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The Indus River Basin (IRB) is a severely water-stressed and rapidly developing

home to an estimated 250 million people in South Asia. An acute deficit of

environmental flows (EFs) in the basin’s delta negatively impacts

geomorphology and surrounding ecosystems. Here, a sub-national model of

the IRB’s integrated water–energy–land systems is applied to quantify multi-

sector transformations and system costs for enhancing EFs to the Indus Delta.

The results show that increasing the average outflows from the basin relative to

historical policy levels by 2.5 and 5 times would increase sectoral costs for

upstream water users between 17–32 and 68–72% for low and high ecological

potential targets. The enhanced EFs result in more energy for pumping and

treating water upstream from the delta and a net increase in irrigation and

energy investments. The EF policy costs are minimized by 7–14% through

cooperation across countries and 6–9% through the coordinated

implementation of water efficiency measures in the irrigation, conveyance,

power plant cooling, and water treatment sectors. The results underscore the

crucial role of amulti-sector, multi-scale collaboration in achieving EF targets in

water-stressed river basins for ecosystem adaptation to climate vulnerability,

restoration of the delta, and socio-economic benefits.
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1 Introduction

Environmental flows (EFs) are defined as the quality, quantity, and patterns of the

river flow required for maintaining ecosystem services and are associated with a river’s

natural flow regime before human settlement (LeRoy Poff et al., 1997; Richter et al., 2006).

EFs support sedimentation transfer to coastal deltas formed at the river mouth. Globally,

deltas are critical economic regions, occupying only 1% of the total land area but

supporting 7% of the world population (Ericson et al., 2006). Reduced EFs impact the
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geomorphology of delta regions, re-shaping river connections,

creating seismic hazards, and lowering land and groundwater

quality (LeRoy Poff et al., 1997; Arthington, 2012). Reduced EFs

concentrate pollutants released into rivers and reduce

oxygenation levels for aquatic species (Arthington, 2012).

Maintaining EFs under future population growth is, thus, an

essential strategy for the sustainable development of delta regions

(Tharme, 2003).

The environmental flow assessment methodologies currently

in use depend on linkages to other local policy recommendations

and stakeholder engagement (Hill Clarvis et al., 2014; Hannaford,

2015). There are ongoing efforts to define standards andmethods

to account for environmental flowmethods in rivers based on the

ecohydrological relationships in rivers (Richter et al., 2006).

More than 200 environmental flow assessment methods exist

globally (Tharme, 2003). There are numerous studies on

environmental flow assessment methods and the practicality

of methods for river users from hydrological, hydraulic,

habitat-simulation, and holistic methods applied in several

case studies and global scale hydrological models (Pastor

et al., 2014). Supplementary Section S1 discusses EF methods

in detail.

Defining presumptive standards and constraining the

environmental flows in highly modified rivers can be

challenging since it becomes infeasible to see the river in

terms of the natural flow regime when it is so disturbed

(Acreman et al., 2014). Yarnell et al. (2015) characterized

highly modified rivers as follows: i) a high proportion

converted to reservoirs, ii) most of their annual streamflow is

diverted for human uses, and iii) have a high proportion of their

length channelized/lined. Although not all characteristics can

occur in the same river at one time, the presence of any one of the

characteristics in a river can make it a highly modified river

(Yarnell et al., 2015).

Maintaining a trade-off as per human demands and fulfilling

the environmental flow requirements can be quite a complicated

and challenging task for river managers. Therefore, a designer

approach to defining the environmental flow was proposed for

highly modified rivers. A designer approach suits such rivers,

where achieving ecological potential and saving biodiversity is a

target, considering the societal demands for highly modified

rivers instead of taking the natural flow regime as a reference

(Acreman et al., 2014). Constraining water withdrawals enhances

environmental flows in deltas (Richter, 2009; Gleeson and

Richter, 2018) but limits growth in upstream activities reliant

on water. This trade-off is challenging for regions where water is

scarce but also in high demand because of the relative cost of

alternative freshwater supply options. Wu et al. (2021) carried

out a detailed study for the environmental flow planning for

highly modified rivers in China which also supports the narrative

of the designer approach for constraining flows in such rivers.

With increasing climate vulnerability and limited water,

energy, and land resources, developing regions face complex

challenges in providing enough resources to the growing

population. The issues and challenges in these sectors are

complex and have a high degree of interdependency (Rasul,

2014). Therefore, a multi-sector approach to solve the

challenge is required for policy analysis and climate

adaptation to the vulnerability of exposed resources. South

Asia has been recognized as one of the most vulnerable

regions in the world due to pressure on limited resources

(Rasul, 2014; Byers et al., 2018). Thus, an integrated model

for energy, water, and land systems is beneficial to inform

stakeholders and policymakers about the utility of different

sectors and national and international planning for a

sustainable and healthy future (Khan et al., 2017). However,

an integrated assessment that considers water, energy, and land

systems as interdependent systems is crucial for sustainable

decision-making regarding the threats of climate change,

rising population demands, and stressed resources. These

interdependent systems are crucial for a sustainable future to

meet demands and ecosystem services (Khan et al., 2017;

Parkinson et al., 2018; Cazcarro et al., 2021).

Several integrated analyses have addressed the challenges of

water, energy, and food for the Indus River Basin (IRB). Yang

et al. (2016) developed a hydro–agro–economic model,

considering the impacts of climate change scenarios on water

allocation mechanisms and infrastructure developments. Yang

et al. (2013) developed a hydro-economic model for analyzing

relationships between climate, water, and agriculture sectors for

the IRB to prioritize and plan future investments in the basin.

Also, some studies addressed the energy use dimension of

conjunctive water management and quantified future water

gaps for water supply under projected socio-economic and

climate change or gaps for estimating energy demand

variation due to groundwater pumping for agriculture (Siddiqi

and Wescoat, 2013). However, there is no explicit representation

of all energy, water, and land technologies in terms of capacities,

activities, and efficiencies across spatial regions to tackle

challenging and complex systems research questions (Vinca

et al., 2020a).

In this study, we focus on South Asia’s Indus River Basin

(IRB). The IRB is one of the most water-stressed basins in the

world due to irrigated food production and high population

(Byers et al., 2018). Freshwater in the IRB is derived from

meltwater in the Hindu-Kush-Himalaya mountain region that

flows from China, India, and Afghanistan downstream into

Pakistan and drains into the Indus Delta and the Arabian Sea.

Since 1869, upstream activities have caused a sediment flux

reduction of 13 Mt/yr, and the delta has lost 15 out of the

16 main river channels connecting it to the sea (Syvitski et al.,

2009, 2013). Policies targeting enhanced EFs are urgently needed

to improve the long-term outlook for the Indus Delta region (Ali

et al., 2017).

Despite the critical role of EFs in Indus Delta sustainability,

there is a lack of quantitative analysis linking enhanced EF
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allocation policies to the adaptation costs of upstream sectors

(Day et al., 2021). Memon and Thapa (2016) analyzed policy and

institutional analyses of the Indus Delta to address the

importance of complexity inherent in protecting the Indus

Delta. EFs in the Indus Delta are discussed in the context of

the Kotri Barrage (a barrage located downstream of the IRB for

flow management) to determine saltwater intrusions and

accommodate fisheries (Anwar and Bhatti, 2017). Due to high

demands and poor management of the IRB, all the river flows are

fully utilized except during the September–June season (also

known as the Kharif period). The use of water upstream is

limited for agricultural purposes unless additional storage

reservoirs are provided. The planned hydropower projects by

2030 could enable better management of flows downstream of

the Kotri Barrage to the Arabian Sea (Tilmant et al., 2010).

Suppose enough fresh water is available downstream of the Kotri

Barrage; in that case, it helps recharge aquifers and provides

irrigation for agriculture in the riverine sea, maintains the salinity

level in the coastal area, and provides livelihoods to the people

living in the delta (González-villareal and Schultz, 2005; Anwar

et al., 2014).

The CWRAS (Country Water Resources Assistance Strategy)

of Pakistan identified the ecological threats to the Indus Delta. It

commented that improving the environmental flows for

restoring the Indus estuary’s ecosystems is essential for flow-

related issues (Hirji and Davis, 2009). However, there is neither

an explicit EF policy mentioned for the IRB as a whole nor an

institutional mechanism in place to regulate EF allocations, even

in the Indus Water Treaty that governs the flow between India

and Pakistan (IRSA, 1991; Anwar et al., 2014; Anwar and Bhatti,

2017). The Water Apportionment Accord (WAA), signed in

1991, provides a legislative structure for the distribution of water

to the Indus River and among the provincial and command areas

in Pakistan. The WAA describes the minimum flow

requirements below the Kotri Barrage as 33.79 MCM/day

(MCM = thousand cubic meters) (IRSA, 1991), which were

reviewed by a panel of experts and changed to 12.23 MCM/

day during the June–October season (also known as the Rabi

season) and 46.21 MCM/day during November–May (also

known as the Kharif season) in 2005 (González-villareal and

Schultz, 2005). Yet there has not been an integrated analysis

examining how these or more ambitious targets influence

upstream infrastructure decision-making or investments

required for EF allocation downstream.

In this paper, we incorporate enhanced delta EF policies into

a multi-sector model of the IRB to address the following research

questions: 1) what are the potential system costs that support the

allocation of delta EFs across multiple sectors and uncertainties?

and 2) what are the least-cost technological changes in water,

energy, and land sectors that enable enhanced EF allocation for

ecosystem adaptation to climate vulnerability? The study uses an

engineering economic multi-sector model to answer research

questions and inform policy decisions. The analysis in this paper

identifies investment regimes categorized by the combined EF

ambition level and co-evolution of basin-wide water demands. It

also underscores the importance of a multi-sector, multi-decadal,

basin-wide approach when assessing the costs of enhanced EF

allocation in water-stressed delta regions.

2 Methodology

2.1 Modeling framework and setup

This study uses an integrated economic optimization model,

NEST (Vinca et al., 2020a), to co-optimize sub-national energy,

water, and land (EWL) system representation over a multi-

decadal time horizon. The NExus Solutions Tool (NEST)

integrates the EWL framework into the capacity expansion

modeling process by optimizing water, energy, and land

management decisions (Vinca et al., 2020a). The objective

function is the total discounted cost across all managed

processes, decisions, regions, and time steps. Future costs are

discounted in the objective function using an average discount

rate for national planning. Input parameters include i)

technology/process costs and efficiencies, ii) historical

capacities (e.g., the maximum production rate), iii) resource

availability, and iv) demands. The optimization decision

variables are the capacity, operation, storage, and emissions

rates of technologies and processes and the types of land-use

from the year 2020 to 2050. The decisions include the adaptive

responses needed to accommodate cross-sector interactions. For

example, a NEST capacity expansion scenario has power plant

capacity and fuel required to generate electricity used to pump

and treat water in line with projected water demands. Likewise,

the NEST considers the land needed for crops and the yield trade-

offs associated with reduced irrigation. The NEST has been

developed in previous work to examine sustainable

development pathways for the Indus River Basin (Vinca et al.,

2020b) and is adapted in this study to enable EF allocation

policies at the catchment scale. Previous studies include a more

technical description of the framework, and an applied use case

focused on the transboundary aspects. These did not include

aspects on the Indus Delta, the environmental flows, and impacts

of flow allocation downstream of the IRB in the upstream. We

consider this aspect a key to the sustainable development of the

IRB. We also found that there is very little/limited knowledge

about the standards of environmental flow allocation within the

IRB either by local stakeholders or the academic community.

The NEST delineates a given study region into a combination

of administrative and hydrological units. The administrative

units refer to country administrative units and sub-national

(administrative) boundaries, and the hydrological units refer

to sub-basins (tributaries) here to account for flows within the

basin and impacts of upstream water withdrawals on

downstream water availability. These two spatial units are
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intersected using the geospatial technique to create the spatial

unit for the modeling framework. The future work will include

further intersection of units to agro-ecological zones to account

for more informed agriculture-related decisions. An example of

the delineation of the Indus River Basin is depicted in Figure 1. A

reduced-form river and electricity transmission network

optimize flows and reservoir releases between the spatially

distributed units. Crop yields are aggregated nationally to

meet projections of future production quotas. The NEST

framework includes a hydrological model (CWatM) (Burek

et al., 2019) that is linked to the capacity expansion module

(MESSAGEix) (Huppmann et al., 2019). The linkage informs the

optimization of spatially distributed water resource availability.

Socioeconomic and climate data in a gridded format are also

harmonized to a standard scale and used to define water, energy,

and crop demands in each delineated management unit.

A high-resolution land surface (hydrological) model, CWatM

(Burek et al., 2019), is calibrated to observations that simulate the

vertical and horizontal freshwater transfer across terrestrial areas’

daily time scale. Climate-impacted water scenarios consistent with

the emissions pathways simulated with the global IAM (integrated

assessment modeling) are implemented using downscaled climate

forcing variables from global climate models. The sectoral analysis is

harmonized between both models to capture the historical period

and a future time horizon, translating demand profiles. CWatM is

initially run in baseline conditions to inform MESSAGEix of

FIGURE 1
Spatial delineation of the IRB in the modeling framework.
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dynamic constraints on water availability, hydropower potential,

and irrigation water requirements (Vinca et al., 2020a). The

streamflow values obtained from CWatM output are naturalized

flows without human activities and water withdrawals since these

are obtained from MESSAGEix. CWatM simulates the river

streamflow using the kinematic wave routing approach. It can

simulate both the naturalized streamflow and streamflow

impacted by human activities, i.e., reservoirs. It uses a fixed

network depending on spatial resolution, and each grid cell

through the network is simulated using kinetic wave equations.

The basic equations include the continuity and momentum

equations (Burek et al., 2019). Here, naturalized flows represent

the flows without the impact of human activities, and these help in

understanding the hydrological perspective of the basin from the

perspective of EFs. These naturalized flows are also used for

environmental assessment, as shown in Figure 2.

The resources, technological process, and demands are

parameterized using data sources mentioned in Supplementary

Table S2. Much of the data mentioned in Supplementary Table

S2 can be obtained from globally available databases; however, for

FIGURE 2
(A) Seasonal visualization of average flows per year (MCM/day) incorporated in baseline, historical average discharge downstream for the Kotri
Barrage, EF scenarios, and naturalized flows. Scenario layout and description of sensitivity scenarios. (B)Map showing the difference between actual
flows of the baseline scenario and naturalized flows computed from CWatM (Community Water Model) to show percentage variation between both
flow types.
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some parameters, local data are used to approve the results and

calibration of the historical process using stakeholder dialogs. The

range of uncertainties in Community Water Model (CWatM)

hydrological modeling is covered using multiple climate models

and RCP-SSP scenario ensembles. The hydrologicalmodel, CWatM,

is calibrated at five arcmin resolutions considering the historical

monthly flow data from 1995 to 2010 at the Besham station in the

upper Indus collected from the local authorities. The station was

selected due to the availability of historical data for the historical

years. The availability of consistent hydrological observations in the

IRB is highly complex due to rapid elevation changes within the

basin (Forsythe et al., 2019) and the non-reliability of the

observational data in the basin (Akhter, 2017). The calibration

was carried out using the streamflow by considering storage

within the basin to allow for a stable flow calculation. The

calibration results showed that the streamflow was impacted by

the ice melt coefficient and the empirical shape parameter of the

rainfall and runoff ARNOmodel for infiltration (Burek et al., 2013).

The second calibration searched for optimal values between

parameters. The parameter values are mentioned in

Supplementary Table S3. The total basin runoff results from the

hydrological model match closely with the reported data (Laghari

et al., 2012; Yaseen et al., 2020).

System solutions in the NEST include investments in new

infrastructure capacity (e.g., power plants, water distribution,

irrigation system, and land-use type) to find the least-cost

solution by satisfying energy and water demands with supply. It

also includes a comparison of different investment types and

strategies for water infrastructure technologies, energy systems,

and land use, such as constraining a given level of environmental

flow in a river which gives us an integrated solution as an output

under global change scenarios. The NEST co-optimizes sub-national

water, energy, and land system representation over a multi-decadal

time horizon. The joint optimization of resourcemanagement occurs

at the technology level, considering the physical balance between

supply and demand from industrial, urban, rural, and agricultural

sectors. The basin is disaggregated into 24 sub-national decision-

making units representing the intersection between country

administrative and sub-basin boundaries (see Figure 1 for node

IDs). The hydro-economic representation links techno-economic

parameters across units with a reduced form of the river network. For

the detailed linkages, mathematical equations, calibration,

parameterization, and integration of water–energy–food sources

and technologies in the modeling framework, refer to the model

description study by Vinca et al. (2020a). The calibration of

hydrological and data sources used in the modeling framework is

mentioned in Supplementary Sections S2, S3.

2.2 Multi-sector transformation pathways

The NEST constrains the flows in the downstream nodes,

i.e., below the Kotri Barrage (node 1; Figure 1) outflowing to the

Arabian Sea. However, by constraining the downstream

management nodes near the Indus Delta, the model allocates

EFs and adjusts different EWL technologies as per the available

constraints and investments upstream. As mentioned previously,

no suitable standard exists to allocate EFs in the IRB. We

gathered the data from local authorities and calculated the

average discharge flowing downstream of the Kotri Barrage

historically (1971–2018) (Supplementary Table S1) and found

that the average flows reaching the Indus Delta have been

decreasing continuously. Due to the complexity of the basin,

we allocated suitable EFs based on the historical flows, the

standard defined by the governments, and the standards in

the literature in the lower IRB. The choice of percentages of

allocation is made on different model runs and by analyzing the

impacts of water availability in the outflow. This approach suits

highly modified and regulated rivers like the IRB, where

achieving an ecological potential and saving the biodiversity is

a target, considering the societal demands for highly modified

rivers instead of taking the natural flow regime as a reference

(Acreman et al., 2014).

The NEST implementation for the IRB has been developed to

examine the interplay between regional cooperation and the

achievement of multiple targets consistent with the SDGs

(sustainable development goals). The analysis in this paper utilizes

the model setup and scenario design to explore enhanced ambition

for delta EFs (Table 1). The baseline scenario optimizes water, energy,

and land system costs from 2020 to 2050, with future population and

GDP assumptions. The sectoral demand profiles are generated from

the shared socioeconomic pathways (SSP2). The system costs include

investment and operational costs for all sectors for different nodes and

times. The baseline scenario incorporates sustainable development

goal (SDG) policies that ensure universal access to piped water and

wastewater collection and decarbonization and electrification of the

energy sector in line with the Paris Agreement. These input

assumptions and associated data are further summarized in Table 1.

Transformation pathways incorporating enhanced EF allocation

to the Indus Delta are generated by layering an additional set of

constraints on the allowable basin outflow. The NEST is used to

access the impacts of environmental flow constraints in the lower

Indus for future pathways. The target level is defined relative to the

historical outflow levels provided by the local policy, asmentioned in

Figure 2A, and projected with base-year (2015) data. Evidence from

the literature shows that historical constraints in the outflow node

have not been scientifically tested. The constraints in the outflow

node should be tested on-field for a longer period (~10–15 years) to

test the biophysical and ecological impacts on the basin. For

designing environmental flow scenarios, we designed ecological

target-based scenarios based on the assumption that constraining

more water in the southern nodes can potentially increase delta

sustainability and improve socio-economic conditions in the Indus

Delta.

Despite the critical role of EFs in Indus Delta sustainability,

there is a lack of quantitative analysis linking enhanced EF
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allocation policies to the adaptation costs borne by upstream

sectors. We carried out a parametric model analysis to find the

least-cost system transformations that support the enhanced

allocation of environmental flows in the downstream nodes

(i.e., nodes numbers 1, 2, and 3 in Figure 1). Constraining the

river levels to the naturalized flows (modeled flows without

human interaction) results in extreme investment costs due to

huge difference between naturalized and actual river flows

(Figure 2B). The constraint makes the consumption

projections infeasible due to the highly modified nature of the

IRB, i.e., much of the existing flow has already been allocated,

thus making the shift back to naturalized conditions highly

unlikely. Therefore, we allocated EFs such that they generate

an economic response function based on a range of EF

constraints defined relative to the historical outflow. This

provides decision-makers with an understanding of the

marginal costs for enhancing EFs. We designed a low

ecological potential (LEP) scenario and a high ecological

potential (HEP) scenario by increasing the existing EF

ambition levels by 2.5× and 5×, respectively. A visual

representation of the flow levels and their variation across

various times during the year can be seen in Figure 2. The

increased flows during the April–September months are due to

glacier melting and the monsoon season in the region. Sensitivity

cases are generated to assess the variation in the model results

due to uncertainties in the model parameters and policy design.

The choice of sensitivities is made based on the domain of

research questions, local socio-political issues, and climate

mitigation against vulnerability in the region but does not

encompass the full range of uncertainties. The detailed

scenario representation and sensitivity details are described in

Table 1.

2.3 Marginal costs for EF allocation

The marginal costs of EFs allocation help in accessing costs

and opportunities for water, energy, and land systems at a

specific instance. The constrained optimization problem solved

in the NEST generates corresponding Lagrange multipliers

representing the marginal change in the objective function

value (total system costs) when varying the constraint value

by a small amount. In planning operations, the Lagrange

multipliers associated with demand constraints are

commonly interpreted as the market-clearing commodity

prices for recovering system investments. By solving the

NEST across a range of delta EF constraints, the marginal

costs are calculated, thus linking the delta EF allocation level

to the cost of implementation. This provides an indicator for

the required pricing of environmental flows that recovers the

costs of the multi-sector transformation. It is of note that the

socio-economic improvements from delta replenishment are

not included. If these benefits exceed the costs, then

implementation of the EF policy is economically net positive.

These impacts are complex and highly non-linear. Future works

in this area can leverage the marginal costs derived in this paper

to compare the economics of implementation. This is like

marginal costs used in marginal allocation curves (MACs)

for emissions mitigation, where the benefits from avoided

adaptation are also excluded. In this case, the marginal cost

is, therefore, calculated as follows:

marginal costscenarioxnodex �

total costs/yearscenarioxnodex − total costs/yearscenarioBAU+SDGnodex

average EF/yearscenarioxnodex − average EF/yearscenarioBAU+SDGnodex

(1)

TABLE 1 Scenario layout and description of sensitivity scenarios.

Scenario Description Sensitivity cases for
all scenarios

Common assumptions to
all scenarios

Shared Socioeconomic Pathways (SSP) 2 (O’Neill et al., 2017): population and demand projections; Representative Concentration Pathways
(RCP) 6.0 (van Vuuren et al., 2011): climate forcing; Indus Water Treaty allocations: planned hydropower projects in 2030, current renewable
energy policies, maximum electricity imports fixed to baseline, and limited fossil groundwater extraction; flood irrigation being the main irrigation
technique; and >50% of agricultural water withdrawals to historical levels

Baseline Includes baseline policies in the basin, along with the SDG
implementation and minimum environmental flow requirement in the
outflow node downstream of the Kotri Barrage

WASTEWTR– increased wastewater treatment in the systems

LEP (low ecological
potential)

Low-cost scenario to allocate environmental flows for the lower IRB to
provide moderate ecological protection against the investment of low-cost
technologies by multiplying the historical policy outflow levels by 2.5x
(Figure 2A)

EMISS—climate mitigation through the rapid reduction in
emissions of greenhouse gases (GHGs) by 2050

HEP (high ecological
potential)

High-cost scenario that multiplies the historical policy outflow levels by
5x to allocate environmental flows for the lower IRB to provide high
ecological protection against the investment of high-cost technologies.
This scenario assumes high protection of the Indus Delta along with the
restoration of infertile land with time for improvements in socio-
economic conditions (Figure 2A)

COOP–transboundary cooperation assumes the cooperation
between countries

AGRI (0.9/1.1)—10% variation in agricultural food demands

ELECTR (0.9/1.1)—10% variation in electricity demands
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3 Results

3.1 Total system and marginal costs of EF
allocation

The analysis is performed using SDG sustainability targets

to offset these costs for EF scenario runs. The SDG constraints

in the scenario show additional 10 billion USD/year

investments overall across multiple sectors (Supplementary

Figure S2A). These SDG targets also show additional energy

required for water (pumping, desalination, etc.) and lesser

water required for energy in SDG targets (Supplementary

Figure S2B). These costs are already accounted for in the

baseline scenario in the current study. By constraining more

FIGURE 3
Average system costs (investment and operational) per year from the optimization model for (A) EF scenarios and (costs are indicated in
USD2010 values) (B) regional marginal costs showing the regions with increase in marginals in the IRB per allocation of the EF in downstream nodes.
During the post-processing phase, energy, water, and land technologies are grouped into clusters to display aggregated results. The technological
clusters from Figure 3A include coal, oil, electricity import in energy production; river, canal, existing and planned hydropower projects, and
renewables (solar and wind) in Hydro + RES; diversion, distribution, wastewater collection, desalination, and canal infrastructure costs in water
distribution; irrigation technologies (flood, drip, sprinkler, and canals) in irrigation; and crop production and biomass costs in land use.
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water in the enhanced EF scenarios, we see that approximately

an additional 28 billion USD (US Dollars) and 103 billion USD

per year are required across multi-sectors in the HEP scenario,

as compared to the LEP scenario, distributed across sectors.

Results show that Pakistan must bear all the costs for

enhanced EF allocation in the lower IRB. The costs here

refer to the sum of operational and investment costs from a

systems perspective (Figure 3A).

Marginal costs for EF allocation (as discussed in Section 2.3)

depict the marginal costs (billion USD/MCM) of EF scenarios

compared to the baseline scenario. The costs are aggregated costs

for all time horizons and all spatial regions, with future cash flows

discounted at an average rate of 7%. Nearly 3.78 and 5.44 billion

USD/MCM is required in LEP and HEP scenarios for the whole

river basin. The lower IRB and regions where most of the storage

reservoirs are available in the IRB show comparatively higher

numbers and have increased marginal costs than other regions

(Figure 3B). This shows that the lower Indus must bear most of

the EF allocation-related costs. The regions in the basin,

including storage reservoirs, also have higher marginal costs,

which show the dependency of EFs on storage reservoirs. The

marginal costs are calculated here as the pricing of EF allocation

increases rapidly by moving to a higher ecological target for the

Indus Delta. The economic implications of this pricing are

beyond the scope of this paper and will be studied in future work.

Results show the need for investments in water

distribution sectors due to the increased allocation of EFs

downstream. Optimizing and improving water distribution is

critical for EF allocation. Water distribution includes

diversion, canal, desalination, and wastewater treatment.

The increased investment in water distribution also shows

that proper integrated water management can enhance EF

allocation. Wastewater treatment and allocation are critical

for the provision of EFs in the river basin. Although a specific

wastewater treatment ratio is incorporated as part of the

SDG6 targets, results show that water withdrawals in the

region require more investment in the wastewater

treatment sector. Increased wastewater treatment not only

helps increase the flows in the system but also helps ensure the

water quality parameters in the river basin, which is also often

neglected in the case of IRB studies. To analyze the wastewater

aspect further, we analyzed the EF scenarios with an increased

wastewater treatment ratio in the sensitivity analysis (see

Supplementary Table S1 in supplementary data for cost

comparison). The results show that an additional

5–50 billion USD/yr across scenarios is required for

improved water quality parameters.

3.2 Least-cost structural changes in the
energy–water–land (EWL) sectors

The optimization model shows not only the system costs

but also system transformations in terms of additional

capacity, shifts in water sources, energy supply, and the

interactions between water, energy, and land systems. We

FIGURE 4
(A) Average water use per year for different sectors. (B) Electricity supply by source per year for EF scenarios/water use for different sectors and
electricity supply for various sources represent nexus interactions.
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see that average water use per year reduces in the EF scenarios

from the baseline scenario; however, a major portion of water

is being allocated for flood irrigation. Due to the agricultural

dependency of the system, floor irrigation has been widely

used, which is a highly water-consumptive irrigation type

(Figure 4A). The current study motivates further research

into exploring shifts to smart irrigation technologies for a

sustainable river basin. The share of groundwater in the water

source increases rapidly from 43% to 50% in the baseline

scenario to 59–63% in the LEP and 64–66% in the HEP

scenario. This shows that while allocating environmental

flows downstream of the IRB, the groundwater resource is

stressed due to high demands and withdrawals. The share of

oil in the electricity supply by source (Figure 4B) increases in

the higher EF scenario, which is not sustainable in terms of the

climate vulnerability of the river basin in the future. However,

considering a climate mitigation scenario, i.e., reducing total

emissions by 2050 (EMISS), can help address a more

sustainable option for climate mitigation along with river

sustainability.

The nexus interactions show that due to the increased allocation

of water downstream of the IRB, we need more energy for water

withdrawals and irrigation, which also increases water use for

cooling power plants. This includes investments in desalination

plants causing the system to consume more energy than surface

runoff. The energy system transforms toward less water-

consumptive technologies to save water for EF allocation.

We also observed the variation of the share of water

through different sources across the EF scenarios. The

share of surface water throughout the Indus reduces by

approx. 14–18% through the time horizon. The share of

wastewater and seawater desalination increases in the HEP

scenario to allocate enough water to meet sectoral demands

across the IRB (Supplementary Figure S3).

3.3 Sensitivity and uncertainty

Results from sensitivity cases include the variation in

agricultural food demand and electricity demands,

transboundary cooperation, increased wastewater

treatment, and rapid reduction in emissions across the EF

scenarios (see Supplementary Table S4 for Supplementary

details). Results show that variation in electricity and

agricultural demands significantly impact the savings from

baseline cases from 2–25%. This represents increased

dependency on agricultural systems in the river basin.

Since the energy system is also dependent on water in the

form of hydro energy potential and cooling water for power

plants, the total system costs vary with electricity demand

variation in the system. Also, the increase in costs in the

irrigation sector in the EMISS scenario depicts that shifts to

low water and energy-consumptive irrigation technologies

are key for climate mitigation in the future years. The rapid

reduction in emissions under the decarbonization policy and

shift toward low-carbon technologies results in a cost

increase in water distribution, renewables, and irrigation.

However, when trade barriers are relaxed in the

transboundary cooperation scenario (COOP), the average

system costs per year significantly reduce in the LEP and

HEP scenarios. This is because there are significant

opportunities for irrigation water efficiency in the Indian

portion of the river basin, and these investments increase the

amount of flow that transfers to Pakistan and drains into the

Indus Delta.

Additional uncertainties in the analysis and not covered by

the scenario setup include the influence of future climate

extremes on water availability and flood management in the

IRB. There is also a need to meet EF guidelines in all basin

tributaries and for groundwater systems, but these spatially

distributed EF constraints were not considered. These aspects

create additional management challenges and are expected to

increase the cost of securing EFs in the delta region.

4 Discussion

The study accesses the role of freshwater provision

downstream of the IRB and its importance for the

replenishment of the delta. It uses an engineering economic

optimization framework to access the prices, impacts, and

structural shifts required within the water, energy, and land

systems of the IRB. Based on the historical flows reaching the

Indus Delta, the standard defined by the policymakers, and the

model responses for upstream water allocation, we identify

optimal flows that form a narrative for the environmental flow

requirements for the lower IRB and, thus, could potentially

help replenish the Indus Delta. From the results, we found out

that the delta flows can be improved in the model by 1)

investing in water efficiency measures in the irrigation,

water treatment, conveyance, and power plant cooling

sectors; and 2) investing in alternative supply-side

measures, including extraction from groundwater resources,

advanced water treatment, and new conveyance canals. The

allowable flow constraints are implemented from

2030 onward in the model to reflect the SDG timeline. The

flow constraints are varied over a range of ambition levels to

provide an indicator of marginal cost implications and the

value of delta flows derived from an infrastructure investment

perspective.

Allocation of environmental flows to replenish the Indus

Delta using a designer approach causes an increase in system

costs from 17 to 32% in the LEP to 68–72% in the HEP scenario

across multiple sectors from the baseline scenario. We propose

that the system cost representation for EF scenarios and

sensitivities can help determine the scale of investments across
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different uncertainties for policymakers and river planners

aiming to assess the level at which the allocation of EFs can

be achieved in the future. Although investments increase as more

water is allocated for EFs downstream, these EFs protect the

Indus Delta from serious long-term ecological threats. Thus,

some trade-offs need to be considered by regional planners to

find the right balance between EF allocation and financial

sustainability. This study provides river planners with insights

into the scale of costs for water, energy, and land sectors and

which technologies in the system can be leveraged together to

replenish the delta in a least-cost way.

The linkage between the upper and lower Indus and a better

understanding of extreme climate change impacts and impacts on

water, energy, and land resources are complex in the IRB (Shrestha

et al., 2021). The significant climate variation from the high-altitude

snow-capped to the sub-tropical climates in the lower IRB makes the

IRB extremely sensitive to climate change variability (Krishnan et al.,

2019). EF allocation in the IRB is dependent on the surface water

availability from the upper Indus, as mentioned in previous sections,

whereas dependence of surface water in the IRB on glacial meltwater

and snowmelt poses dire consequences on surface water availability

(Lutz et al., 2019). Due to higher glacial melt, the river flow will

increase and cause more frequent flooding and droughts, which pose

threats to river sustainability in the future.

The findings also demonstrated how the total system costs for

hydropower and renewable energy are impacted by the change in the

electricity demands among the EF scenarios. The cooperation of the

riparian nations enables the basin to lower system-wide operating

expenses and provide more water to rehydrate the Indus Delta. Since

a large portion of the water in the IRB is supplied by flooded

irrigation, the system is extremely sensitive to the demand for

agricultural food. Although the EF scenarios that ensure increased

water availability in the downstream regions are the main focus of

discussion, we propose looking into the sensitivity cases presented in

this paper for additional research and policy analysis, such as how

improved wastewater treatment can not only help increase water

availability but also improve water quality.

5 Conclusion

Evidence frommultiple literature studies show that the Indus

Delta ecosystem has experienced losses in fisheries, economical

gains, and mangroves due to human-induced stressors in the past

years. Also, it has been observed in studies that the decrease in

freshwater reaching delta and sediments is one of the major

causes of the damage to the Indus Delta (Salik et al., 2015; Salik

et al., 2016; Kidwai et al., 2016; Kidwai et al., 2019). This study

assesses the multi-sectoral impacts of provision of freshwater to

the Indus Delta and associated costs in the water, energy, and

land sectors. This study also lays out the need for defining the

environmental flow requirements within the basin and its

importance for replenishing the Indus Delta. A standard for

environmental flows is yet to be defined by basin practitioners in

the IRB, and a detailed eco-hydrological study is needed to

determine the ecosystem response to the EF policies. The

delta EF constraints could cause stress on groundwater

resources in the river system if groundwater is used to

mitigate surface water withdrawals in response to EF policies.

EF standards need to consider a sound groundwater withdrawal

rate for ecological protection (Gleeson and Richter, 2018; Driver

et al., 2020). Moreover, hydropower energy generation decreases

when a higher EF target is achieved in the system, which

increases energy costs at the user-end. River basins that have

the potential for storage expansion might be able to reduce these

interactions by modifying the flow pattern. Ruan et al. (2021)

mentioned a similar conflict between hydropower projects and

impacts on environmental flows using a case study from China.

Hydropower expansion plans in the upper IRB raise concerns for

downstream water availability and have implications on socio-

economic conditions near the Indus Delta. Dhaubanjar et al.

(2021) developed a systematic framework for the sustainable

assessment of hydropower potential in the IRB. We propose that

future studies on environmental flows may explore the synergies

and trade-offs between hydropower expansion in the upper IRB

and the impacts on hydrological and socioeconomics in the lower

IRB. The multi-sector, multi-scale modeling framework

leveraged in this paper can support this type of analysis and

will be the topic of future research. EF allocation in the IRB is

crucial for ecosystem sustainability and deltaic protection. The

current policy structure of water allocation lacks scientific

evidence for EFs. Considering the competing water uses in

agriculture, municipal, industry, energy, and ecosystem

services, it is critical for stakeholders to build a consensus on

the allocation of water for EFs. This study accesses the EF

requirements based on the integrated impacts on EWL sectors

using an innovative approach by repetitive model runs to see the

impacts of the hydrological and socio-economic conditions in the

upper Indus and lower Indus. However, we think that

implementing EF in the IRB requires adaptive management

techniques, i.e., a learning-by-doing approach. The

stakeholders need to negotiate the objectives and outcomes of

the EF allocations for the river basin sustainability. Also, the

integrated impacts of EF allocation provided critical choices in

the nexus, including over infrastructures such as dams, managing

abstractions for irrigation, and allocation of water for ecosystems.

With this study, we propose that there is a need for more focused

and on-site experiments to develop environmental flow

standards. These are critical for the vulnerability of the IRB to

climate change impacts, and they will help the IRB adapt to the
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rapidly changing and uncertain climate in the basin. The

1991 Water Apportionment Accord for sharing water among

different provinces is ambiguous and requires clear

interpretation to allow fair water allocation downstream of the

IRB for the socio-economic well-being and replenishment of the

delta.
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