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Design alternatives for traditional infrastructure are often compared in terms of
expected–and often narrowly defined–costs and benefits to justify the selected
plan. Taking a broader life cycle perspective in the benefit-cost evaluation process
helps account for potentially rare, indirect, or accruing project benefits. Natural
infrastructure design alternatives are generally difficult to compare to
conventional alternatives due to their distinctly different costs and benefits.
Natural infrastructure differs from conventional infrastructure in terms of
performance and benefit development over time, lifespan, materials, intensity
of intervention needs, and social and environmental benefits. This paper presents a
life cycle framework that expands conventional life cycle analysis to capture other
important and relevant aspects of natural and conventional infrastructure,
enabling a more complete and equitable comparison of project costs and
benefits. The framework consists of four dimensions: risk mitigation
performance (e.g., traditional benefit of flood risk management), co-benefits,
financial costs (life cycle cost analysis), and environmental costs (life cycle
assessment). The framework takes current benefit cost analysis practice for
both infrastructure types into account, is informed by existing life cycle
evaluation methods and tools and is responsive to the unique needs and
characteristics of natural infrastructure. Components of this framework have
been advanced elsewhere, including in business product management, asset
management, building code development, environmental certifications,
ecosystem goods and services accounting, and others, but are generally not
developed for natural infrastructure. Our proposed framework provides a
roadmap for development of supporting resources to conduct life cycle
evaluation for natural infrastructure. Systematically grasping the temporal flow
of costs and benefits of natural infrastructure, in comparison to conventional flood
risk management projects, will be important as societies address vast
infrastructure needs in the face of climate change.
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1 Introduction

Natural infrastructure (NI), a type of nature-based solution
(NBS), is natural or nature-based elements of the landscape that
are built or managed to provide engineering, ecological, and social
services utilizing natural ecological processes (Infrastructure
Investment and Jobs Act, 2021). NBS including NI are
“fundamental pillar(s) of fighting the climate crisis” in the
2022 Report to the National Climate Task Force. While NI can
be utilized for a variety of purposes, flood risk management (FRM),
including sea level rise mitigation and stormwater management, are
the most common applications. Flooding is a frequent and costly
natural hazard with a large cumulative economic impact to the US.
Since the 1980’s, flooding not associated with tropical cyclones was
approximately $150 billion USD; fluvial and pluvial flooding
combined with damages from tropical cyclones led to
approximately $1.1 trillion USD in damages (Smith, 2020).
Interest in integrating NI approaches with conventional flood
risk management approaches is increasing amongst many
Federal, state, and local agencies and municipalities, most notably
due to their potential to produce environmental, social, and/or
economic co-benefits in addition to their primary flood risk or
stormwater management functions. A life cycle view of prospective
infrastructure projects can help to better understand the value of NI
as a complement or alternative to conventional infrastructure by
accounting for the flows of costs and benefits over time.

Life cycle approaches to planning and managing infrastructure
are becoming more common for many types of conventional
infrastructure (e.g., roads, bridges, power generation) (Biondini
and Frangopol, 2018) but have not been widely developed,
accepted, or adopted for NI, particularly in the United States,
with the exception of a few published examples mostly
examining stormwater measures (Ruangpan et al., 2020). Life
cycle methods and tools commonly used for conventional flood
and stormwater infrastructure, such as levees and detention ponds,
logically should be adapted to include other types of NI, and new
tools to plan, design, implement, and manage NI projects are needed
to facilitate such adaptation. The objective of this paper is to present
a life cycle framework that expands conventional life cycle analysis
to capture other important and relevant aspects of natural and
conventional infrastructure, enabling a more complete and equitable
comparison of project costs and benefits. We provide an overview of
aspects of life cycle management relevant to NI, how life cycle
methods and tools are applied to conventional flood and stormwater
infrastructure and assess the applicability of current life cycle
methods and tools to NI. We present a methodological
framework that consists of four dimensions to support improved
FRM alternative analysis: risk mitigation performance (e.g.,
traditional benefit of flood risk management), co-benefits,
financial costs (life cycle cost analysis), and environmental costs
(life cycle assessment). Such a framework, along with supporting
tools, is necessary to assess and plan natural infrastructure projects,
particularly those dealing with the uncertainties associated with
climate change adaptation.

This framework was developed jointly by U.S. Army Corps of
Engineers and University of Georgia researchers collaborating
through the Network for Engineering With Nature (NEWN).
NEWN seeks to improve our understanding of NI costs and

benefits, develop tools for implementation, and identify data gaps
regarding NI performance over project life cycles. The research
reported here is motivated by the need to understand the specific
differences and favorability of NI compared to conventional FRM.

1.1 Life cycle management and its
application to flood risk management

Life cycle management is a broad conceptual approach to
account for the temporal dimension of various categories of costs
and benefits; the concept advocates expanding the temporal
boundaries of an analysis to capture potentially important but
overlooked events. Common motivations are to account for
embedded greenhouse gas emissions or understand the true
affordability of purchasing or constructing an asset. Life cycle
management is broad in that it can be applied to a wide range of
products, processes, and systems. Infrastructure life cycle
management utilizes methods from business product life cycle
management for the design, construction and management of
infrastructure elements or systems (Wallbaum and Ebrahimi,
2021). Assessment of infrastructure life cycle takes place during
planning and requires tools and data to estimate anticipated asset
costs and benefits for all parts of a project life cycle including 1)
acquisition and/or construction, 2) performance, 3) operation and/
or management, 4) maintenance, 5) rehabilitation, and 6)
decommissioning and disposal (The Institute of Asset
Management, 2015). This process is closely aligned with asset
management. Calls for more widespread use of asset
management and life cycle approaches exist for all infrastructure
including extension to nontraditional infrastructure such as NI
(ASCE, 2020). Increasingly planners are recognizing NI projects -
implemented alone and in concert with conventional
infrastructure–as an alternative tool for FRM, and thus life cycle
management must be adapted to include NI and mixed NI projects.

Aspects of life cycle management are discussed for a subset of NI
types referred to as natural and nature-based features in the
International Guideline for the Use of Natural and Nature-Based
Features (Bridges et al., 2021). However, US Army Corps of
Engineers practitioners identified uncertainty and discomfort in
planning life cycle management activities as the most significant
barrier to implementation of them in coastal storm risk
management studies (Piercy et al., 2021). While life cycle
management of NI should not be significantly different from life
cycle management of conventional flood and stormwater
infrastructure, tools and methods used for conventional flood
and stormwater infrastructure are neither comprehensive nor
mature and were not developed with NI in mind. In particular,
the analyses that inform life cycle management rely on data richness
for the system of interest, which does not necessarily exist for NI.
Databases will need to be expanded and tools adapted for
application to NI. The White House Council on Environmental
Quality, Office of Science and Technology Policy, and Domestic
Climate Policy Office (White House Council on Environmental
Quality, 2022) have identified the need for tools to assess benefits
and costs of NI projects and has implemented a technical working
group, Frontiers of Benefit-Cost Analysis, of federal agency staff to
collaborate on benefit-cost analysis of nature-based solutions
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FIGURE 1
Flow diagram of stochastic life cycle cost-benefit analysis for flood risk management assessment. Conventionally, flood events drive the benefits
associated with a measure through avoided damages or increase in life safety. Construction, maintenance, and repair drive costs.

FIGURE 2
Flow diagram of stochastic life cycle cost-benefit analysis for flood risk management assessment including proposed aspects related to explicit
accounting for co-benefits and impacts. Note that co-benefits and impacts accrue largely during the intervals between flood events as opposed to the
conventional cost-benefit approach that primarily considers benefits associated with flood events.
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including NI. Similar efforts are underway in Europe under the
Regenerating Ecosystems with Nature-based solutions for hydro-
meteorological risk rEduCTion (RECONECT) project, which seeks
to develop a framework to evaluate the efficacy of large-scale nature-
based solutions (and fall under the larger umbrella of NI), for flood
risk management to include pluvial, fluvial, and coastal flooding
(Ruangpan and Vojinovic, 2022).

In FRM planning studies, life cycle management usually is
limited to a life cycle cost analysis (LCCA) where capital costs
and life cycle costs are compared to the monetary benefits produced
by the system performance to obtain a defensible cost-benefit ratio
or return-on-investment. The top panel of Figure 1 conceptualizes
how LCCA is applied during the planning phases of a project and
how annual damages, costs, and benefits associated with coastal
FRM projects are estimated using a variety of modeling tools. Under
this framework, benefits are accrued in association with storm and
flood events where damages, avoided damages, or changes in
features caused by flood events are the main driver.

Co-benefits (i.e., the additional benefits that are produced by a
project beyond its intended purpose) of the project are typically
ignored except in some limited cases, such as recreation benefits
from beach nourishment. However, co-benefits are fundamental to
NI projects. Co-benefits of NI vary by feature but given the multi-
purpose nature of most NI projects, co-benefits should be included
as part of life cycle management considerations. Hoang et al. (2018)
demonstrate howmulti-benefit analysis of urban flood management
practices can be practically applied to an urban floodplain
restoration project on eight different co-benefits. While FRM
benefits of NI are still accrued during flood and storm events,
co-benefits are typically accrued in the periods between floods
and storms (Figure 2). For some projects, these co-benefits may
represent a significant proportion of the total project benefits
(Stroud et al., 2023).

Impacts (and mitigation for impacts) of projects are considered
as part of the cost and regulatory process, typically through
environmental impact assessment requirements, such as the
process required in the U.S. under the National Environmental
Policy Act (NEPA), (Department of Energy, 1970) for many federal
activities. Environmental impact assessments conducted for federal
projects in the U.S. characterize local impacts to environmental
resources such as wetlands, wildlife including threatened and
endangered species, water and air quality, and cultural resources.
Criticisms of environmental impact assessment have highlighted its
shortcomings in demonstrably influencing decision processes
(Cashmore et al., 2004; Jay et al., 2007) or for considering
societal impacts associated with project decisions (Dendena and
Corsi, 2015). Başoğlu et al. (2018) proposed a life cycle assessment
methodology to conduct a dynamic environmental impact
assessment of urban nature-based solutions designed to address a
variety of urban challenges related to climate-risks, which include
various hazards such as urban heat islands, pollution, and flooding.
Larrey-Lassalle et al. (2022) reviewed 130 studies that use life cycle
assessment methodologies to assess nature-based solutions
implemented for a variety of reasons, demonstrating the
applicability of these methods to NI systems. LCA offers a new
dimension for considering environmental impact, which is distinct
from that which is currently conducted for FRM projects. Notably,
LCA accounts for material and energy flows associated with projects,

which enables projects to be compared according to the necessary
materials, equipment, and types of interventions at different life
cycle stages.

A variety of frameworks have been proposed that integrate these
disparate analyses to better inform project decisions. De Risi et al.
(2018) proposes life cycle cost and return on investment as
complementary decision variables for selecting measures to
protect flood-prone buildings. They note that life cycle cost
analysis should be complemented by an environmental and social
impact assessment (De Risi et al., 2018). To address the issue of
comparability of conventional and natural FRM, Lallemant et al.
(2021) used hydrodynamic modeling and probabilistic flood risk
analysis to capture the flood mitigation ecosystem services of natural
infrastructure. Alves et al. (2019) present a method to monetize co-
benefits of urban stormwater management measures so they can be
included directly in a benefit cost analysis. Petit-Boix et al. (2017)
address environmental impacts associated with damage and
replacement of assets and the impacts avoided by urban
stormwater management measures.

FRM alternative analysis has been framed as a multi-objective or
multi-criteria problem. However, findings from Larrey-Lassalle et al.
(2022) found many nature-based solutions projects, a subset of
which were implemented to address FRM, often mentioned multi-
benefits but did not explicitly analyze the project using multi-
objective or multi-criteria methodologies. Alves et al. (2018)
presents a multi-criteria decision analysis framing to evaluate
alternatives based on their performance with respect to risk
reduction at different recurrence intervals, cost, and co-benefits
and enables inclusion of preferences. Zhu et al. (2023) optimize
the placement of urban stormwater management measures to
control runoff, reduce life cycle cost, and maximize social,
environmental, and economic benefits. Life cycle cost, life cycle
assessment, and primary and co-benefit accounting have been
applied to urban stormwater management [Xu et al. (2021), and
related tools have been developed by the Water Research
Foundation (Water Research Foundation, 2023)].

1.2 Differences between NI and traditional
infrastructure affecting life cycle
management

NI are dynamic due to landscape-level interactions among
different features and with environmental processes, which can
afford NI the benefit of having some degree of natural resilience
(Kurth et al., 2020). They often evolve over time in form and
function whereas conventional infrastructure is largely expected
to remain static outside of predicted deterioration. For example,
renourished beaches and dunes are reshaped and sculpted by waves,
tides, and storms, transforming over time to a profile that is different
from at the time of nourishment. Aeolian transport processes
(i.e., wind) can also passively build dunes, increasing the
performance potential of the system in advance of future storm
events. Understanding NI performance throughout the life cycle
requires understanding the processes that occur between
events as well.

Dynamismmay present a challenge for life cycle management of
NI because it introduces temporal variation and uncertainty into
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performance, which can result in engineers eliminating NI options
from consideration or application of increased factors of safety and
possible overdesign of NI solutions. Although conventional
infrastructure is faced with environmental processes that
deteriorate it, hardened structures are assumed to react more
predictably, and engineers are more comfortable with the level of
uncertainty in performance, largely due to their familiarity with
degradation to conventional infrastructure, whereas assumptions
about the evolution of NI do not exist. Conventional structures are
not necessarily more robust than NI simply because they are static
(robustness may be considered as retaining an acceptable level of
performance over a designated range of uncertainty; Spence et al.,
2015). Conventional assessments assume that environmental
conditions (i.e., hydrologic, climactic) are stationary, but this
assumption has been debated for over a decade (Milly et al.,
2008; Brown, 2010; Montanari and Koutsoyiannis, 2014). In
rivers, it appears that data on a primary physical driver (flow)
fall within the range of observed variability (stationary) in regions
with little human disturbance, but the majority of catchments with
human alternations displayed non-stationary flows over the same
time periods (Yang et al., 2021). Similarly, climate change and/or
human development is introducing nonstationarity to
coastal systems.

NI engineering and management for FRM is relatively new
therefore there is little data on the time series of performance and
conditions of these projects with respect to FRM performance. Many
existing NI projects were not expressly engineered to provide FRM
functions and consequently data on the long-term performance of
NI with respect to flood risk are sparse. NI evolve in response to
episodic phenomenon like flooding as well as everyday phenomenon
like tidal inundation or seasonal temperature fluctuations. Coupled
with limited data on the long-term performance of NI, it may be
necessary to monitor NI more frequently to understand its form and
effectiveness over time. Additionally, NI projects may have longer or

shorter lifespans than conventional infrastructure depending on
how they evolve, which challenges conventional analysis that require
a set lifespan. However, monitoring will improve the databased from
which projects can draw such estimates.

Instructive examples of NI do exist and these provide evidence of
both the long-term performance of NI-based solutions and the
ongoing efforts to manage them in the face of changing
environmental conditions (See Figure 3). Beach and dune
nourishment is an example of a well-established NI practice and
is a standard tool for coastal FRM. Beach and dune features naturally
build and recover provided sediment supply is sufficient. However,
as sediment availability and coastal conditions widely vary, the life
span of beach nourishments similarly varies. Some nourishments,
especially those that utilize large sediment volumes and include
placement in the nearshore, may be largely self-maintaining for
relatively long periods (on the order of 10–15 years) even in erosive
environments (Brand et al., 2022). Conversely, beaches suffering
from high rates of erosion must typically be renourished at intervals
from a few years (Weathers and Voulgaris, 2013; Qiu et al., 2020). NI
projects such as beach nourishment and dune restoration that utilize
sediment should be considered long-term programs, not capital
investments requiring only routine maintenance to sustain their
function over standardized lifespans (typical for conventional
infrastructure; see Figure 1).

1.3 Proposed life cycle management
framework for NI

Predicting asset performance is foundational to the analyses
that are used for project planning and asset management
(Figure 4). Traditional economic analysis associated with flood
infrastructure takes a narrow focus on benefits and costs: the
benefits of flood risk mitigation are reductions in property

FIGURE 3
Example of Yolo Bypass, CA, an engineered floodplain constructed in the 1930s, demonstrating the longevity and efficacy of NImeasures in practice.
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damages, injuries, loss-of-lives, and the like and costs are capital
costs associated with known construction and operations.
However, the cost-benefit concept as applied to NI should be
expanded to broadly understand the implications of selecting a
project, for example considering the value of the NI itself through
the production of co-benefits to fully assess the value of these
measures. Previous work on stormwater management has
indicated the need to couple both typical “material” flood
damages with ecological damages utilizing a risk-informed
framework that accounts for ancillary benefits of stormwater
best management practices (Petit-Boix et al., 2017). While the
environmental impacts of projects are considered as part of project
planning through compliance with NEPA, some environmental
impacts have not historically been considered as part of life cycle
management and consequently many coastal, estuarine, and
riverine shorelines have become hardened due to FRM
measures, resulting in degradation of the local ecological system
(hardened shorelines impacts), compounding flood risks to
adjacent areas in some cases (Gittman et al., 2015), and
increasing anthropogenically-derived materials in waterways
(Elhacham et al., 2020).

A broader view of life cycle management also provides
opportunity for greater stakeholder engagement. Identifying,
organizing, and unifying stakeholders is widely recognized as
a primary component to promote the success of any hazard

mitigation plan [e.g., FEMA’s Hazard Mitigation Planning
Process (FEMA, 2011)] and naturally translates to NI
solutions to mitigate flood risks (Kumar et al., 2020).
Community integration provides the means to identify
conflicts of interest early in the development process, and can
provide the opportunity to reconcile opposing attitudes, promote
trust, and foster long-term stewardship (Jahn et al., 2012; Santoro
et al., 2019; Kumar et al., 2020). Europe’s Open-Air Laboratories
for nature-based solutions to manage hydro-meteo risks
(OPERANDUM) is a program currently applying multi-level
stakeholder engagement to manage multinational NI projects.
While community involvement is often a precursor to initiating
any hazard mitigation project, it is also a living process that
touches every component of a project’s life cycle.

2 Materials and methods

U.S. Army Corps of Engineers and University of Georgia
researchers began by reviewing documented and experiential
shortcomings of existing FRM project planning and alternatives
analysis. Both practitioners and affected parties have noted that
overly narrow definitions and boundaries of project costs and
benefits have skewed project comparisons (Government
Accountability Office, 2019). There is also acknowledgement that

FIGURE 4
Proposed life cycle management approach designed to better capture the benefits, costs, and impacts associated with natural infrastructure.
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the current paradigm is not well suited to NI alternatives, coupled
with barriers posed by uncertainty (Nelson et al., 2020).

The methodology employed to support the development of a life
cycle management framework is threefold. First, the researchers
sought a more complete understanding of FRM planning, both from
the perspective of policy as well as in practice. Much was derived
from first-hand experience of being involved with USACE studies
and in the community of practice with others that have experience.
The researchers consulted policy documents and sought clarification
from subject matter experts.

Secondly, researchers investigated the applicability of current
practice to NI. NI planning analysis needs were well known to
researchers and consultant experts from experience. Many of the
needs are described in the International Guidelines on Natural And
Nature-Based Features For Flood Risk Management (Bridges et al.,
2021). An element that was generally missing from practice, but that
is crucial for NI is the ability to consider dynamism of features over
time and the implications for performance, costs, and benefits.
Further, costs and benefits are traditionally not defined broadly
enough to capture those associated with NI, omitting considerations
of outcomes that may be important to stakeholders. These include
benefits of NI over conventional FRM such as inconvenience costs
averted, emissions avoided, transportation costs for construction
material avoided, as well as many a collection of other ancillary
benefits that are cited for NI (e.g., ten Veldhuis, 2011; Bates et al.,
2015; Adamowicz et al., 2019). These missed costs and benefits are
further detailed in the description of the framework, within their
respective life cycle management dimensions. Dimensions that
emerged from this process comprise the proposed framework.

Lastly, researchers conducted a review of existing life cycle
management studies and tools. This effort searched for research
on life cycle management for FRM, NI, and infrastructure more
broadly that addresses one or more dimensions of the envisioned
framework. Tools were also reviewed, resulting in many options to
recommend for inclusion in FRM planning practice. Overall, it was
concluded that a single framework and tool set for FRM planning
does not already exist. Related research that was found is cited
within the most relevant life cycle management dimensions. Tools
that were discovered that may be useful to satisfying the proposed
life cycle management framework are documented in the appendix
to this paper. FRM projects including NI projects are diverse,
therefore a single tool kit is not suitable; practitioners will need
to select the most appropriate tools for their needs. Later in the
paper, there is a discussion about gaps in tools and data that should
be remedied to more fully support the life cycle management
framework proposed.

3 Results–newly proposed NI lifecycle
management framework

We propose an expanded view of life cycle management that
can capture the additional co-benefits associated with NI
measures as well as potentially overlooked aspects of
infrastructure planning such as carbon emissions associated
with construction, maintenance, and eventual decommissioning
of FRM assets (Figure 4). These aspects are assessed
independently or dependently, as the four concepts (Risk

management, Cost, Co-benefits, and Impacts) are ultimately
linked, and are guided by stakeholder needs and values,
standards and best practices and supported by software tools
and various methodologies. Project requirements for FRM
infrastructure are defined using life cycle risk assessment
approaches to determine how the asset manages risk from
flood hazards. In the case of NI measures, assets may have
additional requirements to produce co-benefits such as
recreation, habitat, aesthetics, air and water quality, and others,
requiring the addition of approaches such as ecosystem goods and
services. Performance with respect to flood risk management and
co-benefit production is offset by economic costs and
environmental impacts which are quantified using life cycle
cost analysis to determine the economic cost of life cycle
activities and life cycle assessment to determine the
environmental impacts of the asset including impacts
associated with the construction and decommissioning of the
asset. These principles are similar to those espoused in
International Standards Organization (ISO) 15686 on service
life planning, which focuses on life cycle planning concepts for
buildings and constructed assets with added specificity for NI
(International Organization for Standardization, 2011). In
practice, additional consideration of co-benefits and
environmental impacts associated with FRM projects requires
analysis not only of individual flood events as is demonstrated in
Figure 1, but also the periods between flood events (see Figure 2)
during which long-term co-benefits largely accrue. Environmental
impacts due to construction, repair, and maintenance of FRM
assets are largely accounted for indirectly via regulatory
compliance. However, not all environmental impacts associated
with FRM projects are explicitly considered in the conventional
benefit-cost approach. The proposed framework provides a way
these impacts such as carbon emissions or erosion adjacent to
projects can be explicitly considered and not simply mitigated for.

3.1 Flood risk management performance

While NI approaches can be used to address many risks, we limit
our discussion here to flood risk. FRM is commonly examined using
a source-pathway-receptor-consequence model (CIRIA, 2013). In
this context, performance typically refers to the ability of the NI
measure (alone or combined with a conventional measure) to
transform the pathway of the source hazard, reducing its impact
on the receptors such as structures or people and lessening
consequences. As such, FRM benefits are often quantified as
damages avoided. While this approach is designed to be broadly
applied to examine the efficacy of all FRM systems, the analysis
requires quantification of the performance of individual FRM assets
under different scenarios or probabilistically (Figure 1).

The quantification of flood hazards for NI is the same as for
conventional infrastructure and requires an assessment of all forms
of flood hazard, which may include fluvial, pluvial, and/or coastal
sources for current and future conditions, in the intended context.
Typically some combination of low- and high-resolution
meteorological and regional and local hydrodynamic models are
used to define the flood hazard (Afshari et al., 2018; Wing et al.,
2018; Diehl et al., 2021) as well as the flood pathway. While
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high-resolution models are not always required to make FRM
planning decisions, for most NI (and some types of conventional
measures), performance is time-dependent (e.g., the duration of the
flood event affects the performance), requiring temporally-explicit
analysis that considers flood event dynamics. Forecasting how
performance will change under alternative climate scenarios is
also important (FEMA, 2011; Beechie et al., 2012; Wohl et al.,
2015; Daigneault et al., 2016), and can entail modeling how key
indicators (e.g., flood peaks, duration, and volumes) vary across
different climate scenarios, such as by using general circulation
models and regional climate models (Spyrou et al., 2021). Life cycle
analysis of the performance of anymeasure, conventional and/or NI,
require site specific considerations and application of tools and
methods relevant to the location, as demonstrated in the life cycle
performance analysis of Chesapeake Bay islands (Melby et al., 2005).

As with many planning and design processes, the fidelity of
modeling efforts increases as more detail is merited. Simplified
models and screening processes dominate early stages while
higher fidelity ones are used during design. In general, there are
modeling gaps at both the screening and high-fidelity modeling
study phases for NI. Although some NI measures such as wetlands
or levee setbacks can be considered in the same hydrodynamic
models as conventional measures by modifying parameters,
dedicated NI tools in existing hydrodynamic models are limited
outside of a few implementations (see Supplementary Material).
Risk-informed design approaches more explicitly consider the
uncertainties in all aspects of FRM assessments including the
performance of all FRM measures under all limit states (USACE,
2019) but design standards, which do not currently exist for NI, are
still used within the process.

Modeling and engineering design can be more challenging for
NI because it is naturally more dynamic than conventional
infrastructure owing to its reliance on natural processes such as
sediment transport and biological components such as vegetation to
help provide its benefits (Piercy et al., 2021). (For an example of how
dynamic coastal headlands and barrier islands are modeled please
see the Supplementary Material). While the natural dynamism of NI
does not affect the efficacy, NI asset performance can be more
variable than conventional assets since as-built conditions do not
necessarily indicate full functionality. NI performance
quantification necessitates risk-informed approaches that require
explicit consideration of performance variability. As FRM policies
shift from standards-based to risk-informed design approaches,
more complex tools are required to develop full designs of FRM
measures including NI (Johnson et al., 2022).

Conventionally, FRM measures are designed to minimize
impacts to receptors, e.g., dwellings, other structures, and critical
infrastructure such as bridges and hospitals, and ultimately reduce
damages. Since damages tend to occur under low-frequency, major
flood events, applicable FRM measures tend to favor conventional
measures such as floodwalls and storm surge barriers that provide
greater relative FRM performance for the same project footprint.
However, quantifying only tangible consequences such as damages
may only provide a partial accounting for economic and social flood
impacts. Neglecting intangible or indirect impacts to infrastructure
function, such as road flooding, (regardless of whether the road is
damaged) can omit important economic and life safety
consequences (Pregnolato et al., 2017). Broadening the definition

of consequences to include intangible consequences as those that
cause disruptions to daily life including flooding of roads, sidewalks,
parking lots, etc., can shift FRM projects towards addressing higher
frequency events (ten Veldhuis, 2011). Consequently, the set of
applicable FRM measures broadens and NI, which typically require
larger project footprints to deliver similar performance as
conventional measures, are not immediately screened from
consideration.

3.2 Co-benefit production

Existing NI features, such as living shorelines (Bilkovic et al.,
2016) or the Yolo Bypass (Figure 3), demonstrate the ability of NI to
provide other appreciable benefits in addition to FRM such as
habitat, nutrient cycling, and carbon sequestration, among others.
As such, life cycle management methods should capture these in
addition to economic and FRM benefits, such as ecological and
social co-benefits. Ecosystem services (ES) and the natural capital
that sustain them provide a framework to quantify and link
ecological processes to our socio-economic needs (Costanza et al.,
1997; Carpenter et al., 2009; Ruckelshaus et al., 2013; Adamowicz
et al., 2019) and have been steadily becoming more impactful in
linking science with decision-makers and policy experts (Guerry
et al., 2015) However, salient indicators are often context-specific
and variability in physical and biological processes can complicate
our ability to predict how a given system will respond to
intervention. A brief review of restoration efforts and their use of
ES metrics can provide insights into some of these challenges.

Restoration projects often begin with forecasting changes to
physical properties, e.g., flow, sediment distribution, and water
quality. Redistribution of sediments is generally the primary
physical characteristic that is considered with regards to dam
removal (Foley et al., 2017), along with mobilization of sediment
contaminants (Evans, 2015). Improved connectivity between a river
and its adjoining floodplain can be quantified using changes in
hyporheic exchanges (Singh et al., 2018) that promote more
opportunities for biogeochemical cycling and can improve water
quality. A variety of hydrologic and hydraulic models are available to
inform project alternatives for riverine efforts (Foley et al., 2017;
Juan et al., 2020; Kumar et al., 2020; Spyrou et al., 2021), yet there
remains a great deal of uncertainty. Consider dam removals, which
have increased exponentially since the 1970’s (Hart et al., 2002;
O’Connor et al., 2015) and are well documented (American Rivers
data base). While the redistribution of sediments that have
accumulated behind the dam varies by location and strategy,
sediment distributions have tended to return to a steady state
much sooner than expected based on numerical models (Foley
et al., 2017).

Biological processes tend to manifest at slower rates and with
greater variability than physical ones (Foley et al., 2017). This
additional uncertainty can be reduced by coupling physical
models with ecologically-oriented ones to forecast habitat
suitability for a target species (Tomsic et al., 2007). Life history
characteristics and regional population dynamics, however, play
crucial roles in tuning response rates. Consider the Pacific
Northwest, where a central ecological goal is the re-establishment
of regional anadromous salmonid populations. Historical habitats
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can be opened up by removing a dam, but this can lead to short-term
recruitment of multiple species that may stray into the newly
available habitats (Quinn et al., 2021). Such species-specific
biological goals assume that reviving natural physical conditions
will preferentially aid native populations recover across
generations–processes that can occur quickly (Beheshti et al.,
2021) or take decades (Wohl et al., 2015; Foley et al., 2017).
Restoration efforts at a local (e.g., reach) scale can also be offset
by regional forces or stressors that can dominate any local potential,
such as the sensitivity of local communities to agricultural stressors
or dam operations (Palmer et al., 2014; Wohl et al., 2015; Markovic
et al., 2019).

Despite the challenges of predicting how an intervention will
impact a region’s ecosystem, guiding principles and frameworks
have surfaced. In riverine systems, efforts focused on reconnecting
rivers to their floodplains and enabling seasonal variability based on
natural cycles tend to be more productive than projects that focus on
structural changes, e.g., channelization or adding woody debris
(Palmer et al., 2014; Wohl et al., 2015). Adopting reference sites
facilitates the task of identifying tangible goals and measuring the
effect of an intervention (Beheshti et al., 2021), whether that be
moving towards or away from a given condition (Palmer et al.,
2014). The use of ES to evaluate projects has also grown since their
promotion by the Millennium Ecosystem Assessment (Millennium
Ecosystem Assessment, 2005). Deciding how to value non-market
goods, like biodiversity, has long been problematic (Costanza et al.,
1997; Wilson and Carpenter, 1999; Ruckelshaus et al., 2015) and the
range of potential ES metrics available has resulted in diverse
methodologies and applications that can be difficult to synthesize
(Polasky et al., 2015; Hanna et al., 2017). Yet, focusing on the
monetary value of a social or ecological metric is not always
necessary for effective decision-making (Ruckelshaus et al., 2015)
or can be avoided by treating non-market metrics as constraints or
trade-offs in multi-objective optimization models (Poff et al., 2015;
Grimm and Lund, 2016) or other multi-criteria methods. The
diversity of metrics available to quantify ES is not necessarily
detrimental either, as context-dependencies and regional
constraints will certainly call for different metrics to measure
success in different regions. It is far more important to engage
local stakeholders early and often during projects to ensure that any
physical interventions will map onto perceived value to the local
communities (Palmer et al., 2014; Ruckelshaus et al., 2015; Kumar
et al., 2020).

3.3 Financial costs–Life cycle cost analysis

Life cycle cost analysis (LCCA) is an economic project
evaluation method that considers all costs including costs
associated with owning, operating, maintaining, and
rehabilitating or disposing of the project at the end of its
service life (Kneifel and Webb, 2022). LCCA is formalized in
ISO 15686-5 for asset service life planning (ISO, 2006) and
adopted by into other standards for sustainability (ASTM,
2022). The ISO provides guidance on scoping, selecting costs
to include, decision-relevance, and more (ISO, 2006). ASCE
recommends LCCA methods be employed as part of the
planning process for all significant infrastructure investments

to avoid placing too much importance on up-front capital costs
(ASCE, 2018). However, LCCA methods have not been widely
adopted at the Federal level (beyond Federal facilities) and
guidance is generally piecemeal or narrowly defined for
infrastructure components (Eno Center for Transportation
and ASCE, 2014; USACE, 2020; Kneifel and Webb, 2022). In
reviewing the current state of practice of LCCA in infrastructure
development, methods found were overwhelmingly designed for
and applied to buildings, roads, and bridges, and generally not to
infrastructure categories such as flood infrastructure. These tools
are not universally applied to other infrastructure categories such
as flood infrastructure. Even when LCCA methods are required,
issues arise in application that may especially impact the
estimated costs of NI measures. USACE planning guidance
explicitly requires estimation of project implementation costs
including costs for planning and design, construction,
construction contingency, and operations, maintenance, repair,
rehabilitation, and replacement (OMRR&R) costs as well as any
costs associated with the project such as land costs or
environmental compliance (USACE, 2000; USACE, 2016).
However, in practice, the detail and specificity of each cost
component estimate varies. For instance, the Interstate
Council on Water Policy has issued a principal statement
requesting USACE provide more specificity in OMRR&R costs
(ICWP, 2020).

Even when LCCA methods are utilized, unintended
consequences can emerge. Examples of application of LCCA
methods often include only costs borne by the entity responsible
for planning, design, and construction, sometimes referred to as
agency costs, often neglecting costs borne by users as well as
externalities such as environmental and social costs and costs of
failure (Jawad et al., 2018). For instance, many USACE FRMprojects
are cost-shared between the Federal government and a local sponsor
such as a state or municipal government. After construction and a
defined post-construction period-of-performance, the FRM
infrastructure becomes the responsibility of the local sponsor for
all OMRR&R costs. Since OMRR&R costs depend heavily on future
conditions as well specific procedures used to implement required
OMRR&R actions, the associated costs are subject to a greater degree
of uncertainty than planning, design, and construction costs. The
dynamism of NI features can lead to an additional source of
uncertainty related to OMRR&R cost, e.g., because it is uncertain
how often and to what degree a project will need maintenance
or repair.

Cost analysis relies heavily on data from past projects to estimate
costs for future projects. In early planning stages, average costs per
applicable measurement unit (e.g., project area, shoreline length,
quantity of necessary material) can be calculated from datasets of
similar projects and directly applied to the size of a proposed project
in a method called parametric cost estimation. A discount rate is
then applied to the capital cost and lifespan of maintenance costs to
generate a present-day dollar value for comparing multiple potential
projects. The accuracy of this method is inherently dependent on the
size and biases of the dataset, and a greater number of projects
contributing to the estimated parametric cost reduces uncertainty in
costs. Since there are relatively fewer examples of NI combined with
general unfamiliarity with NI measures, cost engineers may tend to
overestimate NI costs, especially maintenance costs, to counteract
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the uncertainty in NI performance into the future (van der Jagt et al.,
2017). Additionally, monitoring of NI costs and performance is not
widely conducted in a manner that provides useful data for potential
future projects (Nelson et al., 2020; van Rees et al., 2022). Finally,
those projects that do monitor and share cost data are still young,
meaning maintenance costs are difficult to accurately assess for
projects expected to last several decades. US-based NI cost tools like
The Water Research Foundation’s CLASIC (2021) and Water
environment Research Foundation BMP and LID Whole Life
Cost Models (Water Research Foundation, 2023) do exist but
focus primarily on stormwater management. On the other hand,
the United Kingdom Environment Agency has a long-term costing
tool for coastal risk management that is limited for US use by UK-
specific costs (UK Environment Agency, 2015). Currently, NI cost
data can be gathered from the documentation of previously
mentioned tools and the projects and implementation guides that
exist (USACE, 2015; USDOT, 2019; Taylor Engineering, 2020).

3.4 Environmental impacts–Life cycle
assessment

Life cycle assessment (LCA) focuses on environmental impacts
of a product at stages of its life cycle (ASTM, 2022). LCA is an
established tool in the ISO 14000 series standards for environmental
management and sustainability, specifically 14040/44 (ISO, 2006)
and serves an important role in managing environmental impacts
and sustainability of the built environment (ASTM, 2022). The
primary steps of LCA are to define the boundaries of the system in
question, create an inventory of the flows of materials and energy
into and out of the system, and then translate those flows into
impact, usually with databases intended for that purpose. The
inventory phase is an exercise of accounting for the quantity of
outputs of concern, e.g., greenhouse gases emitted or sequestered,
and the subsequent impact analysis estimates the implications of
those quantities. Some studies stop at the inventory stage.
Sometimes LCA and LCCA are conducted in conjunction, or one
as a component of the others. Parrish and Chester, 2013 consider life
cycle costing within LCA to be one of three components of the larger
analysis and when used in this way, takes a broader view than is used
in the architecture, engineering, and construction (AEC) industry.

ISO 14040 lays out the guidelines and requirements for
conducting an LCA. It provides notable guidance on scoping,
analysis, and reporting to create comparable results. It notes that
LCA is one of many environmental management techniques (ISO,
2006). Other techniques many be appropriate for specific FRM
studies however to meet the objectives of the framework proposed
here, assessment over the life cycle of features is integral.

During our review of LCA tools and applications, buildings were
identified as a potentially instructive analog for FRM infrastructure
type. LCA is used for buildings in pursuit of designs that are
“greener” than conventional ones by considering building
materials and illuminating the performance implications of
design decisions (e.g., energy consumption). Lower impact or
higher performance building materials and designs can lead to
higher capital costs but are intended to have economic,
environmental, and/or social payoffs over a building’s life cycle.
LCA outputs are important to understanding whether an alternative

design is worth pursuing; the environmental impacts and benefits
can be considered alongside and traded-off with cost, performance,
and other metrics. The building industry has at least 30 years of
experience in mainstreaming nonconventional material and designs
to improve environmental performance and occupant health, as
evidenced by the US Green Building Council and their Leadership
Energy and Environmental Design certification program.

There are several off-the-shelf tools that are available for
conducting LCA for building applications and otherwise, some of
which have built-in databases, such as SimaPro (PRé Sustainability,
2023), Product Sustainability Solutions Software (formerly known as
GaBi) (Sphera, 2023), and Building for Environmental and
Economic Sustainability (BEES) (NIST, 2023). However, there are
some characteristics of NI that make existing tools unsuitable. Since
many NI options primarily utilize sediments and organic materials
such as vegetation, material manufacturing and disposal costs may
be greatly diminished compared with conventional infrastructure
options that rely on materials such as steel and concrete, for
example, which may have additional costs. To the knowledge of
this project, the materials and flows associated with NI project life
cycles are not generally featured in existing LCA tools and databases.

Another challenge of LCA for NI, as previously mentioned, is
life cycle uncertainty. The life cycle needs of NI are highly
dependent on uncertain external factors. Given that one of the
primary expected benefits of many NI features is to attenuate
environmental stressors (e.g., wave attack or high river flows), it
is reasonable to consider that they will degrade and need
maintenance and repair over time. On the other hand, some
features may be partially or fully self-sustaining (e.g., accrete
sediment or reestablish vegetation). Understanding the range of
possible maintenance and repair intensities is important in the
context of characterizing NI feature life cycles because they
constitute material and energy flows but must be linked to
expected stressors and performance. Probabilistic methods for
life cycle considerations do exist for natural hazard prone
buildings, e.g., to evaluate damage and then associate
environmental impact with repair and retrofit measures (Di Bari
et al., 2020). Performance uncertainty impacts all the aspects of a
life cycle approach, as envisioned here, and therefore should likely
be handled outside of specific analytical tools.

LCA for NI should potentially be extended to beneficial impacts
as well. NI benefits are both in the form of positive environmental
outputs as well as environmental impact avoidance. The broader
community of LCA tools may introduce additional categories of
benefits associated with NI. Some benefit categories of NI are closely
related to negative impact categories but there may not be an
existing approach to account for offset (e.g., LCA can be used to
account for water quality impacts of a product or process but not the
water quality improvements).

4 Example applications

While there are many examples of NI in practice and in the peer-
reviewed literature of projects that address some aspects of the
proposed life cycle management framework for, no examples were
found demonstrating all four aspects of the framework presented
here. Below we highlight three NI projects that address some of the
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dimensions of the proposed framework and can serve as initial
demonstrations of the life cycle management concept in practice.
We expect that different projects will need to take different
approaches to satisfy each dimension based on available data and
models as well as resource constraints. Therefore, the results will
take different forms but generally will be structured like the results of
economic or multi-objective alternative analyses.

4.1 Louisiana coastal master planning:
application of life cycle
management concepts

To combat the U.S.’s most severe coastal land loss problems,
Louisiana’s Coastal Protection and Restoration Authority (CPRA)
has developed and maintains a living Coastal Master Plan that lays
out a comprehensive set of structural (levees, floodgates, barrier
islands, etc.) and nonstructural (e.g., elevation, acquisition,
floodproofing) land development and flood risk reduction
projects and goals for the state (CPRA, 2017a). As of 2017,
CPRA has completed or funded 135 projects that have resulted
in nearly 15,000 ha of land benefits, 450 km of levees improved,
and 97 km of barrier islands and berms constructed (CPRA
2017b). The planning framework of The Coastal Master Plan is
an iterative process between integrated coastal system models and
an optimized planning tool (Brown et al., 2017; Groves et al., 2017)
designed to consider both FRM metrics as well as co-benefits. A
suite of models is employed to inform the Planning Tool, and these
can undergo extensive revision and updating based on reviews
from outside advisory panels (Cobell et al., 2017; Rose and Sable,
2013; Callaway et al., 2017). An Integrated Compartment Model
(ICM) is used to forecast landscape change (White et al., 2016) and
an Ecopath with Ecosim (EwE) model (Cobell et al., 2017)
determines fish and shellfish responses to simulate the coastal
ecosystem response, which describe the co-benefits of the coastal
Louisiana system.

Additionally, statistical flood risk metrics are determined using a
combination of Advanced Circulation-Simulated Wave Nearshore
models (ADCIRC-SWAN) to calculate storm surge induced water
depths and the Coastal Louisiana Risk Assessment Model (CLARA)
to determine the equivalent risk (CPRA 2017b; CPRA 2017a; Brown
et al., 2017; Groves et al., 2017; Hijuelos and Reed, 2017). Outputs
from these models are combined with planning constraints
(i.e., sediment availability, funding, stakeholder preference) to
inform the Planning Tool, a computer-based decision support
software system. Project cost is integrated into the Planning Tool
and combined with sediment availability to select cost-effective
restoration projects that are informed by the availability of
sediment. This tool is comprised of Multi-Criterion Decision
Analysis (MCDA) and Robust Decision Making (RDM) within
an overarching deliberation-with-analysis process which
ultimately identifies design alternatives to construct the most
land or reduce the flood risk while meeting the specific criteria
(Groves et al., 2017; Hijuelos and Reed, 2017). Simulations are
focused on a 50-year horizon to capture long-term trends while
trying to limit environmental uncertainties (e.g., sea level rise,
project costs, etc.) which are deemed too great beyond this
timeline (Brown et al., 2017; Groves et al., 2017).

4.2 South corridor flow restoration,
Tillamook River, Oregon

In 2017, tidal flow was restored to 690 acres of leveed publicly
and privately owned pasture and farmland at the confluence of the
Wilson and Trask Rivers as part of a habitat restoration project
focused on salmon habitat creation while reducing flooding to
adjacent communities (Shaw and Dundas, 2021). The resulting
project restored 443 acres of tidal wetland and subsequent
hydrodynamic modeling indicated the project resulted in
reductions in flood duration and magnitude in the area for
storms with water levels up to an annual exceedance probability
of 0.2 (i.e., floods that occur approximately 1 year in five) (Collins,
2019). While the hydrodynamic analysis indicated the project
achieved the desired FRM performance, other co-benefits of the
project were not initially quantified or monitored. A subsequent
analysis (Shaw and Dundas, 2021) of the ecosystem goods and
services produced by the project indicated the following potential
socio-economic benefits of the project:

• savings of $1,500-$8,000 per year from reduced dredging
requirements,

• reduced travel disruption costs of $7,200 per flood event,
• $530,000-$736,000 in carbon storage,
• an increase of 10% in home values within 0.75 mi of
the project,

• 108 jobs and total economic output of $14.6M, and
• unquantified but potential large benefits to the salmon fishery
as well as quality of life benefits to the community.

The cost of the project through 2021 was estimated at $11.2 M.
While the ecosystem goods and services were not pooled and
analyzed, the initial evaluation indicates the co-benefits of the
project may exceed those related to FRM. Benefits to the salmon
fishery alone could reach the millions of dollars as the habitat
matures, indicating the need to understand the dynamics of NI
projects as many co-benefits may mature years after project
implementation.

4.3 Vegetated foreshore life cycle

Estuarine shorelines across the Netherlands commonly utilize a
NI method in which a vegetated foreshore is maintained seaward of
the dike system. The vegetated foreshore component of the system is
a salt marsh-mudflat feature of varying width that serves to dampen
waves before they impact the earthen dike while the dike serves as a
barrier to higher surge water levels. The two components combined
provide a greater degree of FRM performance as compared to
earthen dike alone (Vuik et al., 2017). The vegetated foreshore
also reduces wave overtopping and erosion of the dike, increasing
its efficacy during surge events. Analysis of historical levee breaches
also found that the presence of vegetated foreshores reduced the size
of breaches and limited flooding into the hinterlands (Zhu et al.,
2020). These multiple modes of performance highlight how analysis
of NI measures may require additional analyses to assess all aspects
of their function, especially when considered in combination with
conventional measures such as dikes or floodwalls.
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Decadal-scale analysis of vegetated foreshores found them to be
relatively stable over time throughout the Western Scheldt Estuary
with spatial variability between sites greater than the temporal
variability at any given site (Willemsen et al., 2020). While the
long-term stability of vegetated foreshores in other locations will
vary with sediment availability and wave energy, modeling studies of
the vegetated foreshore-dike system indicate the long-term
dynamics and FRM performance are predictable using existing
modeling tools (Willemsen et al., 2022). The relative stability of
vegetated foreshores indicates maintenance and management
requirements of these features is limited. Since vegetated
foreshores have been demonstrated to reduce maintenance and
management requirements for adjacent dikes as well (Marin-Diaz
et al., 2023), logic follows that environmental impacts associated
with dike maintenance would also be reduced.

An analysis of various adaptive measures designed to increase
the safety level of existing earthen dikes in the Netherlands found
vegetated foreshores, especially those that utilized detached
breakwaters or high elevation transitional zones adjacent to the
dike, were more cost-effective than the conventional option of dike
heightening (Vuik et al., 2019). Vegetated foreshores that were
actively managed to maintain high elevation transition zones
adjacent to the dike provided a greater safety level under future
sea level rise conditions than the conventional dike heightening
option, demonstrating the cost-effectiveness, efficacy, and adaptive
capacity of NI combined with conventional measures. While most
work on vegetated foreshores has been done in the Netherlands, a
global scale analysis that includes both marsh and mangrove
vegetation indicated implementing vegetated foreshores can
reduce wave heights by 25% for 11.5% of the world’s coastline
and the required reduction in dike height for a 0.01 annual
exceedance probability event would save $320.2B if all flood-
prone populations were protected (van Zelst et al., 2021).

While co-benefits of vegetated foreshores as a practice have not
been fully quantified, the various ES of coastal wetlands have been
documented including primary productivity, carbon sequestration,
habitat, tourism, and support of wild and commercial fisheries,
among others (Whittaker and Likens, 1975; Boesch and Turner,
1984; Costanza et al., 2014; Barbier, 2019). The exact monetary or
non-monetary value of the co-benefits produced at a particular
vegetated foreshore site depends on the site characteristics and
history, but regional data can be used to provide an estimate of
the co-benefit of interest at a site.

5 Discussion

The life cycle framework developed in this paper addresses
multiple accounting needs related to planning and selecting NI
alternatives. It is intended to reflect planning procedures that are
used for other infrastructure types and prescribed by ISO, while also
aspiring to improve on the status quo in FRM planning procedures
by bringing inter-related project outcomes under one framework
(e.g., costs and benefits depend on performance). Government
agencies involved in FRM typically conduct alternative analysis
with narrowly defined economic performance however there are
policy developments that will require more comprehensive
accounting. A life cycle perspective is particularly important for

NI because lack of experience with it as a formal infrastructure type
challenges both intuition and common engineering judgement
applied to conventional infrastructure (van der Jagt et al., 2017).
NI costs and benefits can accrue differently over time than
conventional infrastructure; whereas conventional infrastructure
has the greatest benefits when construction is complete and
generally degrades as time passes, NI can have the opposite
trajectory.

The framework advocates for inclusion of project co-benefits,
which can have a similar unconventional temporal trajectory and,
the accumulation of which can be non-trivial to stakeholders and
decision-makers that seek to balance multiple objectives in
alternative selection. There is general increasing demand for
nature-based solutions to manage flooding and other
environmental risks, likely driven by a number of factors
including public distaste for large concrete barriers to manage
infrequency weather events as well as the promise of natural
infrastructure to deliver numerous benefits regardless of extreme
events materializing. Co-benefits and non-monetary costs have
historically been left out of benefit cost analysis, rendering a
decision rubric that does not necessarily reflect what people
value. Ultimately, the framework should support project cost and
benefit accounting that will help decision-makers to select a project
design that matches stakeholder preferences and meets objectives.

In the review of existing frameworks, we found that NI
researchers and practitioners are recommending various elements
of the framework proposed here. Frameworks for FRM-related
projects tend to focus on hydrometeorological risk and specify
the importance of probabilistic analysis to account for project
lifespans. Frameworks found almost exclusively are designed for
urban stormwater management, or green infrastructure, which is
similar to natural infrastructure for FRM and is more mature in
terms of resources to support decision-making. Tools and data from
green infrastructure were not found to be suitable for NI because
green infrastructure tends to be small scale whereas NI will need to
be landscape scale. Perhaps more importantly is that green
infrastructure is designed to hold and filter overland flow, which
is different kind of load than wave attack, wind, and riverine flows.
Furthermore, green infrastructure tends to be less dynamic than NI.
Co-benefits are noted in most research on natural or green
infrastructure for FRM. The life cycle emphasis is implicit in
many projects that use a net present value analysis but explicit
integration of the framework dimensions with a life cycle emphasis,
in which costs and benefits are dependent on performance and
evolution, has not been found in the literature.

Although the framework developed in this paper appears simple,
in practical application, there are many barriers that exist to its
implementation or barriers to the antecedents to using the
framework. This paper acknowledges that a) there are some tools
and datasets that already exist that can support the implementation
of the framework but also that b) new tools and data are needed in
order to apply the framework to a diversity of NI feature types,
improve the accuracy of forecasting project costs and benefits, and
account for a wide variety of costs and benefits that stakeholders may
be interested in. Challenges also exist related to the need to generate
results that are comparable - across NI feature types, between
conventional and natural alternatives, and with mixed units for
costs and benefits (e.g., monetary and non-monetary results). Study
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boundaries also influence whether results are comparable but
consistent bounding may be complicated by peculiarities in FRM
in the US.

As risk-informed design and life cycle accounting for projects
becomes the status quo for all FRM projects, some of the perceived
uncertainties associated with NI (i.e., lack of understanding of
evolution of NI features over time) will manifest for conventional
infrastructure as well. For instance, nonstationary conditions
threaten to render some conventional FRM measures unable to
provide the designed FRM performance. NI combined with the
conventional measures, as in the case of vegetated foreshores, may
provide an adaptive mechanism for existing FRM systems.
Ultimately advancing life cycle management for all FRM projects
may facilitate the utilization of NI measures as complementary
measures that can provide additional value and design life to
conventional measures.

Monitoring of NI projects is often intended to ensure that projects
establish as intended (e.g., new plantings grow and propagate) and
inform any necessary corrective action. Monitoring for broader
knowledge generation to improve life cycle evaluation is not an
established practice and there are barriers to establish that as the new
norm. One barrier is lack of consensus on which metrics should be
monitored and relatedly, which co-benefits should be accounted for in
planning analysis. NI comprises diverse feature types and therefore, there
is not a single set of broadly applicable metrics that can be monitored.
Data collection and management face challenges posed by funding
constraints, typical change in ownership of natural infrastructure
during its life cycle complicates whose monitoring responsibility, and
currently there is no data reporting and management process.

Implementation of NI should not be delayed by lack of data,
instead, monitoring should be regarded as central in order to build
the new knowledge base that is needed to support the life cycle
framework for NI. In general, many knowledge barriers can be
addressed through NI project implementation. Careful project
documentation and monitoring will help build the knowledge based.
Careful project documentation and monitoring during the execution of
NI projects can catalyse a virtuous cycle to reduce uncertainty in all of
the dimensions of the proposed life cycle framework, which in turn
improves the data available to plan new projects. This would essentially
build the database of project costs and benefits that is currently lacking
for NI, and greatly reduce the uncertainty associated with all
components of the framework. Conventional infrastructure has this
essential historical record, formalized into tools and design codes, and
on which practitioners can draw when they plan and design projects,
e.g., material and labor costs, forecasted and actual performance record,
minimum specifications, and economic value of benefiting assets. These
do not necessarily exist for NI, especially as a resource that is broadly
applicable to different types of features. To some extent, existing NI
projects can be leveraged to collect life cycle costs and benefits however,
the framework developed here can help inform systematic knowledge
generation through the implementation of new projects.

6 Conclusion

The need for such holistic life cycle frameworks for assessing NI
projects may be intuitive, but there are many barriers to their
implementation. New tools and data are needed in order to

apply the framework to a diversity of NI feature types, account
for a wide variety of costs and benefits, include social preferences
and equity considerations, and improve forecasting accuracy of
future costs and benefits. One barrier to life analysis of NI is lack
of consensus on which co-benefits should be included and what
performance measures can and should be quantified, modelled,
and monitored.

Co-benefit production is integral to NI projects, and the time
series of benefits of NI projects may be complicated, often increasing
over time. Traditional benefit/cost analysis has historically neglected
co-benefits, including social and ecological benefits, as well as non-
monetary costs, rendering decision rubrics that often neglect social
values and preferences. Consequently, NI life cycle analysis
fundamentally differs from conventional infrastructure and
requires alternate analysis frameworks. More explicit integration
of co-benefits and non-monetary costs and incorporation of
evolving and possibly stochastic benefit/cost time series are
necessary for NI projects.

The uncertain evolution of project co-benefits, particularly the
effects of unusually extreme forcing functions produced by climate
change, may be perceived as drawbacks of NI projects. However,
many of the perceived uncertainties associated with NI will also
manifest for conventional infrastructure. Risk-informed design and
life cycle accounting will become the status quo for all FRM project,
NI and traditional. Engineering and social adaptation to the
changing climate will become the norm.
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