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Abstract

To feed a rapidly growing population of 250 million, the Indus river basin in South Asia is
one of the most intensively cultivated regions on Earth, highly water stressed and lacking energy
security. Yet, most studies advising sustainable development policy have lacked multi-sectoral
and cross-country perspectives. Here we show how the Indus countries could lower costs for
development and reduce soil pollution and water stress, by cooperating on water resources and
electricity and food production. According to this analysis, Indus basin countries need to ramp up
investments to 10 billion USD/year to mitigate water scarcity issues and ensure improved access to
resources by 2050. These costs could shrink to 2 billion USD/year, with economic gains for all, if
countries pursued more collaborative policies. Downstream regions would benefit the most, with
reduced food and energy costs and better water access, while upstream regions would benefit from
new energy investments. Using integrated water-energy-land analysis, this study quantifies the
potential benefits for novel avenues to sustainable development arising from greater international
cooperation.
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The Indus river basin is home to about 250 million people of which 61% live in Pakistan, 35%
in India, 4% in Afghanistan and less than 1% in China [, 2]. The basin encompasses the largest
glacier area in Asia, covering over half a million square kilometers of mountains and providing,
together with precipitation a precious water resource of about 287 km?/year [3]]. Agriculture is the
main economic activity, employing half the population to generate a quarter of the basin GDP [4]].
With the most extensive irrigation canal system in the world, agriculture is responsible for up to
95% diversion of available freshwater in the basin [/1, 5, |6].

Water scarcity has long been a critical problem, causing river dry-out in the Indus Delta, soil
salinization and exploitation of groundwater; consequences that local administrations struggle to
manage [/H9]]. Agricultural practices, namely crop-type shift, crop rotation and water and energy-
use efficient irrigation technologies can help reduce water stress, but require investment, education
and organizational resources. Fresh water availability is also tightly related to the operation of
hydropower plants and reservoirs, which must balance prescribed allocations of the Indus Water
Treaty (IWT) with challenges in controlling seasonal droughts and floods [10, [11].

In the coming decades, population and water, energy, food and land demand will grow and
climate change is already altering water availability, posing multi-dimensional challenges to de-
velopment and sustenance in the region [12]. Additionally, political tensions related to resources
within and across countries in the region further adds to the challenges.

River flow allocation to the six main tributaries of the Indus river between Pakistan and India
is currently governed by the Indus Water Treaty, which is considered one of the most enduring
international agreements for water resources [13]. But new challenges are now emerging. For
instance, the IWT has provisions for dispute resolution and arbitration, but lacks trust-building
mechanisms such as adequate data-sharing. As the impacts of climate change manifest, the issue
of trust, allocation, and co-operation will gain new saliency for Pakistan and India in particular,
but also for Afghanistan and to a limited extent, China [[11} [14]].

Other large basins around the world deal with challenges of large scale river diversions, food
and energy security and international cooperation similar to the Indus basin (i.e. Nile and Ganges)
[L5H17]. The United Nation Sustainable Development Goals (SDGs) provides a framework to help

governments and stakeholders tackle such challenges and inform policy intervention in individual



sectors [18, [19]. However, climate, land, energy and water (CLEW) systems are highly coupled
and qualitative methods need to be complemented with integrated approaches to understand and
assess multiple cross-sector feedbacks [20-22].

CLEW studies and Indus-basin applied research to date have been mostly water-centric and
with gaps in either energy, climate or land cross-sectoral feedbacks [23-277]. Furthermore, current
analyses focus on local or national solutions, without accounting for the transboundary nature
of basins or the opportunities that international collaboration could offer in basin-wide solutions
[7,28].

Here, we present a quantitative scenario-based analysis that captures synergies and trade-offs
within the water, energy, land and climate systems of the Indus Basin. Uniquely, we offer a perspec-
tive that focuses on the entire basin beyond national borders, exploring the possibility of joint in-
vestments in food and electricity production, as well as open market of shared resources. We show
how improved cross-border cooperation on electricity, water trade and crop shift among riparian
countries has the possibility of bringing economic, social and environmental benefits for regional
development. Previous studies address transboundary cooperation issues between CLEWS sectors
within the context of the Water Convention [29, [30]. However, Indus countries lack a framework
to promote transboundary discussion on sensitive topics as shared-resource management.

The approach also advances existing research on cooperation issues, in which water and en-
ergy resources, electricity market and greenhouse gas (GHG) emission mitigation are considered
as segregated areas with disparate scales in time and space (i.e. water conflicts involve riparian
countries, energy and food markets are global) [31H34]]. Connection between sectors are partic-
ularly evident in the Indus basin, for example linkages of virtual water involved in food trade,
and flood management, food production and electricity generation that are linked through multi-
purpose and nationally-administrated dams [35} [36]]. This study explores what maybe be possible
with transboundary cooperation in these sectors.

We use a modelling framework that links hydrological modelling with engineering-economic
capacity planning (NEST [37]), and we study a set of long term scenarios to 2050 (see Table[I)). By
comparing the developments of water, energy and agriculture sectors in a Business-as-usual (BAU)
pathway with a scenario with sustainability targets (SDG), we assess the investment gaps to achieve

the targets, and we quantify several associated socio-environmental co-benefits. The investment



gap for the basin (summing new investments in some sectors and disinvestment in others) amounts
to only 13% of total annual expenditures. In the case of the SDG scenario, we investigate the
additional benefits of increased cooperation (SDG-coop). The SDG-coop scenario explores the
pathways to achieve the same targets as the SDG scenario with specific cooperative mechanisms:
cross-border electricity trade driven by electricity market prices; basin-wide food market to meet
demands, as opposed to domestic production assumed in the BAU and SDG scenarios; and river
flow allocation to guarantee environmental flow targets, water access and lowest cost for agriculture
production across the whole basin.

We find that cooperation, in all the analyzed scenarios, is the most beneficial solution to all
Indus countries, even when taking into account uncertainties through a sensitivity analysis. There-
fore, it would be worth for regional policy makers to explore and pursue more cooperative strate-

gies.
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a Agriculture Demand b Electricity Demand ¢ Water Demand d Increase from 2020 to 2050
8007 GHG Emissions
200+ 4
200 Avg. Food Cost
600 34
150 1
2 -
s s t
= 400+ 1
L 1004
100+ 0-
2004 504
N ./ . = .

2020 2050 2020 2050 2020 2050 Water Stress Water Price

cotton maize sugarcane .
9 industry urban industry power . urban
fodder pulses vegetables L
" N rural water irrigation rural
fruit rice wheat

Figure 1: Expected Indus basin demands growth from 2020 to 2050 in, agriculture products (a); electricity (b) and
water (c). X-fold increase from 2020 to 2050 in cumulative GHG emissions, freshwater prices, water stress (as
calculated in Figure |Z|, and average food cost (d).

Although all nations committed to the SDGs in 2015, first we consider the case that might oc-
cur in absence of progress on the SDGs — Business As Usual. Currently, about 55% of electricity
in the basin is produced from fossil fuels, hydropower production is underexploited and renewable
energy generation is less than 5% of total production [37, 38]. We estimate a fourfold rise in elec-

tricity demand in the basin by 2050 compared to 2020 driven by population growth and improved
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electricity access. The BAU scenario with a continuation of historical trends and current energy
policies (expansion of hydropower and phase out of coal, Figure SI5), would result in a fourfold
increase in GHG emission related to oil and gas consumption, augmenting the regional contribu-
tion to climate change (Figure|lb and d ). Simultaneously, based on FAO projections, demand for
agricultural products will rise by 45% between 2020 and 2050 (Figure[Ih). In the absence of water
efficiency measures in agriculture, the withdrawals will exceed 220 km?/year (versus the current
180 km? [[1]]), and water prices, food production costs and water stress will more than double (Fig-
ure [[c and d). The regions of Punjab (both Indian and Pakistani) and the lower regions (Sindh
in Pakistan), which already struggle with water scarcity [8], would overexploit renewable water
sources by up to 250% in 2050 (Figure [2)). This poses challenges not only to farmers, but also to
urban areas that will suffer from reduced water access [39]. Improvements in irrigation efficiency
with subsidies to drip, sprinkler and smart monitoring technologies can significantly reduce water
losses related to unproductive evaporation. Water consumption can be consequently lessened if ir-
rigation efficiency policies are supported by withdrawals regulation [40,41]]. In addition, achieving
the SDG targets will entail improved clean water and sanitation accessibility for about 127 Million

people [42].
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Figure 2: Maps of annual Water Stress indicator (WSI) in the Indus basin in the BAU in 2020 and 2050, and values for
2020 for SDG and SDG-coop scenarios. A map with region’s names is shown in Figure ST} Basin delineation from
HydroSHEDS [43]

To meet and sustain progress on the SDGs through to 2050, will mean coping with the rapid

increase of access to limited resources and the growing demands across all sectors. Thus, we



defined a set of ambitious targets for each sector (summarized in Table E]) based on scientific
information and informed by direct consultation with local stakeholders, along with co-producing
a compatible modelling framework (see Supplementary Methods on stakeholders engagement and
co-production). Starting from the most urgent problem of controlling water withdrawals —to ensure
domestic water access and minimum river flows required to protect the rich ecosystem of the Indus
Delta [9]- we constrain future agriculture withdrawals to not exceed current levels (about 150 km?
per year). We set minimum environmental flow requirements (in average 10 km?/year, [44]) and
set a reasonable goal of 95% access to sanitation in the whole region [42].

We characterized the remaining targets by consulting local experts (see Supplementary Meth-
ods), setting at least 50% deployment of efficient irrigation, and 90% carbon-free electricity gen-
eration, this would entail incentivizing decentralized electricity production with solar PV or mini-
hydro to reduce energy poverty [45].

Pursuing these targets requires a set of long-term measures, namely increased investment in
efficient irrigation; crop relocation within countries to maximize yields while minimizing water
consumption; expansion of piped water distribution and increase of wastewater recycling; shift
from fossil fuel-based electricity generation to more distributed renewable sources; and manage-
ment of large storage to concurrently meet energy demand and minimum river flow requirements.

The net basin cost change (investments and operational costs) induced by these measures
amounts to 10 billion USD/year (see cost assumptions in Methods and SI). This is 13% more
than the overall system costs of 75 billion USD/year in Business-as-usual (as a reference, this is
one quarter of Pakistani GDP in 2017, which is for 80% included in the basin [46], Figure E}a).

In particular, Pakistan needs to invest 4 and 0.6 billion USD/year in water distribution and
treatment respectively. Internal crop relocation could save the country 3 billion USD/year while
reducing water withdrawals. The energy measures would require a shifting 4 billion USD/year
in oil and gas to 7 billion USD/year investments in more distributed renewable energies, which
could save more than 1 billion USD/year in electricity transmission. India would need to invest
in water distribution and treatment (1.3 and 0.4 billion USD/year respectively) and about 3 billion
USD/year in efficient irrigation technologies, but require only marginal changes in the energy
sector. Afghanistan requires similar investment trends, although proportionally smaller, namely

313 and 84 million USD/year in water distribution and treatment, but also 540 million USD/year



in renewable energy, which is 40 % of the total cost increase in the region (Figure [3p).

A number of socio-environmental co-benefits are direct consequence of new measures and
investments (Figure [3c). Increased irrigation efficiency and optimal crop shift lower irrigation
surface and groundwater use per ton of crop product in 2050 by 30%. Land pollutants drop by 40%
due to reduced cultivated land and fertilizer use. Investments in water distribution and treatment
policies enable sanitation access to 127 million people by 2050 and increase availability of water
that can be re-used for domestic purposes. Water saving measures help reduce river depletion
and water stress across the whole basin (Figure [2). The shift from fossil-fueled electricity to
renewable sources has clear impacts on air pollution and GHG emissions (85% and 65% reduction
respectively), as well as on water consumption for power plant cooling (Figure [3c).

Some socio-economic benefits are not directly embedded in our modelling framework, for
example the positive effect of decentralized electricity production with solar PV or mini-hydro
on energy poverty [45]. Therefore, we can state that some advantages of achieving sustainability
goals may be here underestimated. Also, socio-environmental benefits are heterogeneous across

countries. Figure SI9|shows overall positive trends across all Indus countries and indicators when

achieving the goals in the SDG scenario.
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Table 1: Scenario assumptions for BAU SDG, and SDG-coop, in addition to common assumptions for all scenarios,
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Figure 3: Total basin average yearly costs (investments + Operational and Maintenance), USD2010 are used in this
analysis. Sectors: electricity transmission and distribution; domestic electricity import from regions not included in
the basin, fossil-fueled energy generation; rural diesel or solar energy production; solar, wind or biomass generation;
large and small hydropower; land cost, machinery and fertilizers; irrigation technologies (flood, drip, sprinkler and
canals); wastewater treatment; water extraction, diversion and distribution. Error bars show BAU values (a); Total cost
changes between SDG and BAU scenario by country, changes refer to areas within the basin boundary (b); Sectorial
socio-environmental benefits of SDG and SDG-coop scenarios with respect to BAU in 2050. The 0% axis and labeled
values refer to BAU, arrows and other dots represent the reductions for other scenarios. Indicators: cumulative air
pollutants’ emissions from electricity generation and land use (SO,, CO, NHj3, VOC); cumulative CO, equivalent
emitted; average surface and groundwater use per unit of crop product; cumulative release of pollutants from fertilizers
(K20,N,N,0,P,05,VOC); number of people without access to sanitation and clean water; difference between lowest
and highest discharge river level across scenarios (c).



Role of cooperation

From a systemic point of view all countries gain when pursuing the cooperation strategies iden-
tified in this study. Total basin costs for achieving the targets in the SDG scenario would be 9%
lower (8 billion USD/year less) if cooperation on energy, agriculture and water management was
implemented. Thus, the additional system costs for sustainability targets would be only 2 billion
USD/year above BAU, instead of 10 billion USD/year (Figure 3], see Figure SI8|for country differ-
ences). Overall, the changes embedded in the cooperation scenario clearly lead to environmental
and efficiency benefits. Surface and groundwater intensity in irrigation, as well as land pollutants
and river depletion will further reduce compared to the SDG scenario, augmenting the benefits of
achieving sustainability targets (Figure[3f). On the other hand, the improvements in energy-related
indicators, such as GHG emission and air pollutants, remain similar with or without cross-country
cooperation.

The electricity generation portfolio in 2050 and electricity trade between countries suggests
that about 66 TWh of solar energy produced in lower Pakistan would be replaced by less costly
electricity from hydropower, geothermal and solar PV in India in the SDG and SDG-coop scenar-
ios (Figure dp). Also, abundant hydroelectric energy available in upper Pakistan, normally only
used domestically, is provided to the nearest regions of Afghanistan and India in the SDG-coop
scenario. This might pose challenges for Pakistan energy security, especially in case of climate
change affecting water resources, and will be further explored with sensitivity cases. This shift
would also require new investments in energy production in the Indian part of the basin. As a con-
sequence of these changes, and accounting for the different average expenditure net of trade costs
(inv + O&M + Atrade) in the two scenarios, Pakistan would save 5 billion USD/year. Electricity
production costs for India would increase of 1.3 billion USD/year, but the country would attract
new investments and build a more robust power sector.

Enhancing cross-border food trade reveals that if production of 23 Mt of wheat and 16 Mt of
rice from lower Pakistan is shifted to India, where water costs are lower, there would be overall
improved utilization of water (Figure @b). This strategy would result in trade-net savings for all
the riparian countries, with Pakistan and Afghanistan benefiting the most (1750 and 300 million
USD/year respectively) and very marginal savings for India. This also raises political acceptability

concerns addressed in more detail in the following section.
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From a water conveyance perspective, the alternative water allocation resulting from the above-
mentioned production shifts (which differs from IWT allocations, as in Figure f) could save
significant investment in Indian canals than internally redistribute water to match domestic demand
(overall more than 2.4 billion USD/year savings for India). At the same time, this would reduce
water costs for the other riparian countries, allowing significantly higher inflows to Pakistan and
reducing water stress in the whole basin (Figure @ and d).

In summary, taking a transboundary, cooperative approach that relies on increased electricity
and food production on the upper parts of the basin, is demonstrably a win-win strategy: being both
cost effective and delivering environmental benefits across the board (Figure dd). From a country
by country perspective, Pakistan and Afghanistan see an overall economic benefit of cooperation
across all sectors of about 7.75 and 0.43 billion USD/year respectively (around 15% of total cost
to achieve SDG targets for both countries). But India could also save 1.15 billion USD/year (3.2%
of Indian annual costs) by redistributing costs from water distribution to energy production (Figure
Ei]d). Also in this case, the actual economic benefits would be higher than what estimated here, if
the beneficial environmental impacts were to be monetized. Finally, we also notice that the SDG-
coop scenario yields improvements in the environmental indicators for the entire region and across
all countries, except for GHG emissions and land pollutants in India related to cooperative shift in

energy and food production (Figure SI9).

Discussion

This study demonstrates that cross-boundary cooperation among riparian countries in the In-
dus basin could enable sustainable development at 9% lower costs than without cooperation and
with additional socio-environmental benefits, primarily lowering water stress in the regions of
Kabul, Punjab and Sindh from heavily-moderately to slightly exploited water resources. The var-
ious benefits are of major importance for policy making and incentive planning. All can gain, if
the management of shared resources and investment planning would go beyond country-centric
visions.

While water agreements are currently in place and electricity trade plans have also been dis-
cussed between Indus countries [47], the idea of large de-localization of food production might be

politically difficult, since policy makers are mainly focused on food self-sufficiency and security.

10



a Electricity generation and transmission in 2050
SDG SDG-coop
400 -
wind
300 1 6 solar
rural gen.
N 141 hydro
E 200 v geothermal
gas
1001 oil
import
rest India
0l == : = :
AFG PAK PAK IND AFG PAK PAK IND
lower upper lower upper
b Crop production and trade in 2050
SDG SDG-coop
150 1
cotton
fruit
100+ pulses
§ maize
= rice
sugarcane
501 2.7 vegetables
I wheat
9 s
wheat (-i
AFG PAK PAK IND AFG PAK PAK IND
lower upper lower upper

¢ River flow changes in 2050 with cooperation d

Overall annual savings with cooperation

— Basin boundary ® . agriculture
>IN ! 15
Main River Route _ energy
S water
£41 . 2
CHN a L1058

= 8
c <
o =1
52 g
=5 r5 o
[72] [e]
o ° @
£ »
> —
3 5
o 0 r0

Flow difference [km®/year] z

B Increase

) Decrease

Arabian Sea ' [km] = <1 km%/year T T T T -5
AFG PAK PAK IND
lower upper

Figure 4: Comparison of electricity generation and transmission (pink arrows) in 2050 in by region for SDG and
SDG-coop scenarios (a); Comparison of agriculture proddction and trade (b); Differences in river flow changes in
2050 in the SDG-coop scenario (c); Sectoral annual savings (cost + trade) implied with cooperation (bars) and the
ratio ravings/costs per each region (black dots, right axis) (d)



A cooperative scenario without basin-wide food market cooperation (SDG-NL-coop, Table SH)) is
still cheaper than the SDG scenario, albeit only 7%, instead of 9% and, at the same time, would
lead to more evenly distributed savings among riparian countries, see Tables SI2] and SI3| We
tested an additional cooperation scenario without basin electricity market (SDG-NE-coop). This
could be the case in which downstream provinces were reluctant, due to climate uncertainty, to de-
localize solar energy production in favor of importing hydro-electric energy from upstream regions
or neighboring countries [48]. We notice the same changes in basin cost as in the SDG-NL-coop
scenario, but with different distribution between regions.

Similarly, the Business-as-usual scenario with multi-sectoral cooperation (BAU-coop) but in
the absence of sustainable development policies, has economic advantages even more significant
than for the SDG scenario, with about 12% cost reduction and net savings ranging between 6%
and 20% between countries (Table SI2)).

The results depend on climatic parameters for which there is a high uncertainty such as precip-
itation patterns and glacier melt. These uncertainties propagate to the prediction of water trends in
the coming decades [49, 50]]. For the Indus basin, climate change impact on water availability is
particularly important but and yet highly uncertain [S1]. Based on the knowledge that 60-70% of
discharge in the Indus originates from mountain snow or glacier melt [S2], we test the system ro-
bustness to a hypothetical extreme scenario of reduced water availability with (SDG-GM-coop) and
without cooperation (SDG-GM, Figure SH). A system robust to extreme reductions in melt-water
availability requires additional cost to achieve the SDGs (+7 billion USD/year). Nevertheless, co-
operation can still help reduce costs by 13% (Table SI2)). Climate change uncertainty in the Indus
basin is a complex topic that requires further analysis and testing of a broader range of sensitivity
cases.

Although several policy limitations have been considered to explore main uncertainty dimen-
sions (see also the parametric sensitivity analysis in Supplementary Discussion), possible imple-
mentation requires further assessment and planning. In particular, in a transboundary context, large
scale crop shift, while not a novelty in Punjabi and Indian agriculture [53} 54]], have implications
on employment, food market and land use change which need to be reflected in any negotiation
process. Socio-cultural aspects such as employment, wages and education —with the exception of

water access and energy poverty level— are not included in the modelling framework and deserve
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ad hoc analysis to complement the economic results of this paper.

In conclusion, increasing cooperation around water allocation, energy and food trade appears
to always be cost optimal and also environmentally beneficial than non-cooperative strategies. This
finding is robust to various levels of cooperation, future scenarios and climatic uncertainty, as well
as to changes in crops water requirements and crop yields (see sensitivity analysis, Tables SI2|
and SI3). Cooperation has the potential to usher important changes in the economic balances and
relationships between countries. In this case of the Indus basin, our results show for example
how increasing trade and sharing of resources have the potential to improve production while also
providing higher river flow to regions that suffer water scarcity for the benefit of all. Policies paving
the way for such cooperation should be pursued even with limited crop shift that are politically and

socially challenging to implement.

Methods

This analysis is done with the NExus Solution Tool (NEST), an integrated model for Water-
energy-land-climate systems analysis under global change. The framework links a distributed
hydrological model (CWatM, [55]]) to an engineering-economic resource supply planning and ca-
pacity expansion model (MESSAGEix, [56]), both capturing the historical period and a future
time horizon. A detailed and comprehensive description of the model, data requirements and on-
line availability is provided in Vinca et al. 2020 [37/]]. A brief summary of the main framework is
as follows.

The Community Water Model (CWatM) provides a grid-based representation of terrestrial hy-
drology, applied in this instance at a spatial resolution of 5 arc-minutes (grid-cells approximately
8 km wide near the equator) and daily temporal resolution. The model can simulate either nat-
uralized streamflow or streamflow impacted by human activities including reservoirs, irrigation
demand, and water withdrawals and return flows by industrial and domestic sectors. Sectoral cov-
erage is harmonized between CWatM and MESSAGE:ix so that demand profiles can be translated
between models. CWatM is initially run under baseline conditions to inform MESSAGEix of
dynamic constraints on water availability, hydropower potential and irrigation water requirements.

MESSAGE:Ix is a bottom-up systems optimization model that includes resource consumption

and capacity limitations at the technology level. MESSAGEix is based on the original MESSAGE
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model that has been developed and applied widely over the past three decades to analyze sce-
narios of energy system transformation, both globally and in different geographic regions, under
technical-engineering constraints and political-societal considerations, e.g., [S7-60]. Each tech-
nology modeled in MESSAGEix is defined and characterized by input/output efficiencies (rate
of commodity consumptions/production during technology operation), economic costs, and envi-
ronmental impacts (e.g., greenhouse gas emissions, water consumption, etc.). A technology can
represent any process that involves resources and commodities, such as power production, energy
consumption and irrigation, but can also represent natural systems such as rivers, aquifers and
crops. MESSAGEix minimizes the total cost for system capacity and operation over a future time
period while meeting exogenous and endogenous demands and technical/policy constraints, as a

deterministic inter-regional and inter-temporal linear programming (LP) problem:

min f(x) = > ¢}, X, 6,3 AX 2 b (1)
rt
where X is the solution vector containing the capacity and operation of any water, energy or agri-
culture technology in the time period ¢ and region r. Economic costs are described in the cost
coeflicient vector of the objective function ¢. The discount rate associated with future cash flows
is represented by 0. A right-hand side constraints vector b include the supply-demand balances,
capacity limits, technology retirements and capacity additions, and all constraints that express spe-
cific policies.
By linking the inputs and outputs of individual processes, energy, water and land decisions can
be represented as a single system using the MESSAGEix modeling scheme. Thus, decisions im-
pacting system design and operation over the planning horizon are made understanding the nexus
interactions, and will adapt the transformation pathways for each sector to avoid constraints and
reduce trade-offs from the perspective of the objective function. Moreover, MESSAGEix supports
spatially-distributed systems modeling using a node-link representation, where commodities can
be transferred between nodes based on the definition of dedicated technologies. It is therefore
possible to explicitly represent the interplay between up- and downstream water users.
For implementation in MESSAGE:Ix, the Indus River Basin is delineated into 24 Basin Country

Units (BCUs) using the basin and country administrative boundary datasets. This is a common
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method in spatial water assessment, however it is worth noting that different spatial aggregation
choices, in particular those taking into account agro-ecological zones, might impact results [61].
Further disaggregation into the agro-ecological zones is not pursued in this case because of limited
spatial variability in crop potential within the delineated BCUs. The planning horizon considers
investment periods spanning 2020 to 2050 in 10 year time steps, and 2015 is parameterized as the
base historical year (i.e., the initial starting point). Monthly sub-annual time steps are considered.
However, a different temporal scale could be used. For instance a daily representation of energy
demand and supply could help capture renewable energy variability, but would on the other hand
significantly increase running time.

The NEST model adds to a number of similar CLEW models that have been applied to river
basins for policy assessment [30,162-66]. Among these models, only few integrate multiple sectors
in one optimization framework, instead of soft linking different optimization tool for each sector
[65]. NEST stands out as one of these models that also includes spatial explicit river flow repre-
sentation, essential to assess upstream and downstream river basin dynamics. The representation
of CLEW sectors builds mostly on open global data, facilitating transferability to other geograph-
ical regions and the definition of Basin-Country-Units (BCUs) embedding geopolitical borders.
Additional local data can substitute or complement global data in empowering the model, facil-
itating calibration and validation and for building stakeholder trust. A detailed representation of
alternative water options, as well as standards of water sanitation is a feature mostly missing in the
above-mentioned CLEW models.

Critical areas for possible future improvement include: testing different spatial resolutions and
capability to deal with ultra-high resolution data; iterating MESSAGEix and CWatM to obtain
a dynamic solution and better representation the non-linear interactions between groundwater and
surface water; and, improved assumptions at the geographical (and model) boundaries, for instance
with cost curves or market models for food and electricity to represent the options of international
trade. Static cost and efficiency assumptions would ideally also be replaced by reasonable projec-
tion to capture system learning and improvements. Finally, as mentioned in previous sections, a
thorough discussion of socio-cultural policy and implementation aspects deserve assessment with

ad hoc methods, as these aspects are often not well addressed in [AMs.
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Cost calculations and assumptions

The sectoral investment and Operational & Maintenance costs (in USD2010) discussed in this
analysis are calculated in MESSAGEIix as multiplication of investment, fixed and variable unit cost
by the capacity and utilization factors of each technology/process, which are decision variables of
the optimization model.

More details on MESSAGEIix formulas are available in [56]], while a comprehensive description
of all the technologies and processes in NEST is reported by [37]]. From this paper, the main cost
assumption of all the technologies represented in the model are reported in Tables SI5|and SI6|

The mean annual costs presented in this article and Figure [3h and Table SI2] are the average
between 2020 and 2050 of total annual investments and O&M costs.

The net savings presented in Figure [d and Table SI3|refer to the total cost summed with the
net costs (or earnings) of food products and energy trade. The saving is then the difference in this
value between non-cooperative and cooperative scenario. The associated ratio between the total
saving and the total cost in the non-cooperative scenarios gives an idea of the relative economic

benefit.

Water-energy-land indicators

Water Stress Index (WSI)

The annual Water Stress Indicator (WSI) compares the overall withdrawals (from any water
source) to the Mean Annual Runoff (MAR), which includes the total freshwater inflow. This gives
a sense of sustainability of the withdrawals and reliance on non-renewable sources of water [67]].

Withdrawals

WSI= ————— 2)
MAR

Average Food Cost

The indicator shown in Figure [l[d in incremental terms is the annual mean of rice and wheat
prices for the whole basin. These are calculated as average of regional prices weighted on the
regional production (both outputs of the supply demand balance of the optimization model).

Water Price

Figure[Id shows water price in incremental terms, this is calculated as the yearly average basin

price as output of the model freshwater supply and demand balance.
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Greenhouse Gas Emissions

The GHG emission indicator displayed in Figures [Ild and [3c represent the basin cumulative
GHG (CO,, CH4 and N,0O) emission from 2020 in CO, equivalent terms for the electricity sector
and land use.

Air Pollutants

The Air Pollutants indicator assesses the basin cumulative air pollutants’ emissions from elec-
tricity generation and land use (SO,, CO, NH3, VOC) from 2020.

Irrigation Groundwater and Surface Water Intensity (IWI)

The IWI indicators show the surface and groundwater withdrawals use per unit of crop product,
as annual mean of values from each region:

3)

IW(r),
IWI,, :mean( (s )

to1_prod(r)
where IW(r), , for region r is the overall annual irrigation water withdrawal by source; tot_prod
is the sum of all crop regional production s and g refer to surface and groundwater.
Land Pollutants
The Land Pollutants indicator assesses the basin cumulative release of pollutant (K,O,N,N,O,P,05,VOC)
during agriculture activity from 2020 average.
People Without Sanitation Access
Number of people in the basin that do not have access to sanitation in their household in a
specific year.
River Depletion
The River Depletion indicator in Figure 3 shows the difference between the minimum river
flow level (basin annual mean) and river flow of other scenarios, including the reference point of

the minimum environmental flow requirement. The reported value is the largest difference.

Modelling scenarios assumptions

The future scenarios considered in this article represent the technological and earth system
transformation pathway under given input data assumptions. In line with the scenario narratives
framing climate (Representative Concentration Pathways (RCP)) and human development trajecto-

ries (population, GDP, demand profiles for specific sectors from the Shared Socioeconomic Path-
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ways (SSP)) for this analysis we consider SSP2, also called *middle of the road’ and RCP 6.0,
which consider warming in 2100 up to three Celsius degrees [68, 69]. Other important assump-

tions in common among all scenarios are listed in Table SII]

Full results consultation and visualization

The results presented in this article explore only a small portion of the model outputs from our
scenario analysis. The ISWEL Nexus Basin Scenario Explorer hosted by IIASA provides access
to a database of all variables of interest, defined for each scenario and broken down to sub-basin
catchments spatial resolution (https://data.ene.iiasa.ac.at/nexus-basins/). The Sce-
nario Explorer is a versatile open access tool to browse, visualize and download data and results.

User can freely create a private workspace where customized plots can be saved and shared.

Data availability

Processed input data used for model runs that support the findings of this study, and associated
model code, is publicly available online (in the .RData format) at https://github.com/iiasa/
NEST. Raw data availability is in some cases subjected by third party restrictions. Data are however

available from the corresponding author upon request, upon third party permission, when applies.
Code availability

Model code updated to the scenarios described in this publication is also available for download
athttps://doi.org/10.5281/zenodo.4037884
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