, benefits, and climate changes. The reason that we need to consider
these factors is that different projects may have different requirements and interests.

(2) What is the potential use of this framework?

Typically we need to consider multiple aspects which depend on the objectives of the
project, as each project may view the performance of NBS differently. For example;
some projects may only want to estimate the feasibility of potential future measures
while others may want to assess the performance of currently implemented NBS
and how can they be improved. According to APFM [20] there is a time dimension
of evaluation, which is before and after the action. Evaluation before the action is
ex-ante evaluation while evaluation after action is ex-post evaluation.

(3) What methods are appropriate in order to evaluate NBS?

As a consequence of the above questions, the evaluation framework is separated into
two processes, which are ex-ante evaluation and ex-post evaluation. These evalua-
tions will provide answers to communities and decision makers as to what are the
processes and methods that they should follow. The methods that may be used to
evaluate NBS will be explained in Sect. 33.4.
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33.4 A Framework for Evaluating Performance
of Large-Scale Nature-Based Solutions to Reduce
Hydro-Meteorological Risks and Enhance Co-benefits

The objective of this framework is to help in the decision making process and
performance evaluation of large-scale NBS to reduce hydro-meteorological risk and
enhance their co-benefits. The framework is divided into 3 stages (Fig. 33.1). The
first stage is the identification of indicators for both quantitative and qualitative bene-
fits of NBS. This includes identifying the main benefits and co-benefits of NBS. The
next stage is the planning for potential NBS (Ex-ante evaluation). Ex-ante assess-
ment defines the potential measures that are quantified as effective by applying the
best scientific knowledge and technical means. The last stage is the evaluation of

Development and identification of Indicators

4

Evaluation of Implemented NBS Planning for potential NBS

(Ex-post evaluation) (Ex-ante evaluation)
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Fig. 33.1 An overall framework for evaluating performance of large-scale nature-based solutions
to reduce hydro-meteorological risks and enhance co-benefits
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implemented NBS (Ex-post evaluation). Ex-post evaluation can be done in different
ways such as comparing a baseline with monitored data, interviewing stakeholders or
collecting data the field. Ex-post assessment often introduces operational strategies
in order to achieve the maximum benefits.

33.4.1 Identification of Indicators

Since there is no universally agreed set of indicators and variables that can be used
for every NBS case study, it is necessary to develop a tool that supports the selection
of specific indicators and variables, reflecting a variety of local contexts and situa-
tions. The idea is to narrow down the number of indicators to ensure that they are
useful and effective in their provision of information. In the RECONECT project,
we have developed an indicator framework and tool to help decision makers to select
relevant indicators for their case studies. The indicator tool is in the excel format.
The framework applied for the development of indicators and variables is illustrated
in Fig. 33.2.

The framework starts from an NBS ‘Solution” and proceeds through ‘Challenges’,
‘Goals’, ‘Sub-Goals’ in order to come up with the list of ‘Indicators’ and ‘Variables’:

1. Solution refers to a particular site where a solution has already been imple-
mented or it will be implemented.

2. Challenge refers to RECONECT challenge areas: Water, Nature and People.

3. Goal represents a theme/topic within the challenge area (these could be water
quantity, water quality, habitat structure, biodiversity, socio-economic and
human well-being).

4. Sub-Goals are subthemes within ‘Goals’ which will be assessed through
indicators.

5. Indicators, which are derived from variables, are the first, most basic, metrics
or aspects which can be used to measure, describe or assess the change and
state of sub-goals over a period of time.

6. Variables, which are the most basic component of indicators, are data which
can be used to monitor/measure and assess change in the state of indicators.

A framework for evaluating performance is carried out in relation to three cate-
gories of challenges i.e., WATER, NATURE and PEOPLE. The WATER challenge
addresses questions related to hydro-meteorological risks. This includes watershed
runoff and river, coastal, and groundwater processes. Also, some interactions with
urban areas will be addressed as well. The NATURE challenge addresses questions

Solution Challenge Goal Sub-Goal Indicators Variables

Fig. 33.2 Framework for the development of indicators and variables
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related to habitat structure and the biodiversity of flora and fauna. Implementation
of large-scale NBS has the potential to improve habitat conditions, species territorial
expansion and colonization of new areas. The PEOPLE challenge addresses ques-
tions concerning social and economic benefits, with implications for human health
and well-being, and resilience to impacts from hydro-meteorological events.

33.4.2 Ex-ante Evaluation

Ex-ante evaluation aims to identify and estimate the potential values of NBS before
the implementation of a project. This evaluation includes the local knowledge, scien-
tific knowledge, and technical means. The ex-ante evaluation framework consist of
two phases; Selection of feasible NBS and optimisation evaluation.

33.4.2.1 Selection of Feasible NBS

The phase 1 of this evaluation includes preliminary selection (screening) of NBS,
Multi-criteria analysis framework, and preliminary spatial analysis (Fig. 33.3). The
RECONECT database was developed to provide an extensive list of measures for
hydro-meteorological risk reduction.

The first step in this phase is the preliminary selection to define the potential
measures that are applicable or feasible to the case study based on the local char-
acteristics. The selection is based on six filters, i.e., measure types, hazard types,
affected areas, potential areas, potential location, project types and land use types
[13].

The second step is a multi-criteria analysis framework (MCA) to select and rank
potential measures [13]. This framework allows the stakeholders to give their pref-
erences on the benefits of NBS and select measures that are more suitable or appli-
cable to implement. MCA employ three methodologies, namely weighting, scoring
and ranking. The criteria used in this MCA framework is based on the RECONECT
indicator framework, which are referred to as goals and sub-goals. The criteria is
weighted according to their relative importance and used to score options.

The final step is the preliminary spatial analysis to define the potential location of
NBS in selected site and upscaling possibilities. The main objectives in this step are
to ensure that selected measures are suitable for the area and to find the appropriate
location for measures in order to achieve the most benefit and least impact to society.
In this assessment, an in-depth spatial analysis is developed for stakeholders to have
a better understanding of the current topology of the area and to show the preliminary
possible location of measures. The analysis is based on land use information, physical
conditions, topographical condition, and hydrological conditions of the site. GIS
application is used to generate a spatial suitability map for NBS placement. With the
use of GIS, it is possible to portray the location.
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Fig. 33.3 Selection of feasible NBS process (adapted from [13])

33.4.2.2 Optimal Combination of NBS

For complex systems with a large number of scenarios and parameters, simple
trial-and-error methods may not be sufficient. Optimisation could be an alterna-
tive approach to handle the intensive computations in the trial-test process and to
combine multi-objective criteria. Therefore, the second phase is optimal combina-
tion of NBS to define the best combination and trade-off of NBS. Figure 33.4 shows
the optimization assessment process that will be applied in this research.

The optimisation starts with the definition of promising scenarios. Scenarios
include different NBS measures, future changes (i.e. climate change and land use
change), and different return periods of events. A numerical (hydrodynamic) model
with the optimization tool will be combined to compare the effectiveness of feasible
measures. The results of simulations are then used to carry out cost—benefit analysis.
The methods for cost-benefit analysis will be based on whole Life-cycle costs (LCC)
and Return On Investment (ROI).

The optimization criteria are defined as objective functions to compare the
different outputs with specific targets. The targets in this research are to
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Fig. 33.4 Optimization assessment process

minimize investment costs and maximise benefits. The costs include construc-
tion/implementation, maintenance, and operation. The benefits consist of two groups,
which are the reduction of damage to the environment, economic and infrastructure
and co-benefits such as energy saving, agriculture profit and profit from tourism. Both
benefits are quantified and evaluated using a monetary valuation approach to have
the same unit in the objective function. Based on the calculated objective functions
the optimization algorithm selects new sets of solutions (i.e. the size, location, and
potential combinations of NBS) to be evaluated.

The optimisation tool is based on the non-dominated sorting genetic algorithm II
(NSGA-II) to identify the Pareto solution. NSGA-II is a multialgorithm, genetically
adaptive multiobjective (AMALGM) method using the multilevel spatial optimiza-
tion (MLSOP) framework [21]. NSGA-II remains one of the best multiobjective
evolutionary algorithms (MOEAs) (even with limited parameter tuning) and gener-
ally outperforms the other MOEAs concerning the number of solutions contributing
to the best-known non-dominated set of each problem [22]. Moreover, NSGA II
has been successfully applied in the water management field. The output of this
optimisation is the size and type of NBS that can be implemented in the basin.

33.4.3 Ex-post Evaluation

Ex-post evaluation aims to address information of implemented interventions. The
ex-post evaluation consists of 2 different phases, which are monitoring and perfor-
mance evaluation and evaluation of benefits from real-time control strategies. Moni-
toring and performance evaluation aims to evaluate the effectiveness of NBS for
hydro-meteorological risk reduction (main-target) and co-benefits. Evaluation of
benefits from real-time control strategies aims to improve their effectiveness by
introducing real-time control strategies.
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33.4.3.1 Monitoring and Performance Evaluation

The performance evaluation generates insights on what works, what does not work
and why. One of the goals of this research is to demonstrate and further upscale large-
scale NBS. To support this goal, it is important to develop monitoring and evaluation
procedures that can be applied to different types of NBS and their local contexts
and settings. In order to assess the performance of solutions, indicator selection,
baseline estimation and solution monitoring and evaluation are all important. A co-
monitoring and co-evaluation framework is being developed for Demonstrators A
and B in the RECONECT project. In this framework the performance evaluation
consists of risk reduction and co-benefits (impact on community and nature). Co-
benefits are divided into five sub-goals; Water quality, biodiversity, habitat structure,
socio-economic development and human well-being.

This part of the research is divided into four steps. First of all, indicators are
selected to reflect short and medium-term changes which will show the likelihood
of a solution’s success in the long run. The reason for this is that the selection of
indicators is a core component of monitoring and evaluation.

The next step is to monitor and assess the state of the system (e.g. the general
conditions in the NBS area), i.e., baseline monitoring. The baselines could be the
targets of the project or the situation before implementation. These baselines will be
compared against measured data.

After constructing the baselines, monitoring and collecting data of implemented
NBS to achieve the project’s goals/sub-goals is required. Monitoring can help
increase understanding and identify future needs. Monitoring data will be supported
within the RECONECT project. Monitoring parameters and collecting data will be
carefully selected based on the indicators. These parameters will cover all aspects
of WATER, NATURE and PEOPLE. Data collection depends on indicators. In order
to monitor NBS effectively, monitoring should be straight-forward and relatively
inexpensive to measure.

In terms of evaluating the effectiveness of NBS, indicator assessment methodolo-
gies are needed. The indicator assessment methodologies can be used to identify (for
a particular selected indicator), which datasets and data processing procedures may
be used to assess the indicator.

33.4.3.2 Evaluation of Benefits from Real-Time Control Strategies

The study will develop an innovative method for real-time operation and control of
existing NBS systems, to improve their effectiveness for both single and multiple
NBS from passive to active control. The innovation method is called “SMART
NBS”. SMART NBS consists of four main components: monitoring, data processing,
modelling (hydrodynamic and optimisation) and control. There are some NBS
measures that SMART NBS can be applied to such as rainwater harvesting, detention
ponds, retention ponds, and secondary channels.
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For SMART NBS, real-time monitoring is needed as an input for the hydrody-
namic model to simulate the optimal control strategies. Examples of real-time data
are rainfall, water level, and discharge. Before data can be used, we need to calibrate
and validate the accuracy of data.

33.5 Conclusions

The proposed framework aims to evaluate performance of large-scale NBS for
reducing hydro-meteorological risks and enhancing co-benefits. This involves the
development of novel methods to evaluate NBS measures for both before and after
implementation. The framework can be used to guide the decision makers in the
selection and evaluation of measures in river basin scale.

The framework consists of three stages. The first stage is to identify the main
benefits and co-benefits of NBS that the project would like to achieve by using the
RECONECT indicator selection tool. This selected indicators are used for both the
selection of potential measures and the evaluation of implemented measures. The
second stage is the ex-ante evaluation, which focuses on the planning process to
define the potential measures that are considered effective. The final stage is Ex-
post evaluation, which can be done in different ways such as comparing a baseline
with monitoring data, interviewing stakeholders or collecting data in the field. The
results of this evaluation will help to understand the effectiveness and impact of
implemented measures. Ex-post assessment often introduces operational strategies
in order to achieve the maximum benefits.

Each stage of the proposed framework will be applied to case studies in the
RECONECT projects. The ex-ante evaluation will be applied to Collaborators, while
the ex-post evaluation will applied to Demonstrators. The results will be presented
in journal papers.
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