Climate Risk Management 35 (2022) 100393

Contents lists available at ScienceDirect

CCLIMATERIS

Climate Risk Management MANAGEMENT

ELSEVIER journal homepage: www.elsevier.com/locate/crm

L))

Check for

Infrastructure investments for resilience: Opportunities, barriers, ="
and a future research agenda from the Orange-Senqu River Basin

a,l1,* a,b

Anita Lazurko , Laszlo Pinter

@ Department of Environmental Sciences and Policy, Central European University, Quellenstrafe 51, 1100 Wien, Austria
Y International Institute for Sustainable Development, 111 Lombard Avenue, Suite 325, Winnipeg, Manitoba R3B 0T4, Canada

ARTICLE INFO ABSTRACT
Keywords: Decision makers are under pressure to make strategic water infrastructure investments under
Climate risk climatic uncertainty. While governments are responding with investments in climate resilient

Water infrastructure
Infrastructure finance
Deep uncertainty
Multifunctionality

infrastructure, the increasingly complex and unpredictable dynamics of the Anthropocene de-
mand attention to the broader paradigm of resilience, which asks decision makers to situate in-
vestments in the dynamics of complex social-ecological systems. Doing so requires more explicit
consideration of irreducible uncertainties beyond climate change and infrastructure functions and
interdependencies beyond direct water supply. However, the path dependence of prevailing
predict-and-control approaches limits transitions to resilience, and the established practices of
different actors enable or constrain this transition in different ways. At the time of research, a
large-scale climate resilient infrastructure project involving multiple countries in the Orange-
Senqu River Basin was at pre-feasibility stage. Our research investigated this transboundary de-
cision context to 1) understand how concepts indicative of a transition from a predict-and-control
to resilience-oriented decision paradigm (i.e., uncertainty and multifunctionality) were concep-
tualized and integrated into a complex decision context and 2) explore how a group of actors with
significant decision-making influence — project finance — could enable or constrain this transition.
We showed that interviewees identified a wide range of uncertainties and efforts to explicitly
consider them were underway. Still, the impact of these efforts was mediated by a continued
reliance on established, predict-and-control decision approaches. Additionally, multifunctionality
was primarily considered as direct economic benefits to various parties. Our exploratory analysis
of the role of project finance actors uncovered several opportunities to enable transitions to
resilience, such as expanding capacities to consider a more comprehensive scope of risk and
leverage available risk mitigation measures. We conclude with a future research agenda, both to
further investigate how multiple decision paradigms interact in real-world decision making and to
leverage opportunities for finance actors to enable transitions to resilience.

1. Introduction

Climate change is expected to intensify climatic variability and regional water scarcity (IPCC, 2014; Jury, 2013; Kusangaya et al.,
2014). Such increasing climate risk introduces significant uncertainties to water management (Bhave et al., 2016; Hallegatte et al.,
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2012a; Wardekker et al., 2010). In addition, the growing scope, scale, and speed of change in the Anthropocene impact water systems
through accelerating human activities, growing technological and social uncertainties, and increasing interdependence of water
systems with their surrounding environments (Chester et al., 2021; Falkenmark et al., 2019; Keys et al., 2019). Decision makers around
the world are coming under increasing pressure to take efficient and effective action in narrowing time frames, including through
strategic, climate resilient water infrastructure investments. However, the long lifetimes and the significant expense of water infra-
structure (Hall et al., 2012; Lienert et al., 2013) introduce the risk that decisions made today configured around present-day climate
patterns and assumptions of the stationarity of the broader operating environment may be maladaptive under increasingly likely future
extremes (Gersonius et al., 2013; Marchau et al., 2019; Milly et al., 2008).

Decision making for water infrastructure is still frequently conducted under a predict-and-control paradigm, but the paradigm of
resilience is emerging as more appropriate for complexity and uncertainty (Baird and Plummer, 2021; Chester et al., 2021; Falkenmark
et al., 2019; Rockstrom et al., 2014). The predict-and-control paradigm optimizes plans and decisions for one most likely future and
one or a few primary functions, focusing on human control of variability. In contrast, the resilience paradigm views linked human and
natural systems as complex social-ecological systems (SESs) and disturbance as unavoidable, moving beyond engineering resilience or
robustness to support water infrastructure systems that evolve and adapt with disturbance and change as a matter of standard operating
procedures and business practices (Chester et al., 2021; Walker, 2020). This dynamic view of resilience is related to antifragility; a
property of economic systems that are not only robust to change but become stronger by learning and reconfiguring following exposure
to shocks (Babovic et al., 2018; Taleb, 2012). According to the resilience paradigm, climate resilient infrastructure investments are
situated within co-evolutionary social, ecological, and technological systems, are subject to uncertainties beyond climate change, and
produce externalities beyond water supply.

A resilience paradigm addresses previously ignored complexities, including cross-scale interconnectivity, tipping points associated
with critical thresholds and regime shifts, irreducible uncertainty, market volatility, and dynamic changes in the surrounding social
and ecological context (Falkenmark et al., 2019; Rockstrom et al., 2014). These complexities require new responses, including adaptive
plans that monitor signals and anticipate tipping points (Haasnoot et al., 2013a), modular and flexible design (de Neufville and
Scholtes, 2011), and methods for robustness assessment and multi-objective optimization (Lempert, 2003; Marchau et al., 2019).
While research on this topic highlights new frameworks and tools, little research addresses how the paradigm of resilience interacts
with the path dependence of predict-and-control approaches (Marshall and Alexandra, 2016; Mendez et al., 2012; Sendzimir et al.,
2010). Yet, niche actors pushing forward the resilience paradigm face resistance from established regime structures and processes
(Geels, 2002); for example, up-front cost implications of preparing resilient projects may be higher as proven investment risk
calculation methods must be adapted. Moreover, substantial changes to water systems can be risky, warranting some resistance from
prevailing water regimes (Jeffrey and Gearey, 2006). Still, persistent institutional inertia limits uptake of resilience, potentially
constraining improved decision outcomes and increasing the likelihood that SESs will be pushed into undesirable future states.

New frameworks for transboundary water governance have surfaced in recent decades, enabling governance of multi-country river
systems at the biophysical scale (Lautze and Giodrano, 2005; Zeitoun et al., 2013). These frameworks help parties negotiate
upstream-downstream impacts and facilitate collaborative solutions for shared resources. Management at the biophysical scale also
enables a more comprehensive view of SES feedbacks and interdependencies (Cumming et al., 2006; Epstein et al., 2015), offering an
opportunity to address extreme regional discrepancies in water availability. However, transboundary resilience-building introduces
new institutional, financial, and political complexities to project decision-making. For example, transboundary projects may involve
multi-party diplomatic agreements, long lead times for project preparation, and unique financing considerations to balance risk and
benefits across interested parties. Such unique characteristics of transboundary infrastructure decisions may also enable or constrain
uptake of the resilience paradigm.

Our first research question attempts to identify and trace the implications of a complex, transboundary decision process that aims to
build climate resilience when implemented in a decision context still strongly influenced by the predict-and-control paradigm. To do
so, we isolate consideration of resilience to two key concepts: uncertainty and multifunctionality. We chose these concepts because the
way these concepts are treated is markedly different under the predict-and-control versus resilience paradigm. Decisions made under
the resilience paradigm consider uncertainties beyond traditional forms of risk to include irreducible, non-probabilistic uncertainties
like deep climatic uncertainty. Similarly, the view of multifunctionality is broadened from assessing direct, quantifiable benefits to
embedding water systems within complex SESs, drawing attention to ecosystems services and compounding risks during water
infrastructure disruptions (e.g., to hydropower). Additionally, actors have some agency to choose how these concepts are considered in
decision processes. Our first research question asks:

How are uncertainty and multifunctionality conceptualized and considered in decisions for the resilience of water infrastructure
in a transboundary project context? How could they be considered in future decision-making processes for more resilient
outcomes?

Many actors in water systems play a role in resisting or enabling transitions to resilience, and a funding and finance gap is inhibiting
investments in water infrastructure, particularly in sub-Saharan Africa (Briceno-G. et al., 2008; Tandi and Earle, 2015a). Additionally,
transboundary institutions in southern Africa are seeking funding to pursue joint resilience-building plans and projects. Consequently,
project finance actors hold a unique position of influence in bringing critical resources to climate resilient water infrastructure projects.
Many financial actors are working to close the infrastructure financing gap by catering to unique risk contexts (Calitz and Fourie,
2010), blending finance to access new sources of revenue (Corfee-Morlot et al., 2012), and satisfying environmental, social and
governance criteria for sustainability-oriented investors (Clapp et al., 2016). However, despite the sustainability lens of some financial
actors, the fundamental decision criteria of project finance in water-related sectors continue to be project bankability and risk-adjusted
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return (Morel and Bordier, 2012). Few researchers are examining the role of project finance as a gatekeeper to resilience, save a few
isolated examples (Cremades et al., 2018; Galaz et al., 2018; Schmidt and Matthews, 2018). Moreover, few researchers are addressing
the unique financing opportunities and constraints of transboundary infrastructure projects. This bias exists despite a rapidly changing
financial risk environment due to more frequent cases of climate-induced water scarcity and abundance that demand more resilient
infrastructure. Our second research question asks:

How do project finance actors enable or constrain efforts to consider uncertainty and multifunctionality in transboundary water
infrastructure investments? How could they adjust project investment rules and processes to enable more resilient outcomes?

2. Methods
2.1. Case study

We addressed these questions in the Orange-Senqu River Basin. The Orange-Senqu River Basin is a region with complex water
infrastructure decisions. The basin originates in the highlands of Lesotho and travels through South Africa before draining into the
Atlantic Ocean through Namibia and Botswana. The basin is characterized by extreme spatial differences in water availability, with the
Lesotho Highlands providing about 50 percent of the total runoff in the entire catchment. Regional demands for water are expected to
change, and climate projections reveal significant but uncertain impacts (ORASECOM, 2011a). The basin is regulated by 30 major
dams, each with a capacity of over 12 million m® (Blumstein, 2017) and several large intra- and inter-basin transfer schemes
(ORASECOM, 2014a). A joint river basin commission leads transboundary governance of water resources in the basin and is driving
efforts to increase climate resilience. One such effort is a proposed bulk water transfer involving three member states (ORASECOM,
2017; World Bank, 2014). At the time of research, this project (herein referred to as “the Project”) was at pre-feasibility stage. The
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Project provided a timely opportunity to investigate these questions during a contemporary decision-making process.

2.2. Data collection and analysis

We collected primary data for research question 1 through document analysis and semi-structured expert interviews. Primary data
for research question 2 was collected solely from the interviews. We generated a long list of documents from project stakeholders and
interviewees, public documents in the river basin commission’s online library, and online searches for project-specific documents. We
chose a short list (see Table A1) by evaluating abstracts or executive summaries according to the relevance of content for application of
the analytical framework and dates of publication, avoiding overlapping content. We first coded the documents to organize data
according to the analytical framework, then conducted a thematic content analysis for each section of the framework to generate
results.

We generated an initial list of interviewees through consultation with a consulting firm working on climate resilience in the region,
which we expanded upon through snowball sampling. We sought 1) experts on decision making for large-scale water infrastructure
projects in southern Africa and 2) experts on the water-related financial sector. We interviewed 16 people in total from 5 different
institutions who fit at least one of these criteria. Part 1 of the interview asked directly about considerations of uncertainty and
multifunctionality. Part 2 asked exploratory questions to link the interviewees’ previous responses to opportunities for project finance
actors to enable resilient infrastructure investments. We analyzed interview transcripts in two rounds: first, to organize data according
to the analytical framework, and second, to generate results through inductive content analysis.

3. Theory

The analytical framework for our study is pictured in Fig. 1. First, we define concepts relevant to the first research question
including uncertainty, multifunctionality, and a decision context. Our framework connects the elements of the decision context that address
uncertainty or multifunctionality, differentiated by the predict-and-control versus resilience paradigms. The analytical framework for the
second research question draws from concepts relevant to the first research question, in addition to aspects of project finance aligned
with the resilience paradigm.

3.1. Uncertainty and multifunctionality

We define uncertainty according to the 4-part typology by Stirling (2006) depicted in Fig. 2. Risk defines a condition under which
analysts can derive probabilities for a discrete range of outcomes. This definition of risk is broadened in our discussion of project
finance (see section 3.4). Uncertainty defines a condition under which it is possible to identify a discrete range of outcomes, but there is
no agreed-upon basis for assigning probability distributions to these outcomes. Ambiguity defines a condition in which there are
broader challenges associated with agreeing upon how to choose, define, or prioritize the meaning of different decision outcomes.
Finally, ignorance defines a condition under which there are challenges related to both selecting a discrete range of outcomes and
defining the likelihood of those outcomes. The concept of deep uncertainty is gaining traction in the water sector and aligns with
uncertainty and ambiguity, describing conditions in which parties to a decision cannot agree on “(1) the appropriate models to describe
the interactions among a system’s variables, (2) the probability distributions to represent uncertainty about key variables and pa-
rameters in the models, and/or (3) how to value the desirability of alternative outcomes” (Lempert, 2003).

We conceptualize multifunctionality as a principle and a planning paradigm in which multiple economic, social, and ecological
functions are explicitly considered and leveraged, rather than simply occurring by chance (Kambites and Owen, 2006).

3.2. Decision context

Adaptive governance literature describes enabling structures and processes for resilience, such as polycentricity, experimentation,
and learning (Folke et al., 2005; Herrfahrdt-Pahle, 2013; Lebel et al., 2006). While we did not evaluate these characteristics, we used
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Fig. 2. Typology of uncertainty according to Stirling (2009).
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this literature to define what we mean by a decision context, resulting in our focus on i) knowledge production (i.e. types and source of
knowledge, mechanisms for acquiring knowledge) and ii) participation (i.e. participations mechanisms, types of stakeholders involved,
use of the results of participation). Both elements feed into decision analysis and risk frameworks that directly inform decision making.

3.3. Predict-and-control versus resilience

The comparison of the predict-and-control and resilience paradigms is summarized in Table 1. While we treated these paradigms as
distinct in our analysis, the line between them may not be as sharp as depicted in practice, and some of their elements may co-exist.

3.4. Project finance

We determined that three areas of project finance relate most directly to resilience: financial and non-financial risk assessment,
structuring contracts and financial mechanisms, and green finance. For research question 1, we define risk according to the Stirling
(2004) framework in Fig. 2. For research question 2, we define risk as the effect of uncertainty on water infrastructure investments,
including project development risk, construction risk, operating risk, credit risk, etc. (Collier, 2014; Green Climate Fund, 2015). Thus,
we focus on the way financial risk - i.e., the chance that the returns from an investment are different from expectations — is oper-
ationalized in ways that support transitions to resilience, such as by considering irreducible, non-quantifiable uncertainties. While not
a focus of our analysis, we emphasize that the subjectivities and complexities of the term (Fischoff et al., 1984) demand a risk-informed
rather than risk-based decision approach (Apostolakis, 2004), particularly under the resilience paradigm.

Financing water infrastructure involves both public and private financiers (Briscoe, 1999), and financial business cases are ex-
pected to improve if projects aim to serve multiple functions (Tandi and Earle, 2015b). However, multifunctionality also draws

Table 1
Predict-and-control versus resilience governance paradigms related to water.

Aspect Predict-and-control Resilience

General characteristics

Deterministic system behavior

Static and efficient plans and decisions (i.e., predict-
plan-act)

Probabilistic outcomes

Infrastructure optimized/calibrated to one stable
future and a single (or few) primary objective(s)
Efficient, inflexible design

Emergent/stochastic system behavior

Adaptive plans and decisions (i.e., experimentation,
multiple pathways)

Non-probabilistic outcomes and surprise
Infrastructure evaluated for robustness to multiple
futures and optimization to multiple objectives
Modularity and flexibility in design

Uncertainty e Calculate and communicate uncertainty e Build decisions from uncertainty
e Focus on risk; ignore uncertainty, ambiguity, e Focus on a full range of risk, uncertainty, ambiguity, and
ignorance (Fig. 2) ignorance (Fig. 2); consider deep uncertainty
¢ Assume changes to broader operating conditions are e Assume changes to broader operating conditions are
known; change as linear and predictable unpredictable; change as potentially significant and
e Optimize decisions and plans to one most likely future disruptive
e Predictable return on investment (ROI) e Evaluate decisions for robustness or resilience to multiple
futures
e Layered ROI across multiple functions; more uncertain
Multifunctionality e Optimize a few primary functions in decision making e Optimize multiple functions in decision making

Externalize social, economic, or ecological benefits
from decisions

Use a few primary functions to make the financial case
Stakeholder engagement as a means for project
approval

e Endogenize social, economic, and ecological benefits in
decisions (e.g., ecosystem services)

Use multifunctionality to layer financial case for
investment

Stakeholder engagement as a means for improving
knowledge, deliberating over multiple objectives,
uncertainties

Decision making under deep uncertainty methods

Examples of analytical

Cost-benefit analysis (CBA), multi-criteria decision

and planning methods analysis (MCDA), probability-based risk analyses (DMDU) for evaluating robustness (e.g., robust decision
e Risk and probability-based infrastructure planning making, info-gap methods, climate-informed decision
e Minimal stakeholder engagement at later project analysis, decision scaling, real options analysis)
stages e DMDU methods for developing adaptive plans (e.g.,
regional infrastructure foresight, dynamic adaptive
policy pathways
e Resilience assessments to identify non-linear feedbacks
e Deliberative stakeholder approaches at multiple stages
References (Arkesteijn et al., 2015; Kalra et al., 2014; Lebel et al., 2005; (Arkesteijn et al., 2015; Baird and Plummer, 2021; Haasnoot et al.,

Lienert et al., 2015; Ranger et al., 2013; Salet et al., 2013;
Stakhiv, 2011; Stapelberg, 2010; Stormer and Truffer, 2009)

2013b; Hall et al., 2012; Hallegatte et al., 2012b; Kwakkel et al.,
2016; Lempert and Groves, 2010; Marchau et al., 2019; McDaniels
et al., 2008; Quinlan et al., 2016; Ray and Brown, 2015;
Stapelberg, 2010)
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attention to the complex transactional mechanisms required to facilitate projects involving multiple financiers and beneficiaries. For
example, off-take agreements negotiated before the construction of water supply infrastructure allow water users to secure a portion of
water for a set price over a defined time, thereby reducing overall financial risk. A resilient project that serves more functions and
beneficiaries may involve increasingly complex financial risk distributions.

Efforts to close the water infrastructure gap are accompanied by a broader shift toward a financial system that better supports the
2030 Agenda for Sustainable Development and the Paris Agreement (Kerste et al., 2011; Wang et al., 2017; Zadek and Robins, 2016).
This shift includes market-based initiatives, national-level climate adaptation or mitigation policies, and international initiatives under
the Financial Stability Board and the United Nations (World Bank Group, 2017). Mechanisms involved in this financial shift may
support the resilience paradigm, such as green or climate bonds that can help smaller, distributed resilience projects access project
finance by packaging them together (Climate Bonds Initiative, 2017; Duru and Nyong, 2016).

4. Results

We present the results according to sections of the analytical framework (Fig. 1). The first section describes conceptualizations of
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Fig. 3. Conceptualisations of uncertainty in the L-BWT project. Major themes are grey with bold outlines. White and light grey circles are 1st and
2nd degree connections to these major themes (Lazurko, 2018).
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resilience, uncertainty, and multifunctionality evident in the decision context, including commentary on typologies of uncertainty. The
second section identifies elements of the decision context that contribute to understanding and integrating uncertainty and multi-
functionality in infrastructure decisions. This includes commentary on which findings reflect the paradigms of predict-and-control
versus resilience. The final section draws out opportunities for project finance actors to enable resilience.

4.1. Conceptualizations of uncertainty and multifunctionality

Though uncertainty was not addressed widely in documentation, interviewees were aware of many uncertainties associated with the
Project. Interview prompts focused on identifying critical uncertainties (i.e., high uncertainty, high importance). Interviewees
described uncertain climate futures, complex water supply dynamics, ambiguous future development trajectories, and political risks
covering all four quadrants of Stirling’s framework (i.e., risk, uncertainty, ambiguity, and ignorance), as visualized in Fig. 3.

These uncertainties included a spectrum from project unknowns that would become clearer at later project stages to radical un-
certainties described by interviewees as “possible foregone future opportunities” or “unknown unknowns”. The depth and breadth of
these descriptions of uncertainty indicate that challenges considering uncertainty in decision making may not stem from a lack of
awareness, but other limiting factors.

Interviewees were asked to articulate the multifunctionality associated with the Project, and we scanned documents for additional
evidence. Initial findings indicated that, as put by one interviewee, “the nature of regional projects is that they are probably very rarely
the most important project for a country, but they are the most important project for a region”. This finding underlines the importance
of scale within a transboundary context in determining which functions are considered relevant, to whom, and to what extent. At a
transboundary scale, the main project functions were to mitigate regional water scarcity and establish political trust and solidarity. At a
domestic scale, upstream parties expected economic gains (e.g., revenue, hydropower) and an additional source of water supply.
Downstream countries, whose issues of extreme water scarcity were motivating the Project, expected to secure a freshwater supply. All
parties expected these functions to contribute to broader economic and social development.

As multiple economic, social, and ecological functions emerged, interviewees expressed a desire to understand which benefits could
be leveraged in which contexts. Some interviewees described indirect project benefits, including economic development. Interviewees
implied that multiple functions were critical to the Project because leveraging benefits for stakeholders in each country was important
for transboundary cooperation. However, interviewees did not independently connect multifunctionality to the economic value of
ecosystem services, which may be a crucial means to institutionalize the resilience paradigm.

4.2. Understanding and integrating uncertainty and multifunctionality in decision-making

We investigated how uncertainty and multifunctionality are considered in decision-making processes for the resilience of the
Project (current), and how these concepts could be considered in decisions for the resilience of water infrastructure (future). Two broad
themes emerged: the dual process of first understanding uncertainty and multifunctionality and then integrating them into broader
decision processes. Understanding involves differentiating between various elements of each concept for a more detailed depiction of
each element. Integrating involves bringing these differentiated concepts into broader decision-making processes alongside a host of
other factors.

4.2.1. Understanding uncertainty in decisions

Our analysis showed that some planned efforts to understand water supply and demand uncertainty align with resilience, though
most reaffirm the predict-and-control paradigm. Knowledge of multiple uncertainties (section 3.1) alongside the prevalence of the
predict-and-control paradigm may represent a form of institutionalized cognitive dissonance, whereby decision makers must assume
that infrastructure performance baselines will remain the same under the future climate regime (despite contrary evidence) in order to
utilize established decision tools and planning frameworks. However, intentions to work with emerging concepts and methods may
indicate that institutional learning is underway. Interviewees and the literature also described unplanned possibilities to better align
decision making with resilience. This analysis is summarized in Table B1.

4.2.2. Understanding multifunctionality in decisions

Multifunctionality was understood through a combination of basin-wide and project-specific efforts. These efforts were solely
focused on quantifying and allocating direct water use, likely due to the need to secure functions for parties in the transboundary
context. Interviewees identified several stakeholder engagement mechanisms that may enable further understanding of multi-
functionality. Future possibilities focus on the role of ecosystem services, such as how tools used to assess ecosystem services could
highlight supply and demand for multiple functions and deal with trade-offs between functions over space and time (Hansen and
Pauleit, 2014). This analysis is summarized in Table B2.

4.2.3. Integrating uncertainty and multifunctionality in decision-making

Our analysis of processes for integrating uncertainty and multifunctionality into the decision context led to further insights. In-
terviewees repeatedly referred to the use of scenarios as a favorable method for dealing with uncertainty, aligning with the resilience
paradigm (Haasnoot et al., 2020; Peterson et al., 2003). They also discussed the potential for stakeholder engagement to further
integrate uncertainty and multifunctionality in broader decision processes. Interviewees suggested several future possibilities,
including using integrative systems analysis, embedding flexibility into infrastructure design, or expanding project boundaries. The
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results show that real-world decision processes can reflect the co-existence of elements of both the predict-and-control and resilience
decision paradigms.

The results also show that the potential benefits of resilience-based decision tools may be significantly affected by their use within
well-established predict-and-control frameworks. For example, modeling multiple scenarios is important for understanding the im-
plications of uncertain future hydrological flows. However, in the context of climate change, choosing a “most likely” core planning
scenario for a basin-wide plan (ORASECOM, 2014b) may indicate a tendency toward optimization characteristic of the predict-and-
control paradigm. While selecting a core scenario may be politically and institutionally expedient, designing for one core climate
scenario may limit consideration of a precipitation regime or wildcard events far outside of the range of normal variability.

Taking these more extreme scenarios seriously would require novel technical and organizational responses. For example, the
Project had not (at the time of research) utilized emerging frameworks like decision scaling (Brown, 2011), real options analysis
(Gersonius et al., 2013; Manocha and Babovic, 2018a), or info-gap decision theory (Ben-Haim, 2018) that evaluate decisions against
multiple scenarios and uncertainties, potentially revealing the value of more resilient or flexible infrastructure options (see section
4.3.1). Similarly, decision processes for the Project did not utilize the transformative potential of participatory scenario planning (e.g.
Schneider and Rist, 2014; Amer et al.m 2013; Mahmoud et al., 2009), in favor of expert-led scenario approaches based on one
dimension of uncertainty (World Bank Group, 2016; J. Hall et al. 2012). Decision processes also did not appear to consider the timing
of scenario analysis with early-stage decision points, which may be required to improve their influence on later project stages.

The elements of multifunctionality that were most important for the transboundary decision process were integrated into decision
making, but innovative methods for considering a broader set of benefits and ecosystem services were not prevalent at this early
project stage. Delaying consideration of diverse benefits to multiple stakeholders and functions until later project stages may further
reinforce the predict-and-control paradigm. Moreover, if multifunctionality is not broadened to include more beneficiaries and
functions, the layered ROI that may improve project bankability will not be considered. This analysis is summarized in Table B3.

4.3. Project finance actors and resilience

Opportunities for project finance actors to enable transitions to the resilience paradigm are summarized according to four themes:
1) considering a more comprehensive scope of risk, 2) leveraging risk mitigation measures, 3) diffusing risk and benefits over space,
time, and to different actors, and 4) defining roles to achieve multiple objectives. Quotations demonstrating these themes are sum-
marized in Table C1.

4.3.1. Considering a more comprehensive scope of risk

Several interviewees suggested that project finance actors interested in enabling transitions to the resilience paradigm should
consider a more comprehensive scope of risk factors. Though not directly articulated, the suggestion implies that doing so may lead
financiers to support investments that are more resilient to a wider scope of risks, such as those associated with climatic or ecological
change. As financiers shift their expectations for risk management, governments and project implementers may consider these risks
more seriously in planning, generating a pipeline of more resilient projects.

Interviewees emphasized that these risks must have a quantifiable impact on cash flow and project bankability over a defined
period to be included in contemporary risk assessments. For example, improved methods for quantifying climate uncertainties and the
associated hydrological impacts may increase the willingness and capacity of the sector to translate those impacts to financial terms.
Similarly, hydrological models and stakeholder engagement exercises may expose the impacts of changing water demands on future
project revenue. Furthermore, integrating uncertainty and multifunctionality into basin-wide network models or integrated risk as-
sessments may help financiers understand interrelated and compounding risks, and — while not directly articulated by interviewees -
eventually offer dynamic analysis of the system as it absorbs and learns from shocks; an essential component of adaptive or antifragile
systems.

Interviewees made it clear that the potential to quantify more diverse risks is inhibited by various factors. In addition to challenges
quantifying and valuing risk, interviewees indicated that risks must also have a significant material impact within the payback period
of the financier when discounted to present terms. One interviewee also mentioned that human volition — or the ad hoc risk mitigation
measures adopted independently by communities or governments — create feedback effects on the risk landscape, complicating long-
term risk assessments. Interviewees warned that properly understanding and managing a widening range of increasingly complex risks
will likely increase transaction costs. Thus, a precondition to actualizing these changes is the need to quantitatively demonstrate their
financial benefits (i.e., evidence of the financial impact of the increased long-term project resilience).

Even more challenging is that conventional project financial assessments are not equipped to assess the financial risks associated
with often irreducible and non-probabilistic climatic and ecological uncertainties, nor do they adequately value the benefits of long-
term flexibility or adaptivity (Kalra et al., 2014; Sayers et al., 2012). Consequently, project financiers may need to adopt new methods
to evaluate project options against novel forms of risk or benefits. For example, real options analysis can be used to quantify the
financial benefits of flexible and adaptive solutions, countering potential bias toward one-time, large-scale capital investments in net
present value calculations (Dawson et al., 2018; Gersonius et al., 2013; Manocha and Babovic, 2018b). The cost of climatic uncertainty
can be quantified by adapting standard financial sensitivity analyses, for example by estimating the financial impact of uncertain
climatic variables on project income generation (e.g., due to changing water availability or people’s ability to pay for water due to crop
failures). Decision scaling operationalizes this idea by using climate “stress testing” to estimate risks associated with different levels or
types of climate extremes, which may then inform financial analysis (Brown, 2011). Alternatively, robust decision making methods or
info-gap decision theory can be used to parameterize climatic, ecological, or demographic uncertainty and narrow decision options
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down to those that satisfy performance thresholds across a range of criteria and under the full range of plausible future scenarios (Ben-
Haim, 2018; Kwakkel et al., 2016; Sayers et al., 2012). Only those options that satisfy those decision criteria — and thus are assumed to
satisfy a tolerable level of climatic or ecological risk — would then be considered for financial analysis.

4.3.2. Leveraging risk mitigation measures

Considering a more comprehensive scope of risk may incentivize governments and financiers to support resilience-based risk
mitigation. For example, catchment management efforts conventionally sit outside of the project boundaries but still impact project
outcomes (e.g., the contribution of upstream afforestation on downstream flood buffering and sediment load reduction). Interviewees
affirmed that catchment management initiatives should be integrated into a financial model, because the financial value of the
associated risk reduction may be significant. Doing so may encourage investment in programs like catchment afforestation if the cost of
afforestation is lower than the financial estimates of risk reduction, especially as technologies for quantifying these risks improve.

Despite this potential, interviewees cautioned that the average financier would not naturally link land management practices to the
risk profile of hydraulic grey infrastructure. While this may be due to capacity, financiers may also lack the incentive to do so, though
this may not always be the case (e.g., Postel and Thompson, 2005). For example, some interviewees assumed the impact of catchment
management would likely be small when considered over the 10 to 15-year time horizon of a typical financier and further complicated
by large uncertainties associated with long-term ecological responses and independent adaptations of governments and communities.
Because of such mismatched time scales and causalities, interviewees emphasized that impacts must be clear in operational data used
to manage infrastructure to be included in the financial model. This finding highlights the importance of monitoring and modeling for
building evidence of functional linkages between risk mitigation measures and their system-wide impacts, such as the Sustainable
Asset Valuation Model (SAVi) developed by the International Institute for Sustainable Development (IISD, 2021). Still, the higher
transaction costs associated with implementing these efforts may create additional disincentives.

The link between the livelihoods of farmers in upstream regions of the Project and catchment degradation downstream prompted
several interviewees to reflect on the importance of benefit sharing or payment for ecosystem service schemes. These appeared second
priority to other efforts, as a financial model cannot only rely on their success. This is consistent with the broader recognition that until
the natural resource use decisions of many diverse actors and related physical impacts can be systematically monitored, verified, and
attributed to aggregate outcomes (e.g., on the landscape), incorporating the economic value of contribution to ecosystem services
would work only in exceptional cases. Moreover, doing so may require financiers to adopt emerging methods for considering climatic
or ecological risk in financial/options analysis (e.g., decision scaling, real options analysis, etc.), thereby helping monetize the po-
tential value of catchment-scale risk mitigation.

4.3.3. Diffusing risk and benefits over space, time, and to different actors

Interviewees expressed that connecting uncertainty and multifunctionality to finance may inform project structures and agree-
ments that consider a granular diffusion of risk and benefit. This may better enable a water system to recover from the impacts of
uncertain risks. Interviewees also confirmed that up-front commitments to offtake water from a project reduce cash flow volatility,
reducing risk and improving bankability.

An infrastructure project may supply water to diverse off-takers along the pipeline, which requires agreements among several
entities with varied needs and characteristics. By adopting a broader view of multifunctionality earlier in the planning process, one
could structure an offtake agreement to diffuse risk to multiple beneficiaries and distribute high-risk off-takers amongst low-risk off-
takers. This process is standard financial practice and similar to securitization, but can also align with the role of higher functional and
response diversity in building resilience (Norberg et al., 2008; Walker et al., 2004) as long as the role of higher-risk off-takers is
transparent and limited. One interviewee hoped that a more rigorous risk assessment may improve government confidence in the
project, thereby encouraging support toward social beneficiaries. Again, the potential for higher transaction costs may be a barrier to
these more complex agreements.

In addition to diffusing risk to, and between, multiple users, several interviewees suggested that better knowledge of uncertainty
might encourage solutions that spread financial risk into the future through design flexibility. The most common example was building
a dam with foundations that allow for increasing the size of the dam later if required. Interviewees identified several potential financial
implications: the initial capital burden would likely be lower, the cost of capital could be spread over time, and income gained from
early phases may help pay for later enhancements. Though the overall costs may be greater if the need for later upgrades is required
under the emerging climate regime, the project may achieve savings overall if the future costly upgrades are deemed unnecessary.
Capturing the value of this temporal flexibility may require innovative financial models and novel assessment techniques like real
options analysis (Buurman and Babovic, 2016; de Neufville and Scholtes, 2011; Manocha and Babovic, 2018a).

4.3.4. Defining roles to achieve multiple objectives

The final theme revealed the dissonant primary objectives of different stakeholders in a complex, transboundary decision context,
which place boundaries around innovation. Interviewees articulated these objectives, including the emphasis on project bankability
(implementing agency), risk-adjusted financial return (financier), end-cost of water (off-taker), and long-term water security and
service delivery (governments). These competing objectives were accompanied by different time horizons; the 10 to 15-year time
horizons of a typical financier do not align with the 3 to 5-year planning horizons of a mining operation and the multi-decade planning
of governments.

These boundaries emphasize the need for government and transboundary organizations to take on the macro-scale, long-term
perspective. For example, interviewees voiced concern that the process of translating non-financial risks to financial terms may cause
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financial actors to deprioritize or ignore significant social impacts with small financial impacts. Similarly, the financial sector may not
have an interest in protecting the government from risks that will manifest long after the financier’s involvement.

Interviewees also emphasized the role of government in diffusing risk to different off-takers. For example, one interviewee
emphasized that government must adopt the long-term view to plan water infrastructure for industrial users that operate on volatile,
short-term planning cycles but are part of a long-term, stable sector in the region. Interviewees also emphasized the complex challenge
of setting up off-take agreements with many entities, and that many governments prefer a “demand-responsible approach” by signing
up off-takers before building the infrastructure. This was countered with the belief of other interviewees that government should take
on some financial risk to plan for the longer-term perspective.

5. Discussion
5.1. Uncertainty and multifunctionality for resilience

Our findings revealed that interviewees conceptualized a wide range of uncertainties from risk to ambiguity, indicating that a lack
of consideration of uncertainty in the decision context may be due to broader barriers. On the other hand, a broader view of multi-
functionality beyond those functions needed for project buy-in was not yet considered, revealing a gap between resilience in theory
and practice at the pre-feasibility stage of the project.

Our findings also showed that uncertainty and multifunctionality are understood and integrated into the decision context through
diverse modes of knowledge production and participation from both the predict-and-control and resilience paradigms. This analysis of
how different decision paradigms manifest in a real-world context offers a more integrated and comprehensive picture than currently
exists in the literature. In addition, we revealed trade-offs between multiple decision paradigms, which may be typical of attempts to
adopt niche methods from the resilience paradigm (e.g., scenarios to deal with uncertainty) in decision contexts still dominated by a
predict-and-control regime (i.e., optimization to one most likely scenario).

We also revealed that multifunctionality focused on direct water use and associated economic benefits (e.g., hydropower), so
emerging methods for capturing a broader range of social or ecological uses and benefits were not yet utilized. While actors may
consider broader benefits or ecosystem services at later project stages, this gap may stem from a lack of established methods to quantify
them and express them in financial terms. Our research generated practical possibilities that may be adopted to better understand and
integrate uncertainty and multifunctionality into future large-scale water infrastructure decisions.

Our research also highlights the need for all stakeholders to pro-actively operationalize emerging methods to better understand and
integrate uncertainty and multifunctionality in decision-making. We suggest that decision makers take time early in decision processes
to do so, including by defining resilience, expanding the scope of uncertainties and functions they consider relevant, and seriously
considering the consequences of a lack of resilience as an explicit and consequential part of their deliberations. In addition, decision
makers using methods aligned with resilience must recognize that the unique value of these methods may not be realized if the
outcomes are fed into decision processes reflecting the predict-and-control view. Practitioners may also find ways to align emerging
methods with other factors in the decision context (e.g., political motivations related to the SDGs) and link them to key decision points.
While these recommendations assume decision makers have agency over the choice of decision methods, external changes — such as
changes to insurance premiums (Cremades et al., 2018) — may begin to force governments and investors to accelerate the uptake of
emerging resilience-based decision methods. Altogether, these actions can lead to decisions that are more resilient to a range of un-
certain context conditions and serve a wider range of interests. Moreover, they may also steer infrastructure systems toward adaptive —
perhaps even antifragile systems - that have the capacity to evolve with and learn from change.

While the study was not explicitly framed to analyze the unique aspects of transboundary resilience projects, our results generated
some interesting reflections. On one hand, the existence of a mature transboundary organization enabled a basin-wide approach to
dealing with extreme downstream water scarcity through joint climate resilience projects. This is a promising development in future
water resilience, particularly under more extreme climate change scenarios. However, the need to secure buy-in from all countries may
have influenced actors to focus on only economic functions early in the project. Thus, the transboundary contexts limited consideration
of broader interdependencies and ecosystem services until later project stages. The unique opportunities and challenges of trans-
boundary contexts — and the associated implications for resilience — are a ripe avenue for future research.

Despite abundant research addressing resilience, there remain additional research gaps addressing how decision methods that align
with resilience are integrated into real-world contexts. Examples of crucial future research areas include 1) a better understanding of
trade-offs between resilience-based and predict-and-control methods and how to manage them, 2) how to leverage multifunctionality
for large-scale grey infrastructure in the water sector, and 3) if trade-offs exist, which methods should be prioritized in complex de-
cisions. In addition, because multifunctional infrastructure systems are multiscale and dynamic, where factors affecting the ability of a
system to deliver benefits are constantly changing, further research should address 4) how multifunctionality can be used to leverage
benefits across scales and 5) how the availability of multiple benefits and risks help negotiate and renegotiate the management of the
system over time, particularly in cases where design flexibility is included as a resilient design alternative.

5.2. Project finance actors and resilience: Barriers, opportunities, and a future research agenda
We revealed opportunities for project finance actors to enable resilient infrastructure investments. These findings do not form a
significant contribution in isolation; the financial sector routinely diffuses risk to decrease volatility, and financial actors habitually

mitigate risk e.g., through the securitization of investment instruments and portfolios. However, under the framing of uncertainty and
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multifunctionality, each of these findings could be taken one step further in service of a broader goal of resilience, reducing the risk of
catastrophic failure, and anticipating future change to make systems more adaptive or antifragile. Moreover, synergies exist between
these opportunities, and they may need to be applied together for improved outcomes.

Each theme can be extended beyond the findings of our study. For example, if financiers begin routinely considering more
comprehensive risk factors, the landscape of forces that dictate or influence the priorities of governments, financiers, and project
implementers may shift to prioritize more resilient investments. Additionally, more rigorous, early-stage financial risk assessments that
incorporate irreducible and non-probabilistic uncertainties and/or value long-term flexibility and adaptive capacity (e.g., real options
analysis, robust decision making, decision scaling) may incentivize actors to mitigate risk in project planning/design. Similarly,
leveraging risk mitigation initiatives like catchment management draws more attention to multifunctionality, which may incentivize
evidence-building of their financial costs and benefits over time. Such evidence could increase investment in risk mitigation that can be
included in a financial model and inform increasingly rigorous consideration of these risks in novel financial analyses. These measures
also require context-specific, integrated models that a) demonstrate linkages between the biophysical impacts of water infrastructure
and catchment management, and b) relate those findings to the restricted boundary conditions (e.g., time scales) of financial models.
Such models can inform cost-and-benefit sharing practices, so those who pursue watershed catchment efforts are not excluded from the
financial benefits of the associated risk reduction.

Similarly, diffusing risks and benefits over space and time promotes resilience through opportunities to decrease the volatility of
cash flow through the intentional allocation of diverse revenue streams. A diversified risk profile may also include a more diverse set of
beneficiaries in infrastructure projects or highlight opportunities to design flexible infrastructure. Moreover, the disparate objectives,
time horizons, and spatial scales guiding the decisions of different stakeholders indicate that complacency from any stakeholder group
may tip the scales toward the priorities of others. While not inherently negative, a resilience perspective reveals government, trans-
boundary organizations, or a supportive civil society, may be the primary advocate for resilience. It also indicates the importance of a
negotiation framework, where the needs, interests, and capabilities of the affected beneficiaries can be exposed and brought to bear on
the options and implementation pathways chosen.

Project finance actors should consider a more comprehensive scope of risk to support resilience and adjust norms to avoid the
subpar rates of return we may expect under some future conditions. These efforts may prompt governments and financiers to support
efforts like catchment preservation as risk mitigation. Governments, transboundary organizations, and a supportive civil society must
recognize their role as advocates for a long-term perspective on resilience. However, external changes, such as climate-induced
changes to insurance premiums, may also shift incentive structures so that investors begin to advocate for a resilience perspective.

These findings highlighted several topics for future research, including 1) an understanding of the systemic effect of integrating a
more comprehensive scope of risk on the project finance landscape, 2) a characterization of enablers and inhibitors for leveraging risk
mitigation measures upstream or downstream of a project, 3) an understanding of the opportunities, challenges, and potential
mechanisms for diffusing risk over time, space and to different actors, including flexible engineering design, 4) a better understanding
of the consequences of the interactions between competing time scales and objectives of actors in the project finance landscape, and 5)
quantifying the long-term benefits of resilience to justify the potential increase in project transaction costs.

5.3. Limitations

Our study was exploratory, investigating a case study to identify barriers, opportunities, and a future research agenda. To do so, we
had to make difficult choices in our analytical framework to make complexity tractable. For example, simplifying the paradigm of
resilience to the concepts of uncertainty and multifunctionality was a necessary but limiting choice.

At the time of the study, the Project was at pre-feasibility stage, so all findings are only reflections of a snapshot in time and the
Project has likely evolved significantly. While the contemporary nature of the Project was a benefit for investigating a complex, real-
world decision context, it also limited our ability to obtain access to data and people. For example, some ongoing desktop studies were
not public and were excluded from the document analysis. Due to the Project’s ongoing political nature, we were not able to interview
government experts. Our study makes no claims regarding the overall benefits or risks of the Project. Rather, we analyzed the decision
context of the Project to reflect upon broader opportunities and challenges in the transition to a resilience-based decision paradigm in
the water sector.

Finally, we expect that the challenges discussed in this study are common — and likely exacerbated — in many other transboundary
contexts around the world. However, there may be limits to this generalizability. Further studies are required to gather a more holistic
view of the challenge of transitions from the predict-and-control paradigm to resilience.

6. Conclusion

A new resilience paradigm is emerging, supporting water infrastructure systems that are flexible and adaptive to the uncertainties
and complexities of the Anthropocene. As scientists and practitioners develop and implement new decision methods, studies that
observe how elements of this emerging decision paradigm interact with the prevailing predict-and-control decision paradigm are
crucial. Our research generated unique findings by doing so.

All actors play a role in enabling a transition to resilience. Growing efforts to address the powerful role of financial actors in
enabling or inhibiting pathways to resilience demands an urgent look at the role of project finance in addressing challenges like those
faced in the Orange-Senqu River Basin. While some of our suggestions for project finance actors to alter their practices may be
routinely applied in the financial sector, our focus on uncertainty and multifunctionality pushed these practices further in service of
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resilience.

Despite our attempts to apply a holistic analytical framework, some factors brought forward by interviewees were not adequately
addressed. For example, challenges establishing a basic enabling financial environment in southern Africa (e.g. Berensmann et al.,
2015) limit the ability of stakeholders to adopt our suggestions and to keep pace with ongoing financial transformation (Zadek and
Robins, 2016). This reflection highlights the need to balance the costs of adopting our suggestions against the cost of not adopting them
(e.g., cost of flexible and phased infrastructure design against an inflexible design; cost of ignorance to unquantified risks against the
cost of improved monitoring programs). In addition, our analysis excluded politics, which may become increasingly important as water
availability becomes more constrained.

As governments in low and middle-income countries work to institute a basic enabling environment for resilience, all actors should
ask themselves how they can step outside of conventions to support the transition to resilience. In the case of project finance, this may
require using competencies outside the financial sector more systematically, expanding boundaries to look at risks over new time
horizons and scales, reconciling the incongruent objectives of stakeholders, and diffusing risk for the benefit of the financial sector and
resilience. Though research that accepts and grapples with these challenges proved to be thought-provoking and challenging, there
appears to be great potential in further exploring concepts like uncertainty and multifunctionality in complex, real-world decision
contexts, and in further navigating the junction between resilience in theory and practice.
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Appendix A

Table Al. Documents analysed in the case study.

Institution Document

ORASECOM (2011) GCC Downscaling for the Orange-Senqu River Basin
(2014) Integrated Water Resources Management Plan For The Orange-Senqu River Basin
(2017) Terms of Reference: Selection of Consultants For Orange-Senqu River Basin Climate Resilient INRM Investment Plan and Lesotho to
Botswana Water Transfer Project
(2014) Water Resources Modelling, Baseline Scenario, Yield Analysis, Stochastic Verification and Validation. Gabarone
(2011) Projection of Impacts under Plausible Scenarios and Guidelines on Climate Change Adaptation Strategies. Pretoria
(2013) Basin-wide Environmental Flow Regime in the Orange-Senqu River Basin. Pretoria
(2009) A Fitness for Use assessment of the waters of the Orange-Senqu Basin. Gabarone

SADC (2012) Regional Infrastructure Development Master Plan: Executive Summary
UNDP, GEF (2014) Orange — Senqu River Basin Transboundary Diagnostic Analysis
World Bank (2014) Project Paper for Small RETF Grant from the Multi-Donor Trust Fund for Cooperation in International Waters in Africa
Group (2016) Lesotho Water Security and Climate Change Assessment
Other Department of Water Affairs South Africa (2012) Development of Reconciliation Strategies for Bulk Water Supply Systems Orange River:

Literature Review ReportGreen OO, Cosens BA, Garmestani AS (2013) Resilience in Transboundary Water Governance: the Okavango River
Basin. Ecol Soc 18:. https://doi.org/10.5751/ES-05453-180223

Appendix B

Table B1. Knowledge systems and stakeholder participation mechanisms for understanding climate, water supply and demand, and
political uncertainty in the Project.
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Paradigm Decision timeline

Current

Future planned

Future possible

Predict-and-
control

Water uncertainty

e Conducting supply-demand reconciliation
studies (Department of Water Affairs South

Africa, 2012)

e Using basin-wide hydrological models (i.e.
water yield, planning) (ORASECOM, 2014b)

Climate uncertainty

o Developing Integrated Water Resources

Management (IWRM) plans based on one core

scenario (interview)
Resilience Climate uncertainty
e Using downscaled climate models
(ORASECOM, 2011a, 2011b)

e Using robust decision-making frameworks

(World Bank Group, 2016)

e Developing alternative climate scenarios

(interview)
Political uncertainty

e Considering regional economic integration

(interview)

Water uncertainty

2017)
Updating basin-wide hydrologic

(ORASECOM, 2017)
Climate uncertainty

(ORASECOM, 2017)
Water uncertainty

e Modeling climate impacts on water

availability (ORASECOM, 2017)
Climate uncertainty

Updating downscaled climate m
(ORASECOM, 2017)

Assessing groundwater and demand
management potential (ORASECOM,

al

models (i.e. water yield, planning)

e Updating core scenario of IWRM plans

Water uncertainty

e Expanding stakeholder engagement
exercises (e.g. multiple water users)
(interview)

Climate uncertainty

Updating climate scenarios with
emerging information (interview)

e Quantifying climate uncertainties (e.g.,
using self-organising maps) (interview)
Political uncertainty

odels

Adopting a climate resilience lens (e.g.,
donors, implementers) (interview)

e Using scenario planning, integrating
wild cards (Kriegler et al., 2012; O’ Neill
et al., 2014)

Table B2. Knowledge systems and stakeholder participation mechanisms for understanding multifunctionality in the Project.

Decision Decision timeline
scale
Current Future planned Future possible
Basin- e Assessments of basin-wide water secu- e Assessment of potential for water
wide rity and trade-offs (World Bank Group, demand management and benefits to
2016) sectors (ORASECOM, 2017)
e Basin-wide and national water e Updates to basin-wide water re-
allocation policies and plans quirements and allocations by sector
(ORASECOM, 2014a) (ORASECOM, 2017)
e Basin-wide environmental flow studies e Benefits of environmental flows to be
(ORASECOM, 2013) considered in economic assessments
e Basin-wide assessment of water quality (ORASECOM, 2017)
and fitness-for-use (ORASECOM, 2009) e Core scenario of INRM plan to include
e Transboundary Diagnostic Analysis of direct and indirect costs and benefits
basin-wide ecological and social func- (ORASECOM, 2017)
tions (UNDP and GEF, 2014)
e Basin-wide economic analysis of water
users (UNDP and GEF, 2014)
Project e Broad benefits estimated by country (e. e Assessments of hydropower potential e Mass stakeholder engagement exercise to reconcile

g. Hansen and Pauleit 2014)

(ORASECOM, 2017)

Hydraulic studies for potential links to
offtaker networks (ORASECOM, 2017)
Assessment of water demands for
Lesotho, South Africa and Botswana for
multiple sectors (ORASECOM, 2017)

multiple potential users and water availability
(interview)
e Borrowing technical tools to leverage
multifunctionality from other sectors (e.g. green
infrastructure) (Pauleit et al., 2011; Schindler et al.,
2014)
Community-level benefit sharing exercise
(interview)

Table B3. Knowledge systems and stakeholder participation that integrate uncertainty and multifunctionality in decisions in the

Project.

Decision Decision timeline

aradi,
4 am Current

Future planned

Future possible

Predict-and-
control

e Defining core scenario for IWRM plan
and socio-economic/ biophysical ele-
ments (ORASECOM, 2014a)

e Updating core scenario with
information about the Project and water
conservation measures (ORASECOM,
2017)
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(continued)
Decision Decision timeline
paradigm -
Current Future planned Future possible
e Concentrating stakeholder participation e Economic optimisation of water
at national level (interview) management actions based on “value for
money” (ORASECOM, 2017)
e Using multi-criteria analysis for de-
cisions (ORASECOM, 2017)
Resilience o Testing regional infrastructure e Testing core scenario for IWRM plan e Use more rigorous participatory scenario

development plans against climate

scenarios (SADC, 2012)

variability on key sectors as

diverse stakeholders

Assessing impacts of future climate
“costs of
losses of revenues” (World Bank, 2014)
Integrating knowledge and input from

against multiple climate futures
(ORASECOM, 2017)

Considering the Project alongside
climate risk and adaptation measures
(interview)

planning tools (interview)

Test emerging scenario tools (e.g. climate risk
informed decision analysis) (Haasnoot et al.,
2013b; Stormer and Truffer, 2009)

Perform integrated models using basin networks
methods (interview)

Using flexibility and sequencing in infrastructure
design; use real options to measure flexibility
(Kalra et al., 2014; Manocha and Babovic,
2018a)

Expand project boundaries to multiple sectors,
regions and the catchment; implement
monitoring system (interview)

Appendix C

Table C1. Select quotations for themes understanding and integrating uncertainty and multifunctionality to water infrastructure

finance.

Theme

Select Quotations

Considering a more comprehensive scope of risk

Leveraging risk mitigation measures

Diffusing risk and benefits over space, time, and
to different actors

Defining roles to achieve multiple objectives

“what is the probability of [the event] happening, and if there is a financial cost to the event can the project
manage it or handle it”

“financiers look at pretty much all of the risks, not that they tend to understand them”

“trying to get the financiers to extend the boundary of their thinking and [on] risk”

“...[catchment management consideration] needs to be integrated into the project because of the likelihood of
greater intensity of rainfall and greater sediment erosion”

“Any environmental risk of potential siltation that would affect the capacity of the dam would definitely have to
be considered... If actions around catchment conservation are going to keep those risks at bay then you would
definitely consider them”

“[mismatched time scales and difficult-to-measure impacts means that the positive impact of catchment
preservation must] come through very strongly on the operational side of things... in the data that we use to
understand what’s happening on an operational level”

“the analysis of different beneficiaries along the way, which is essentially distributing beneficiaries, is a make-or-
break in this project”

“the larger your user-base the larger your risk spread”

“in extremely broad terms you have a revenue driver and a cost driver, and if you are beefing up your revenue
drivers you are automatically reducing the risk and making the project more resilient”

“... [even if the financial sector does not consider them] from a government perspective that impact [of catchment
degradation] is real — it will happen in the future and it will be big”

“the financiers are looking at financial impacts, but the impacts [may be] on individual communities... The
impacts may be well understood, but if it’s only impacting one thousand people we might actually ignore it”
“a lot of financiers do not think about climate change too much yet... they may decide that if they are getting their
money back in 5, 10, or 15 years’ time it may not make a huge difference... as long as they can get their money
back within 10-15 years...”
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