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Abstract

Developing and maintaining infrastructure (e.g., roads, airports, water supply, communication networks, power plants, or
hospitals) is a priority in a rapidly changing world. However, the gap between infrastructure needs and investments will
continue to increase in the coming years, mainly impacting mid- and low-income countries. This problem is aggravated
by the fact that traditional long-term planning approaches often lead to under- or over-designing infrastructure with the
corresponding investment risks and environmental impacts. This article introduces the “Dynamic Infrastructure Systems”
(DIS) concept as a new way to understand infrastructure design and management to support sustainable continuous growth,
maintenance, and adaptation. In scenarios of deep uncertainty, infrastructure can best be designed and managed by creating
a strategic vision of the future, committing to short-term actions, and establishing a flexible management policy to guide
future decisions. This article is motivated by the urgent need to re-think how a key sector is managed and how to make it
a positive contributor to sustainability. After the factual and conceptual discussion of the main principles behind DIS, we

present a framework for its implementation in practice and discuss barriers and challenges to this vision.
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1 Introduction: Infrastructure in the context
of sustainable development

The past sixty years have seen unprecedented socioeco-
nomic development. The global population tripled, and
life expectancy increased by 50%. In addition, urbanization
increased 70%, especially in mid- and low-income countries,
GDP grew by 800%, and the value of exported goods and
services in the US alone increased by 1000% (World Bank
Data 2023; ASCE 2023). These dynamics have also created
stresses on aging infrastructure and rapid growth of CO,
emissions, which severely impact sustainability. In the case
of infrastructure (e.g., roads, airports, water supply, commu-
nication networks, power plants, or hospitals), a sector that
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takes a large share of the world’s GDP and contributes 40%
of global CO, emissions (Pomponi and Moncaster 2017;
United Nations Human Settlements Programme 2022), there
is an urgency to find novel technical solutions to close an
infrastructure investment gap that has been growing stead-
ily worldwide during the last decades. This task requires
efficient use of limited funding and careful prioritization of
investments across sectors and regions. In this article, we
will examine the challenges and needs for a new infrastruc-
ture development and management approach, emphasizing
its contribution to a more sustainable built environment.
The infrastructure deficit to support rapid urbanization
is growing, particularly in emerging and developing econo-
mies. For example, the average urbanization of South Amer-
ican countries has reached a value close to 80% on average
(World Bank 2018; Moran et al. 2018). In these regions,
cities are characterized by growing informal settlements that
lack basic infrastructure and services. City-related activities
are also estimated to consume 78% of the world’s energy and
produce more than 60% of greenhouse gas emissions (World
Bank 2018; Monteiro et al. 2017). A large share of emis-
sions results from the extensive consumption of concrete and
steel in construction (Raave et al. 2019; Watari et al. 2023;
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International Energy Agency). Consequently, in addition to
moving towards more sustainable materials, which reduce
the environmental footprint of production and manufactur-
ing, it is also necessary to improve performance and longev-
ity (Watari et al. 2023). It is estimated that the world could
decrease its infrastructure-related carbon emissions by up
to 50% by 2050 through a combination of measures that
include making the life cycle of concrete structures more
resilient through improved material performance, integrat-
ing structural design with risk-based durability modeling,
and optimizing construction methods (Raave et al. 2019).
Other key strategies include investing in energy-efficient
infrastructure, reducing waste, and changing how we build
(Global Infrastructure Hub 2021; Thacker et al. 2019).
Thacker et al. (Intergovernmental Panel on Climate Change
(IPCC) 2021) showed that infrastructure is vital to attaining
all Sustainable Development Goals (SDGs).

Population growth and industrialization (mostly in
developed countries) also have caused a dramatic growth in
GHG emissions during the last 60 years (Hill et al. 2019).
This has brought a climate change crisis with worldwide
consequences, but with effects felt disproportionally in
low-income countries with low resilience levels (Rozen-
berg and Fay 2019). For example, low-income countries
are more likely to experience extreme weather events like
floods, droughts, and heat waves. These events can produce
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Fig.1 Relative infrastructure needs by sector and world region as
defined by the World Bank. The sector “other” includes infrastruc-
ture such as education, healthcare, social services, irrigation, and
flood protection. Data are from multiple sources, mostly multilat-
eral agencies, and regional banks (Pomponi and Moncaster 2017;
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food insecurity, water scarcity, displacement, and loss of
life. While developing infrastructure in wealthy countries
is required to support economic growth and maintain social
investments, in mid- and low-income countries, it is also
necessary to respond to rapid environmental changes, reach
universal coverage of essential services, and foster a mini-
mum economic growth.

Investments in infrastructure can be grouped broadly
into (i) developing new infrastructure, (ii) maintaining
existing assets, and (iii) adjusting existing infrastructure
components (e.g., for climate change adaptation). Stud-
ies from several national and international organizations
have provided broad estimates of infrastructure investment
needs based on various criteria and possible future sce-
narios (Fig. 1). However, the optimal level of required
infrastructure investment depends upon several technical
and non-technical factors. Rozenberg and Fay (Environ-
mental Programme 2022) state that the existence of trade-
offs between competing goals means that infrastructure
planning and investments are inherently political choices.
Figure 1 presents a breakdown of investment needs in
infrastructure by sector and region until 2030. Trans-
portation and energy will take the largest share world-
wide, and investments in social infrastructure (education,
health, social services, etc.) are particularly large in North
Africa, Southeast Asia, and Latin America. Required
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global annual investments in infrastructure are estimated
at $3.5 trillion to $7.5 trillion, which is 4% to 8% of the
world’s GDP. Out of these values, annual investments in
adaptation measures are estimated to be between 0.5 and
1% of the world GDP (Mauter 2021). Importantly, while
needed investments in developing countries are smaller
than in developed countries, it is, in most cases, beyond
their financial capacity. For example, in the Americas, the
US and Canada’s needs in infrastructure until 2050 are
about $13.2 trillion, while in Central and South America
combined, this value is about $6.8trillion (Thacker et al.
2019). The former corresponds to an annual investment,
until 2050 of about 1.75% of today’s GDP, while for the
rest of the Americas, it is about 4.6% (Thacker et al. 2019).

There is an urgent need for a change in strategy and
focus. It has been argued that to bridge the value gap in the
U.S. infrastructure, it is necessary to build back “wiser”
by investing in digitized, versatile, distributed, and inclu-
sive infrastructure systems (Acufia-Coll and Sanchez-Silva
2023). Others have emphasized the importance of flexible
infrastructure management policies (Haasnoot et al. 2021;
Zimmerman and Faris 2010) and building infrastructure to
support ongoing adaptation (Albrechts 2004). In addition,
some argue that it is necessary to design dynamic adap-
tive plans with a strategic vision of the future, commit to
short-term actions, and establish a framework to guide
future decisions (Ranger et al. 2010; Chester and Allenby
2019). It has also been recognized that current choices
about investing in infrastructure will severely impact the
world’s future. For Thacker et al. (Intergovernmental
Panel on Climate Change (IPCC) 2021), “Investment in
infrastructure is at an all-time high globally; thus, an ever-
increasing number of decisions are being made now that
will lock-in development patterns for future generations.”
Likewise, Chester and Allenby (OECD 2017) state that
“today, as we debate what the next infrastructure compo-
nent should be, we should fundamentally question whether
new infrastructure should be more of what we already have
or something that does not exist yet. Until we reach that
point, we will maintain lock-in and perpetuate systems that
may already be obsolete.”

In this article, we discuss the importance and value of
a new infrastructure management approach based on con-
tinuous adaptation. We first examine the importance of
incorporating flexibility in infrastructure management to
create a more sustainable built environment; to illustrate
this point, we reference cases that show this approach’s
potential. Afterward, we propose a new understanding of
infrastructure as dynamic systems to recognize them as
continuous flexible processes with a purpose. Then we pre-
sent a general implementation strategy. Finally, we discuss
current barriers and challenges to execution in practice.

2 The emergent idea of continuous
adaptation in infrastructure

In many systems, including live organisms, a critical trait
for dealing with environmental changes is the capac-
ity to adapt continuously (S4nchez-Silva and Calderén-
Guevara 2022). The idea of adaptation and flexibility can
be extended to other systems, including infrastructure,
where it is defined as “the ability of a system to respond or
change some of its design or operational parameters easily
to keep or add value continuously when subjected to inter-
nal or external demands” (Haasnoot et al. 2012). Flexible
systems can manage an uncertain future by changing their
physical characteristics or performance (behavior) when
required to manage the evolution of external demands
as they materialize. Flexibility and adaptation over time
are not only determined by what is known or anticipated
at present but also by the management policy (Haasnoot
et al. 2013) and by what is experienced and learned as the
future unfolds (Yohe 1990; Neufville and Odoni 2003).
In is important to notice that flexibility and adaptability
are interconnected and sometimes interchangeably used
concepts. Flexibility is the capacity to easily alter the sys-
tem’s state or performance in response to unforeseen cir-
cumstances. It involves being open to different methods or
solutions without fundamentally changing the underlying
system structure. On the other hand, adaptation encom-
passes a more profound and enduring environmental
adjustment. It involves a systematic modification or evo-
lution in response to sustained changes, often leading to a
transformation in the overall structure or strategy. While
flexibility allows for short-term adjustments, adaptation
implies a more sustained and strategic alignment with the
evolving context, reflecting a more profound and lasting
transformation.

Flexibility has recently emerged as valuable for infra-
structure planning and management in a highly uncertain
future (Haasnoot et al. 2021, 2011; Ranger et al. 2010;
Hallegatte et al. 2012; Cardin 2014; Neufville and Schol-
tes 2011; Schwartz and Trigeorgis 2004; Swanson et al.
2010; Lempert et al. 2003), when it is impossible to make
well-informed projections based on available data or to
reduce uncertainty by gathering additional information
(e.g., deep uncertainties) (Ben-Haim 2006; Quade 1989;
Nembhard and Aktan 2010). Deep uncertainty refers to
a type of uncertainty where decision makers and stake-
holders do not know or cannot agree on the likelihood of
different future scenarios. It is characterized by limited
knowledge, and it is difficult to agree on the relationships
between the key driving forces of change (Cardin 2014).
Regarding infrastructure, uncertainties come from changes
in demand (e.g., population growth), natural events (e.g.,
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increasing sea level, wildfires), and financial and political
stability. Thus, in the context of significant uncertainties in
rapidly changing environments, the best course of action is
to focus on designing clever management strategies. This
is a key concept behind Dynamic Infrastructure Systems.
Then, the focus is not on creating “unrealistic” predictive
models but on developing systems capable of changing
and modifying their structure and operation to accommo-
date and respond to environmental changes. Techniques
such as Real Options Analysis, dynamic programming,
decision trees, roadmaps, and robust decision-making are
management strategies to handle these types of problems.
Several authors have reported that incorporating flexibil-
ity improves financial performance between 10 and 30%,
compared to designs generated using standard procedures
(Ranger et al. 2010; Haasnoot et al. 2011; Hallegatte et al.
2012; Cardin 2014; Neufville and Scholtes 2011; Wehrle
et al. 2021).

Case studies show the value of implementing flexibility
in various types of infrastructure. Examples of flexibility in
mechanical systems, such as operation of space and aircraft,
have been studied widely (Saleh et al. 2000; Montulli 1986;
Reisinger et al. 2021). In the built environment, Reisinger
(Guma et al. 2009) studied flexibility in industrial building
design to accommodate constantly evolving production pro-
cesses and improve sustainability. For conventional build-
ings, Guma et al. (Geltner and Neufville 2018) studied four
cases in North America and discussed the potential value of
vertical phasing in real estate. A classic application is the
construction and development of the Health Care Service
Corporation (HCSC) building in Chicago, which was devel-
oped in two phases. In 1997, the first 30 stories were built;
an additional 27 were added in 2010 in response to growing
demand. Phasing real estate and facilitating changes in use
is an attractive business opportunity (Empresa de Acueducto
de Bogota 2023) and significantly impacts CO, emissions.

The idea of flexibility has also been extended to urban plan-
ning, where it has great potential. For example, many cities,
such as Chicago, Washington, and London, have developed
local adaptation plans structured as a phasing process (Albre-
chts 2004; Haasnoot et al. 2011). Phasing development in
basic infrastructure is natural. Figure 2 presents the evolving
capacity of the water supply for the city of Bogot4. The city’s
water supply increases over time in response to the demand
needs by successively adding new components (modularity).
The response is based on forecasts, performance monitoring,
and a strategic management plan. Note that there has been a
sustained drop in water demand since the early 1990s due to
some government programs to save water and the subsequent
failure of a section of the tunnel that connects Chingaza with
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Fig.2 Water supply and demand over time, for the city of Bogota.
Flexibility facilitates adjustments in capacity and allows to man-
age unexpected changes in demand (i.e., delay of the planned 1990s
expansion until necessary). Data from Empresa de Acueducto de
Bogota (2023) Open data webpage. (https://www.acueducto.com.co)

Bogota (Rosenzweig et al. 2011). Given the drop in consump-
tion, the local government postponed the system’s planned
1990’s expansion plans until after 2025. This is an example
of how the modularity of the system helped to respond more
efficiently to unforeseen events.

For large essential infrastructure, significant work has been
done on sea-level rise and flood management and protection
problems (Yohe 1990). Some examples include New York
(Delta Programme 2013), the Rhine Delta (Lowe et al. 2009),
the Thames Estuary (Barnett et al. 2014), and the sea level
rise problem in Southeastern Australia (Torres-Rincén et al.
2021a). In transportation, flexible principles have been applied
to airports (Sanchez-Silva and Calderén-Guevara 2022; Haas-
noot et al. 2011) and road networks (Pudjianto et al. 2020). In
the energy sector, some initiatives have sought to prove the
value of flexibility in facilitating cost-effective energy decar-
bonization (Torres-Rincén et al. 2021b). Furthermore, in the
design of energy infrastructure, Torres et al. (Blockley 2010)
studied floating offshore wind farms showing that the adapt-
able platform strategy has the potential to reduce the cost of
energy by up to 18% by increasing the energy generation and
the lifetime of some components of the wind farm.

In summary, numerous studies in different sectors have
recently shown the immense potential of incorporating flex-
ibility in the design and management of infrastructure. In the
next section, we will present and discuss a conceptual frame-
work encompassing existing ideas and a proposal to move
forward.
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3 Dynamic infrastructure Systems:
an integrated flexible approach

“Dynamic Infrastructure Systems” (DIS) is proposed as
a new framework for understanding and managing infra-
structure. At the core it has the concept of flexibility, dis-
cussed above, but also includes elements necessary for
maximizing infrastructure performance. It is argued that
this approach may also contribute significantly to financial,
social, and environmental sustainability, and to achieve
SDGs. The following principles guide a DIS:

1. Systems should be modeled as processes designed to
provide service continuously.

2. Systems must be designed to adjust and change when
needed.

3. Systems must be sustainable to guarantee intergenera-
tional responsibility.

4. Systems’ value depends on the physical and socioeco-
nomic setting, and the interaction with other systems.

The first principle states that infrastructures are not
“artifacts” built and sporadically adjusted until they are
replaced. Instead, Infrastructure should be considered an
arrangement of processes that continuously serve a pur-
pose (City of Chicago 2008). The goal in infrastructure

design and management is to provide a satisfactory ser-
vice continuously. Therefore, assessments and decisions
should be made within the context of multi-criteria life-
cycle analysis.

The second principle implies that the DIS structure and
operation must be able to be modified when needed. This
is only possible if it has some flexibility level embedded.
Then, designing and planning for forecasted long-term
demands and highly unknown events with irreversible
courses of action are not reasonable options. deNeufville
(Ranger et al. 2010) states that “there should be a shift in
infrastructure development that moves away from fixed
specifications, narrow forecasts and that avoids the “flaw
of averages’ design strategies, pushing many designs into
underperformance.” Flexibility can be achieved by design-
ing for multiple uses, creating modular or scalable sys-
tems, using new materials and technologies, and adopting
flexible management and governance frameworks (Pudji-
anto et al. 2020). Flexibility is a tool for integrated risk
management that should be coherent with the manager’s
and stakeholders’ needs, interests, and SDGs. Figure 3
illustrates the contribution of flexibility to risk manage-
ment in financial and operational aspects of a project. Flex-
ible designs imply an up-front cost of adding features that
facilitate change. If no changes are needed in the future,
these additional costs will be lost. Therefore, equipping
the system with features that enable change comes with a
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risk. This idea has been used in many disciplines and sec-
tors, such as finance markets, through the concept of “Real
Options.” In Real Options, the buyer pays, in advance, for
the right, but not the obligation, of buying a particular
good in the future at a given price. Real Options are a
popular strategy to manage the uncertainties and volatility
of future asset prices; somehow, flexibility emulates the
fundamentals of Real Options. Then, the design of DIS
requires the financial risk assessment of adding flexibility,
which will show if it is a suitable strategy for the project.
Flexibility is not suitable for all project types. In some
cases, robust systems with long-time missions might be
preferable.

Given the magnitude and duration of infrastructure
investments, intergenerational responsibility and sustain-
ability is vital. The third principle focuses on the need to
move toward sustainable infrastructure, which contributes
to the attainment of the SDGs by reducing greenhouse gas
emissions, promoting clean energy generation, and integrat-
ing climate adaptation measures. In addition, sustainable
infrastructure enhances resource efficiency by incorporat-
ing practices such as energy and water conservation, waste
reduction, and recycling (circular economy). This minimizes
resource depletion, lowers operational costs, and preserves
natural ecosystems. Moreover, sustainable infrastructure
fosters social equity by prioritizing accessibility, safety, and
inclusivity. It ensures that infrastructure projects benefit all
members of society, regardless of their socioeconomic status
or physical abilities, leading to more equitable and resilient
communities. Lastly, sustainable infrastructure supports
long-term economic prosperity by attracting investments,
creating green jobs, and stimulating innovation in sustain-
able technologies and practices. By integrating sustainability
principles into infrastructure development, we can balance
environmental preservation, social well-being, and economic
growth.

Finally, a particular infrastructure system cannot be
addressed as an independent project but as part of a built
environment comprising interacting systems under specific
socioeconomic conditions. For DIS to add value to society,
it must positively integrate with other infrastructures and the
socioeconomic environment, yielding cost and environmen-
tal benefits. Integrating projects’ performance and evalua-
tion with the surrounding environment is vital for sustain-
able development and contributes to better decisions. This
means that DIS requires the active participation of actors
at different decision levels. An example of an initiative in
this direction is the Chicago City Plan, which highlights the
importance of "interactions between a variety of infrastruc-
tures and a strong dialogue between interest groups in order
to ensure the success of adaptation approaches in a complex
society made up of innumerable vested interests" (Albrechts
2004; Ross et al. 2008).

@ Springer

4 Implementing Dynamic Infrastructure
Systems

The DIS approach highlights the importance of the deci-
sion-making process in infrastructure design and manage-
ment. It replaces the traditional approach, in which many
decisions are made at the outset based on highly uncertain
futures, by sequential decisions that respond to the sys-
tem’s evolving circumstances. Existing flexibility-based
approaches recognize the importance of this decision-
making strategy. Some examples include the Dynamic
Adaptive Policy Pathways (Yohe 1990), the five-phase
taxonomy procedure for the design and management of
engineering systems (Neufville and Scholtes 2011), and
the flexibility strategies for decision-making in real state
(Geltner and Neufville 2018) and in civil infrastructure
(Haasnoot et al. 2021, 2012). This section describes a
comprehensive strategy (Fig. 4) to implement the Dynamic
Infrastructure Systems principles into practice.

Phase 1 in Fig. 4 is understanding and modeling the
system. Given the many actors, interrelationships, and
transformations involved in its realization, infrastructure
should be addressed as a complex system. From a “sys-
tems thinking” perspective, the state and functionality of
infrastructure are the results of hierarchically arranged
interconnected processes (City of Chicago 2008). Under-
standing infrastructure as a process implies that it evolves
continuously to guarantee a predefined level of safety and
service. This is a substantial change compared to tradi-
tional engineering process. Focusing on dynamics also
makes it easier to understand the latent processes that
define the system’s performance. For example, in a con-
crete bridge, the focus should not only be on the repairing
observed cracking, but on the underlying causal processes
such as chloride ingress and cyclic loading.

In the design of DIS (phase 1 in Fig. 4), two elements
are central: (i) the target demand; and (ii) the level of
flexibility provided at the outset. Regarding the former,
while in traditional design, the forecast of the operational
demand is made for a distant future, in DIS, the demand
is estimated over a shorter time window. This avoids
overdesigns and reduces costs and emissions. Balancing
short and long-term planning strategies is crucial for any
project’s success. Short-term plans address immediate
challenges, while long-term strategies provide a vision
and guide sustainable growth. Striking the right balance
ensures responsiveness to current demands while position-
ing the project for future opportunities. It prevents myopic
decision-making, promoting stability, innovation, and sus-
tained relevance in a dynamic environment. A harmonized
approach to short and long-term planning enhances adapt-
ability, minimizes risks, and fosters enduring success in
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Criteria for flexible management

1. Type and level of flexibility

2. Characterization of the demand

3. Select the management policy (phase 4)
4. Definition of sustainbility metrics (phase 2)

(o]

Infrastructure monitoring
1. System state

2. Variations in demand

3. Occurrence of external events
4. Relationship with environment

System Model

(Hierarchy of processes)

Infrastructure evaluation
(Sustainability metrics)
LCA meeting specific SDGs

Component
level

KPI of SDGs

Connection with environment:

1. Interdependences with other systems
2. Socioeconomic setting

3. Environmental impact (e.g., CO9)

Type of decisions Definition of the flexible space:
(polcy definition & selection): 1. Continuous - no upper limit
1. Policy to manage system state 2. Flexible Available range

2. Dynamic adaptive policy pathways 3. Adaptation pathways

Intervention decisions System intervention

1. Based on the flexibility type

2. Sequential decision problem

3. Definition of a management
policy (When? Extent of change?
Cost?).

1. Change in the state
2. Operation adjustments
3. Management decisions

Performance measure

Fig.4 Constitutive elements and interactions of Dynamic Infrastructure Systems decision-making process, represented by four phases

an ever-evolving physical environment. However, finding
the right balance between short- and long-term goals is
complex, and no unique, well-formulated strategy exists.
Regarding the second element (i.e., adding flexibility at
the outset), the system should have flexibility features that
support future changes. Common forms of flexibility are
scalability, which consists of increasing or decreasing the
value of one or a set of variables; modifiability, which
consists of adding new design and operational variables, as
well as new functionalities; modularity, in which new sub-
systems can be deployed when required, may or may not
inherit all the functions from the main system (Neufville
and Scholtes 2011; Werners et al. 2021); and operability,
the mechanism by which the operation and management
are adjusted based on management requirements.

Upon implementation, phase 2 includes two tasks essen-
tial to the dynamic nature of infrastructure: i) monitoring
and ii) continuous evaluation over the project's life cycle.
Regarding the former, it is essential to consistently moni-
tor the project’s progress using Monitoring and Evaluation
(M&E) tools. M&E provides evidence primarily supporting
changes triggered by state variations (i.e., physical proper-
ties) or operation or management needs. Continuous moni-
toring and evaluation come at a cost and require a long-term
commitment to the project, which usually diminishes with
time. The UN states that less than 10% of the countries
have an adaptation-dedicated M&E system in operation

(McKinsey Global Institute 2016), which adds additional
risks to compliance with the infrastructure adaptation
objectives.

Phase 3 is related to intervention decisions, which are at
the core of DIS. Decisions in DIS belong to what is called
a sequential decision problem, in which it is necessary to
continuously define when an intervention is required (moti-
vations and performance criteria) and its extent (definition
of needs). These changes may include modifications to the
physical structure, the management strategy or to support
the stakeholders’ decisions. In addition, any decision must
be accompanied by a measure of the value-added regarding
costs, emissions, or any other sustainability indicator.

Phase 4 consists of the interventions that change the
infrastructure’s physical or operational state. These changes
depend mainly on the predicted demand and infrastructure
performance. Once the decision to intervene is made, the
future demand and capacity should be forecast, and used to
define the intervention. The size and frequency of interven-
tions should be matched to guarantee a given quality service
level. If interventions occur often, the quality of the service
may be affected, and changes become inconvenient and
costly. Whether technically based or not, a change depends
on the space of options provided by the initial system flex-
ibility. For cases where changes can occur in a continuous
space or in the form of modular flexibility, the decision will
depend on the Available Flexibility Range (AFR) (Haasnoot
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et al. 2021, 2012). This is the range where changes incur a
much lower cost than changes outside the AFR. For exam-
ple, in the case of the HSBC building described above
(Geltner and Neufville 2018), any expansion beyond 57
stories would be costly compared to expansions between
20 and 57. Another option is to use adaptation pathways
[67], which are alternative sequences of measures to realize
a well-defined adaptation objective. The use of adaptation
pathways in decision-making has been generalized under the
idea of Dynamic Adaptive Policy Pathways (Yohe 1990).
This model might be restrictive in the sense that pathways,
once defined, remain unmodifiable through time.

Once a change to the system is implemented, the cycle
is closed by returning to phase 2. In DIS, the value of the
project over time depends on its ability to fulfill its objective
continuously and the compliance with a project-related set
of sustainability indicators. The evolution of these indicators
should be considered as part of the decision to intervene in
phase 3 of the process. In the construction sector (includ-
ing infrastructure), this evaluation process is incipient partly
because the implementation process is ambiguous, lacks
clarity in the regulation and political will, and there is lim-
ited experience. For example, there is limited evidence of the
effectiveness of adaptation actions because decisions assume
that the intended results are being achieved (Mauter 2021).

5 Challenges in the implementation
of dynamic infrastructure systems

Flexible approaches are increasingly appealing for infra-
structure development. However, barriers to this approach
include (i) inflexibility of standards and codes of practice,
(ii) regulatory, operational, and legal aspects, (iii) long-term
financing, and (iv) cultural resistance to change.

First, most design standards do not include flexible infra-
structure development provisions. Codes of practice provide
requirements to ensure safety under specific technical condi-
tions, but there are few considerations regarding managing
unplanned situations or integration with other systems. In
addition, norms and standards severely limit the possibility
of implementing new or alternative design strategies, includ-
ing new technologies.

Second, regulatory barriers prevent adopting and imple-
menting more flexible infrastructure solutions. Infrastruc-
ture planning and management are handled by multiple
stakeholders across different government levels and indus-
try sectors, and this fragmented decision-making hinders
coordination efforts. A gap between engineers and some
stakeholders limits the ability to link infrastructure with its
socioeconomic setting. Finally, legal issues associated with
contract specifications force all parties involved to main-
tain “well-known” formats despite their willingness to act
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differently. “Enhanced capacity in the planning, procure-
ment and project management of infrastructure systems is
necessary to ensure that sustainability is fully embedded
in decision-making” (Intergovernmental Panel on Climate
Change (IPCC) 2021).

Third, financing is critical in the implementation of DIS.
In the case of publicly funded projects, there is a fear that
local governments cannot secure the funding for future inter-
ventions due to political or budgetarily issues. This has been
the main driving force behind the traditional approach of
making large investments in long-lasting overdesigned infra-
structure projects. Private investors may prefer DIS since
the focus is shifted to the quality of the service provided
and not on the development or management process. Thus,
facilitating the access to resources as the project evolves.
However, the lack of financial and legal instruments that
facilitate private investments remains a barrier.

Finally, in a traditional sector such as infrastructure devel-
opment and management, stakeholders, including engineers,
policymakers, planners, and the public, tend to resist chang-
ing norms and practices. This resistance grows as changes
imply significant variations to existing infrastructure or
long-established ways of doing things (‘“‘status quo bias”). In
addition, there is resistance because the benefits do not have
an immediate effect on the project but can only be measured
and appreciated over moderate or long-time horizons.

Consequently, the implementation of DIS will be suc-
cessful if, in addition to its fundamental principles, there is
a change in the infrastructure and built-environment sectors
along the following lines:

e Designing dynamic infrastructure systems using stand-
ards that work across different jurisdictions or industries,
using a broader approach beyond considering physical
performance. There is also a need to revise standards
and norms to emphasize the technical aspects concerning
systems’ evolution with time.

e Reconsidering assumptions of existing standards and
regulations, to promote innovation and flexibility and
make exemptions or regulatory waivers for specific pro-
jects, new technologies, or new methodologies. Innova-
tion should occur on all fronts, from adopting the concept
of DIS, to implementing new technologies, to revising
performance criteria. It is essential to encourage experi-
mentation and informed risk-taking. Finally, fostering
flexible infrastructure requires shifting the focus toward
the output (continuous minimum service quality level)
instead of controlling the process.

e Rethinking the boundaries of infrastructure will contrib-
ute to better integrating it with the surrounding environ-
ment (social, economic, and environmental), thus pro-
moting sustainability. A broader understanding of DIS
involves redrawing the system to start from the natural
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environment and integrating nature-based solutions
(NBS) to create adaptive infrastructure and dynamic
ecosystems. NBS can reduce vulnerability and increase
diversity, providing a wide range of societal benefits.
Rethinking these boundaries is crucial in introducing
sustainable dynamic urban strategies.

¢ Guaranteeing financial and technical capacity to execute
future project changes. It is essential to design admin-
istrative and legal mechanisms that secure funding for
possible future infrastructure updates, such as with novel
and creative financing mechanisms that combine public
and private investments. The premises behind DIS are
designed to attract the private sector and public—private
partnerships into sustainable infrastructure management
(Ross et al. 2008).

e (Creating a new culture by promoting training and educa-
tion programs for engineers, stakeholders, and local gov-
ernments. It is necessary to build capacity and expertise
in innovation and to develop new technologies that make
it feasible to incorporate flexibility in different project
types. It is also critical to foster knowledge-sharing and
collaboration across different sectors and industries.

6 Conclusions

The urgent need for infrastructure investment to handle
increasing external pressures is a technical and financial
challenge. This article argues that it requires a shifting
mindset towards a strategy grounded on managing uncer-
tainty and adaptation to change. It means thinking in terms
of “dynamic infrastructure systems” and applying its prin-
ciples (process, flexibility, sustainability, and connectivity).
In the DIS view, complex long-lasting infrastructure pro-
jects such as roads, airports, water supply, communication
networks, power plants, or hospitals are envisioned as con-
stantly adapting as the surrounding physical and socioeco-
nomic environment evolves. A central element of DIS is its
flexibility to adjust continuously to environmental changes
or stakeholders’ decisions.

The proposed approach is based on a sequential deci-
sion strategy with phased development, i.e., start small and
change as required. This approach is central to managing
uncertainty and reducing risks. It keeps future commitments
open to avoid unwanted consequences and seize potential
opportunities. Phasing development is a cost control strategy
that favors financial and environmental sustainability (e.g.,
reduction of CO, emissions) by deferring investments until
they are needed. Considering infrastructures as dynamic
systems also fosters innovation and the development of new
design and construction technologies and opens the door to
new financing alternatives. In summary, this article presents
a new understanding of infrastructure development that is

consistent with sustainability goals and can be a powerful
tool to tackle climate change and the impact on mid and
low-income countries.

Challenges to this shift can be overcome by develop-
ing public policies and leadership that generate a change
in mindset. This shift in mindset must extend to all stake-
holders, including government officials, urban planners,
regulatory agencies, engineers, academics, and the pub-
lic. In adoption, it is necessary to articulate benefits such
as technological advancement, energy transition, sustain-
ability, and the diversity of socioeconomic contexts. This
means overcoming regulatory barriers that prevent adopt-
ing and implementing more flexible infrastructure solutions
and revising norms and design standards to include flexible
infrastructure development provisions. For example, shifting
the focus toward the service quality instead of controlling
the process. Finally, a change in the mindset can be advanced
by implementing training and education programs that target
engineers, local governments, and the public.
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