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INTRODUCTION

“This is the beginning of a
conversation.”

So began the 2015 introduction to the 50
Breakthroughs study, when it was first published
as the technology backbone for the Sustainable
Development Goals (SDGs). Since then, the central
role of breakthrough technologies in achieving

the SDGs has become increasingly recognized—in
part because of a number of the 50 Breakthroughs
have come to life in very impactful ways, and in
part because a few unexpected breakthroughs are
promising to fundamentally upend conventional
pathways to technology-enabled progress.

We believe that the overall trajectory of technologies
in service of the SDGs is positive, albeit somewhat
slower than required to fully meet the 2030 targets.
Out of the b0 breakthroughs identified as essential
to achieving the SDGs, 10 have been developed

(for example, a low-cost smartphone, point-of-care
diagnostic devices for primary healthcare, and a
low-cost solar mini-grid system), and a number

of them appear to be on the way to reaching
meaningful scale within the next three to five years.

Judging by the current trajectory and the emphasis
on technology innovations, we project that at least
40 of the 50 breakthroughs will be developed by the
year 2030. However, fewer than 20 of them are likely
to reach the hundreds of millions (let alone billions)
of people needed to fully impact the SDGs. Still, 2030
is a somewhat artificial deadline, and overall it does
appear that a new generation of critical technologies
will come into service within the next decade or so.

As our chapter on Emerging Technologies
discusses, we believe that the gene-editing tool
CRISPR has the potential to be a game-changer in
the 2030 timeline. Aerial imagery via drones and
low-cost satellites is another frontier technology
that is beginning to rapidly increase transparency
into issues like deforestation, mass atrocities and
similar events. It is now possible to have reasonably
affordable images of every point on Earth once a
day; over time, the spatial and temporal resolution
of such imagery will only increase, making it an
essential tool for many development tasks.

On the other hand, we believe Al and blockchain are
likely to have marginal impact in the foreseeable
future. Al will not live up to the hype—at least in the
2030 timeline—because there simply isn't enough
robust data about issues affecting low-income
communities to utilize advanced Al.

Perhaps the most promising sign that technological
advancement is going hand-in-hand with human
development, is the investment that many emerging
economies are making in their local technology and
innovation ecosystems—from fostering research
capabilities in their universities, to promoting
partnerships between local companies and global
technology corporations.

When we first published the 50 Breakthroughs in 2015, we hoped it would serve as a helpful
guidepost to institutions and individuals seeking to make a difference in human development
through the power of technology. We are grateful that it has become a pillar of the technology-

for-good ecosystem. We are particularly grateful for the UN Commission on Science and
Technology for Development for recognizing the study as a cornerstone of the global effort to

achieve the SDGs.
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WHAT IS A BREAKTHROUGH?

Breakthrough technologies refer

to those innovations that will help
solve the most critical human
development challenges, and are
dramatically different from existing
technologies in industrialized
settings.

Compared to current technologies, they are
available at a fraction of the cost, requiring only a
fraction of the energy, significantly less reliant on
technical skills to operate, not needing elaborate
infrastructure, and being generally robust and low-
maintenance.

Such breakthrough technologies do not currently
exist (at least not in the right configuration of cost
and usability), or have recently entered the market in
small scale. They will require serious science, robust
engineering and inventive business models to enable
distribution, scale and sustainability.

Through the post-WWII history of efforts to alleviate
global poverty, a small number of breakthrough
technologies have had transformative impact.

For example, the polio vaccine has all but eradicated
a disease that was leading to life-long paralysis

of millions of people around the world. Another
example is high-yielding crop seed varieties

that launched the Green Revolution, which led to
agricultural self-sufficiency through much of Asia
and Latin America.

The 50 Breakthroughs study seeks to identify the
next generation of technologies that are needed
to continue human development advances for a
growing global population.

Vi
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GEOGRAPHIC FOCUS

The geographic focus of this study is sub-Saharan According to HDI data, the worst-off countries are
Africa and South Asia, primarily because poverty is in sub-Saharan Africa and South Asia. While our
concentrated in these regions. The map below shows focus throughout this study is on these two poorest
the various countries of the world, ranked in terms regions, poverty persists in other parts of the world
of the United Nations’ Human Development Index as well. Many of the technology solutions identified
(HDI), and grouped into population deciles. The HDI in this study are equally applicable outside of South
is @ composite metric that combines wealth, health Asia and sub-Saharan Africa.

and education, and serves as a general measure of
human development.

Human Development Index of countries, 2017
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NOTES ON METHODOLOGY

AND LAYOUT

Studies focused on future-facing topics have
traditionally relied on surveys of experts, using
approaches like the Delphi Method," a structured
iterative process of interviews and reviews. Early
in our study, we discovered two challenges with
such a process. First, the absence of a broad,
credible evidence base about what does and does
not work has led to entrenched opinions. Second,
such an approach would likely have led to a
laundry list of technologies or devices, rather than
a robust problem analysis that logically leads to
the breakthroughs required—agnostic to specific
technologies.

Hence, this study employs a six-part approach to
reach its conclusions:

1. Describe and analyze the five to 10 most
important contextual facts about the specific
problem.

2. ldentify the key challenges that have kept effective
solutions from becoming a reality.

3. ldentify, based on input from recognized topic-
specific experts, the most promising interventions
to overcome those hurdles.

4. Determine the dependence of each of these
interventions on: policy reforms, infrastructure
development, education and human capital
development, behavior change, access to
user finance, innovative business models, and
finally, the development of new breakthrough
technologies.

4. Focus on interventions with a significant
dependence on a breakthrough technology, and
identify the important parameters the technology
needs to fulfill. Based on the underlying technical
challenges, estimate the time-to-market by when
these breakthroughs may become deployable
products.

5. Finally, identify the most important hurdles to
sustainable, large-scale deployment, based on
many of the factors listed above (such as policy
reform and infrastructure), and score the difficulty
of deployment on a five-point scale: simple,
feasible, complex, challenging, and extremely
challenging. The purpose of this final analysis
is to encourage technologists and funders to
understand these deployment challenges before
making major investments in their work.

Each chapter is divided into three parts: Core Facts
and Analysis, Key Challenges, and Scientific and
Technological Breakthroughs.

The five-point scale and the complexity we ascribe
to each of the factors and constraints relevant to the
deployment of a particular technology are illustrated
in Table A. The lowest score (simple) is reserved for
cases when the particular constraint is not relevant
to deployment; the constraint is given the highest
score (extremely challenging) if it can be a serious
bottleneck to deployment. The aggregate score
reflects the overall degree of difficulty, considering
the collective weight of the individual constraints.
The methodology is clearly subjective. Exhibit A is a
sample of how we have illustrated the deployment
difficulty of each breakthrough across the study.
This particular sample highlights a challenging
breakthrough.

'The Delphi method is a structured communication technique, originally developed as a systematic, interactive forecasting method that
relies on a panel of experts who anonymously reply to questionnaires and subsequently receive feedback in the form of a statistical
representation of the ‘group response’, after which the process repeats itself. The Delphi method is based on the assumption that group
judgments are more valid than individual judgments. It was originally developed by the RAND Corporation in the 1950s to forecast the

impact of technology on warfare.

viil
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Table A

Challenging Extremely
Challenging

Low role of Regulated market Highly regulated Highly regulated
policy/regulation with supportive market with and controversial
policies policy changes changes required

required

Infrastructure

Dependent on Requires some Requires. Requires major

exi i moderate improvements to

infrastructure i improvements to infrastructure
infrastructure infrastructure

Human capital Low/moderate Moderate need to Requires high Requires national
need for human train a limited level of training scale training
capital number of people for large numbers programs
development of people

Access to user i inanci Moderate Significant Significant
finance financing needed, financing financing
viable mechanism required, limited required, no
available mechanisms identified
available mechanism

Behaviour change Minimal Moderate Major behaviour Significant
behaviour change behaviour change change required, behaviour change
required required with limited needed on daily

evidence of mechanisms basis, changes
behaviour change available contrary to
being viable cultural norms

Existing demand Existing demand Moderate demand Low demand, Extremely low
needs to be built demand or not a
percieved need

Market Fairly Moderate Fragmented Highly

fragmentation/ concentrated fragmentation of market, weak fragmented,

Distribution market and/or customers, distribution challenging to

channels. ‘well defined under-developed channels reach customers
channels channels.

Business model Deployment Deployment Deployment No identified
innovation model in process model(s) being model(s) being deployment
of scaling tested tested, major model, major
hurdles hurdles identified
outstanding

Exhibit A

Breakthrough: Difficulty of deployment

Extremely
Challenging

hallengin

Complex
Feasible

Simple

Policies Infrastructure Human Access to Behaviour Existing Market Business model
capital user finance change demand fragmentation/  innovation

Distribution
channels
|

L

r-———=4 —-—--- - o po= I
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! I
! I
|

market with policy
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need for human required Moderate fragmentation
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capital under-developed
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|
o development é é channels

Requires moderate Limited financing Existing demand Deployment model(s)
improvements to required being tested; major
infrastructure hurdles outstanding
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THE 50 BREAKTHROUGHS

Across the different topic areas covered in this study, we have identified 50 scientific and technological
breakthroughs that can substantially improve the lives of the poor, especially those living in South Asia and sub-
Saharan Africa. The 50 breakthroughs are numbered and listed in the order they appear in the report, and we
have not ranked the breakthroughs in order of importance.

A low-cost system for precision application of agricultural inputs, ideally
combining water and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate consequences including over-
exploitation of groundwater resources and over-application of synthetic fertilizers. In other regions like sub-
Saharan Africa, such transformation has not occured and there is under-utilization of groundwater resources
and ongoing nutrient mining of soils. There is need for a low cost, robust, scalable technology to precisely meter
and distribute irrigation water and fertilizer to field crops. This would allow farmers to apply the right amounts
of water and nutrients (not too much or too little) at the right time to maximize economic returns and reduce
nutrient loss. If made affordable, precision application systems for irrigation and fertilizers, calibrated to local
crop type and soil conditions, could be a very effective way to increase agricultural yields, while also reducing
negative impacts on the environment.

A very low-cost scalable technique for
desalinating brackish water

Desalination is increasingly used to provide household and industrial water in regions with scarce freshwater but
abundant salt water. Most current desalination facilities use seawater as feedwater and are powered by fossil
fuels. Seawater desalination technologies based on membranes, such as reverse osmosis, are approaching the
thermodynamic limits of efficiency and have limited opportunity for further improvement. In contrast, there are
large potential efficiency gains by using brackish water as feed. There are major opportunities for significant
reductions in brackish water desalination cost and energy use through innovative electrochemical or other
emerging techniques. Beyond households and industries, the introduction of very low-cost, high-efficiency
desalination of brackish water resources could enable sustainable irrigation in vast regions of the world, and
enhance resilience in areas facing aquifer salinization.

Network of low-cost distributed monitoring sensors to measure and map
air and water quality

Detection of environmental pollutants currently requires costly equipment and elaborate sampling protocols,
and provides only isolated snapshots of individual places, times and contaminants. To fully understand and solve
the problem of environmental pollution of air and water, a more fine-grained knowledge of exposure is required.
There is an urgent need for the development and widespread deployment of sensors that detect the levels of

the most significant pollutants affecting the air and water, and transmit that information to a platform where it
is validated and publicly displayed. Sensors will need to identify and measure a broad range of pollutants. Key
air contaminants to be measured include particulate matter, ozone and carbon monoxide, while essential water
contaminants include £. colj, salinity and arsenic. Though challenging, there is an important and growing need to
measure diverse chemical toxins from sources including industry, vehicles and agriculture.
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Sustainable, affordable, household-level fecal waste management
system

A large share of the population in rural and peri-urban areas of many low-income countries lacks access to
household toilets, and many others use substandard toilets. This poses serious health risks in the form of
diarrheal and other diseases. An effective household sanitation system must provide an initial hygienic separation
of the fecal waste, as well as prevent opportunities for secondary exposure to the fecal pathogens such as
surface and groundwater contamination. Ultimately, the fecal waste must be made harmless and definitively
disposed of. A wide range of on-site sanitation technologies have been developed, including pit latrines, pour-flush
pit toilets with septic tanks and leach pits, vermicomposting toilets, dry composting toilets, and anaerobic reactor
toilets. However, existing on-site sanitation methods fall short of completely containing and processing the
wastes. Despite our long experience accumulated with sanitation practices, there is a large gap for a sustainable,
affordable, decentralized, on-site sanitation solution for low-income households.

Medium- to large-scale sewage treatment process with recovery of water
(and ideally nutrients and energy)

Raw sewage discharged into water bodies is causing enormous health problems for downstream populations,
and the organic and nutrient loading has adverse environmental impacts. The quantities of wastewater generated
in major cities are enormous, thus reusing this water for other purposes is a major lever for enhancing water
security. Reusing wastewater brings two important benefits: less pollution entering water bodies, and less need
for freshwater withdrawals. To enable massive scale-up, novel sewage treatment technologies should be net
sources of resources, rather than sinks. Integrated sewage treatment allows the harvest of renewable sources of
water, energy or nutrients while disposing of a waste product. There is a great need for a low-cost, sustainable
and scalable sewage management process for deployment in fast-growing cities in developing regions. The

most appropriate method of treatment for wastewater will depend largely on the intended use of the recycled
wastewater and the scale of the treatment facility.

Low cost drilling technologies for shallow groundwater, which reduce the
cost to less than $100 per farmer

Less than b percent of farmland in sub-Saharan Africa is irrigated, despite the presence of extensive, renewable,
shallow groundwater. An important reason for this lack of irrigation is the relatively high cost of well drilling in
the region. Current well drilling technologies suffer from high cost, limited portability, slow drilling rate or limited
geologic suitability. To expand irrigation opportunities to rural populations facing economic water scarcity, a
drilling technology is needed that combines the speed and capability of powered equipment with the portability
and low cost of manual techniques. It should be comprised of lightweight, easily transportable components,

yet powered by a portable mechanized source. An affordable method to reach shallow groundwater will enable
widespread irrigation in sub-Saharan Africa, providing smallholder farmers with increased crop yields, the
possibility of cultivating during dry seasons and droughts, and the opportunity to grow high-value nutritious crops.
As with other irrigation solutions, it will be important to ensure that groundwater is used sustainably.

7 Affordable (less than $50), lightweight, energy-efficient,
solar-powered irrigation pumps

Currently available manual irrigation pumps are expensive and strenuous to use, especially for women farmers.
Motorized pumps available on the market are even more expensive, and the cost hurdle is compounded by the
recurring cost of diesel fuel. A solar powered pump that costs under $50, and pumps enough water for a typical
smallholder farm, could dramatically increase access to irrigation. Direct-drive photovoltaic solar pumping can
be quite efficient, as all harvested power is used for pumping and there is no need for batteries and associated
losses. Nevertheless, a significant barrier to the scale-up of PV-powered irrigation pumps is the high upfront cost
of PV systems, which are typically 10 times that of conventional pumps. Despite the very low operating costs of
solar irrigation pumps, the high capital cost leads to untenably-long economic payback times. Strongly reducing
cost, while ensuring reliable service, is thus essential. It will be important to ensure that groundwater is used
sustainably, since there is zero marginal cost for additional water pumping.

Xi
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New processes of nitrogen fixation that are less capital intensive than
current (Haber-Bosch) processes

Fertilizer factories that use the Haber-Bosch process, the only known scalable process for synthetic nitrogen
fixation, cost hundreds of millions of dollars to build, and must be located near a source of natural gas. As a
result, there are no fertilizer manufacturing plants in sub-Saharan Africa (outside of South Africa), and this
creates a cost burden for African farmers who must buy fertilizer from international sources. An ideal alternative
for nitrogen fixation will be significantly less capital-intensive, less energy-intensive, and will not require close
proximity to sources of natural gas or other extractive resources. The technology solution may be biological or
electrochemical or some yet-undiscovered method. Enabling nitrogen fixation closer to farms, or even on farms,
will reduce or eliminate fertilizer transport costs and enable widespread sustainable intensification of agriculture
in sub-Saharan Africa.

9 A low-cost, point-of-use device to evaluate soil nutrient content and
recommend tailored use of fertilizers for specific crops

Understanding exactly which type of fertilizer is needed, how much should be applied and at what stage of the
plant’s lifecycle, is critical for optimizing crop yields and maximizing returns on the farmers’ investment. A low-
cost device, with a simple user interface, for rapid chemical analysis of the soil—tailored to the crop, underlying
soil type, season and plant lifecycle—can prove extremely helpful in improving nutrient uptake, yield, and
eventually demand for fertilizer. Importantly, more precise knowledge of soil nutrient status would help avoid the
problem of over-application of fertilizers. This would improve the economics of farming, and would also greatly
reduce nutrient runoff which would protect watersheds and populations downstream from farm fields.

New generation of affordable herbicides that are specific to most
destructive weeds and are safe for humans

Weeds are a major cause of low farm productivity in both sub-Saharan Africa and South Asia. By aggressively
competing with crops for soil nutrients and water, weeds can cause losses of up to 30 percent. Herbicides are
the most widely used method of dealing with weeds in industrialized markets, but currently are too expensive for
smallholder farmers in developing countries, and usually make economic sense only for high-value cash crops.
Furthermore, most herbicides are non-specific, in that they can damage the crops in addition to the weeds. Novel
herbicides are needed that specifically attack the most destructive weeds in smallholder fields, but are harmless
to the crops. Such herbicides must be more environmentally friendly than herbicides currently available in most
markets, and be safe for human health.

Novel, low-cost, environmentally friendly pest control mechanisms
(chemical or spatial), specifically targeting the most destructive insectst

Insects and other pests reduce yields by up to 15 percent for smallholder farmers in Africa. While crop damage
is caused by numerous pests, a small number—borers, mealybugs, mites—cause a disproportionate share of
these losses. A new type of pest control method is needed, specific to the most destructive pests and without
negative effects on humans and the broader environment. A low-cost spatial repellent that irritates pests (for
example, based on particular sound frequencies) could be an effective and sustainable mechanism to protect
crops. Alternatively, a chemical-based pesticide would ideally be made from locally (or regionally) available agro-
ingredients, to help catalyze the development of a large number of less capital-intensive production facilities
closer to the market.
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Affordable (less than $50) off-grid refrigeration for smallholder farmers
and small agribusinesses

The absence of affordable refrigeration and electricity severely limits the ability of smallholder farmers to
produce, preserve and sell perishable commodities like vegetables, fruits, meat and dairy. While there are some
inexpensive refrigerators available in emerging markets, they still cost more than $100, need reliable electricity
and are difficult to repair once damaged. To serve the needs of rural, low-income farmers, refrigerators need

to be operable off-grid (like solar-powered), considerably less expensive than the current versions, and easy to
repair. Such technologies appear to be on the horizon, as a new generation of refrigerators using thermoelectric
technology is on the market, supplementing existing vapor-compression models. Nevertheless, current costs are
too high for mass adoption in low-income countries. A new kind of refrigerator that costs less than $50 and can
run on solar power will help smallholder farmers provide better nutrition for their families, and take high-value
commodities to market, thereby increasing their incomes.

12 Commercial scale, affordable and energy efficient refrigeration/cold-
Ml chain systems for agribusinesses and transport of food

The ability to transport food to markets while preserving its freshness will help farmers increase their incomes
from higher-value produce like vegetables, fruit, meat, and dairy products. Currently, the absence of refrigerated
cold-chain infrastructure, including storage and transportation, is one of the factors contributing to the lack of a
market for such commodities. Refrigerated trucks and cold rooms available on the market today are unaffordable
for small agribusiness entrepreneurs, and are generally inappropriate for conditions of unpaved roads and erratic
electricity supply found in low-income countries. In order to be useful in sub-Saharan Africa, refrigerated cold
chain equipment must be built for unpaved, remote terrain, and cost less than $5,000.

An affordable and portable toolkit for extension workers, which includes
a core set of devices for testing crop health, livestock health and quality
of produce

Extension agents can provide valuable training for farmers, helping them optimize yield and improve product
quality. However, most extension agents do not have the tools to perform many of the services farmers need. An
ideal extension worker toolkit should help them test soil and produce quality, identify pests and pathogens, advise
on irrigation and other on-farm equipment, and show videos or other instructional material to farmers. A similar
toolkit for veterinarians and livestock extension agents, including point-of-care diagnostics for major diseases,

a vaccine cooler, and other tools to provide on-farm care for animals, could significantly improve the health and
productivity of livestock.

A low-cost mechanism to preserve animal semen (including new
methods to produce liquid nitrogen or alternatives to liquid nitrogen)

Artificial insemination is an effective mechanism for breeding cattle and other animals, leading to significant
improvements in livestock health and productivity. Preservation and transport of animal semen requires
extremely low (sub 100 degree Celsius) temperatures, currently achieved only with liquid nitrogen. Nitrogen
liguefaction is very energy-intensive and expensive, yet there is no other proven mechanism to preserve a
particularly thermosensitive substance like animal semen. A new mechanism to preserve and transport animal
semen that avoids the costs associated with producing liquid nitrogen could lead to a greater adoption of artificial
insemination in Africa. This, in turn, can lead to major improvements in livestock health and farmer incomes.

Xil
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"4 Alternative meat production system that is affordable, desirable and
B environmentally sustainable

Large scale meat production is resulting in deforestation, polluted waterways and a host of other adverse
environmental effects. Alternative meat products are potentially healthier and more efficient alternative to
conventional meat, with lower use of land, water and agricultural inputs. One production approach, often called
substitute meat or meat analog, involves the conversion of non-animal biomass to have the characteristics of
actual meat. Another approach, often called cultured meat, cellular meat or in-vitro meat, involves the managed
growth of actual animal cells. An affordable, sustainable alternative meat production system could satisfy our
population’s growing meat demand with reduced environmental impacts and potentially increased nutritional
value.

17 New seed varieties that are tolerant to drought, heat, salinity and/or other
Bl emerging environmental stresses (ideally using cis-genetic modification)

Agriculture will face numerous stressors during the coming decades, such as droughts due to climate change,
salinization of farmland and groundwater, and basin-level limits to water supply. Conventional plant breeding
technigues are hard-pressed to develop crop varieties to accommodate such rapid changes. Genome editing
technigues such as CRISPR/Cas9 have the potential to create a new generation of crop varieties with tolerance to
worsening conditions of drought, heat and salinity. This type of cisgenic editing is proving to be less controversial
than transgenic modification, because the edited organisms could, in principle, have been created through
conventional breeding. Just as new seed varieties were critical to the Green Revolution in Asia and Latin America,
new varieties of seeds for essential crops (like maize, rice and wheat) that are tolerant to drought, heat, salinity
and other emerging environmental stresses will be necessary for agricultural development and food security in
the near future.

Smart electronic textbooks that dynamically adapt content for different
skill levels, languages and other user specific needs

Education for low-income students is fundamentally constrained by the absence of qualified teachers and
adequate instructional tools. Smart electronic textbooks with well-designed applications can be a powerful way
to compensate for systemic gaps in infrastructure, human capital and policy. As smartphones and tablets become
increasingly affordable and feature-rich, and as more of the world gets connected to the Internet, there is a
tremendous opportunity to leapfrog current education methods, and create new models of content development,
content delivery and instruction. Grade-specific smart electronic textbooks will require curated and up-to-date
content, ‘wiki" interfaces for vernacular and other locally relevant and gender-inclusive material, visual and
dynamic learning tools for students, interfaces and tools for teachers, student-teacher interaction and peer-to-
peer collaboration.

Affordable healthy homes that are resilient to extreme
weather events

19
The majority of the poor—particularly in urban areas—live in densely packed shacks made with found material,
which have very limited light or ventilation, and no running water or sanitation. The increased frequency and
intensity of extreme weather events is putting vulnerable communities at greater risk of losing their homes. A
breakthrough is needed to develop a functional and very low-cost housing system accessible to the global poor
that is resilient to extreme weather events. Improved materials together with improved architectural design are
required for robust, affordable, healthy housing that is environmentally and culturally compatible, and can scale-
up to meet global demand. Improving living conditions by reinventing the home for the poor can significantly
improve quality of life in low-income countries.
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A simple point-of-use, low-cost DNA-based rape kit capable of delivering
rapid results

One key hurdle in holding accountable the perpetrators of sexual violence is a lack of physical evidence, which
enables societal and interpersonal power dynamics to rule. Rape kits are becoming increasingly common in
higher income countries, that conduct DNA analysis of biological samples to match against potential perpetrators.
However, they require skilled technicians and a sophisticated, expensive laboratory. To be useful in low resource
or conflict settings, a rape kit is needed that is very low cost, usable off-grid and does not require much clinical
training to use. In addition, the analysis should be rapid, with the ability to digitize and transmit relevant data for
secure (presumably cloud-based) storage. While such a device can greatly support progressive legal efforts, its
actual utility would depend critically on actions of the broader judicial systems.

Low cost (less than $50) wearable, or otherwise easily concealable,
cameras with automatic geocoding and timestamps, capable of SOS data
preservation (such as via satellite)

The rapid proliferation and falling cost of digital cameras, especially those integrated into mobile phones, has
dramatically increased the number of human rights violations that are documented. This unprecedented level of
transparency has made perpetrators more likely to face justice, and would-be perpetrators more wary. Cameras
that are more inconspicuous and affordable, and equipped with geocoding and timestamp metadata on the time
and place where the images are captured, will likely lead to greater levels of documentation of human rights
violations. A particularly valuable feature for a wearable miniature camera would be the capability to preserve
data (for example, via one-time SOS satellite uplink), especially in a situation where the data may otherwise be
destroyed. Note that such technologies will cause legitimate privacy concerns.

Low-cost aerial vehicles to capture high-resolution imagery for use by
civil society groups, to document large-scale human rights violationst

Many large-scale human rights violations occur in the open, partly because perpetrators have no fear of
accountability. In recent years, satellites are being increasingly used to document large-scale destruction of
habitats such as villages and forests. However, continuous coverage of at-risk locations requires satellite data
that is currently not accessible to civil society groups; and neither is the imagery of high enough resolution to be
actionable. Low cost (under $100,000) satellites are now being developed, and may make focused monitoring
and documenting of violations more feasible. In addition, very inexpensive drones—increasingly available today—
can be a valuable tool for collecting detailed imagery. However, drones are typically deployable over a specific
location only after an incidence has taken place, and therefore more likely to be useful in contexts where there
are recurring violations.

22 Vaccines that can effectively control and eventually help eradicate the
B major infectious diseases of our time—HIV/AIDS, malaria, tuberculosis
and pneumococcus

Collectively, HIV/AIDS, malaria, tuberculosis and pneumonia kill more than five million people a year, and
represent a significant disease burden for low income populations in sub-Saharan Africa and South Asia. Effective
and affordable vaccines for these diseases do not exist yet due to the intrinsic complexity of the pathogens
causing them, and a lack of understanding of the specific mechanisms through which our immune systems
protect against these diseases. The process of vaccine development—basic research on disease etiology, vaccine
construction, pre-clinical and clinical testing—is technically challenging, expensive and time consuming.
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Microbicides to provide a method of protection for those who are
otherwise vulnerable to HIV/AIDS infection by their partner

Women are often limited in their ability to ensure that their sexual partners use condoms, particularly in places
with high rates of sexual violence and prevalence of polygamy. Specific high-risk populations, like sex workers
and transgender people, also find themselves restricted in their ability to use protection during sexual contact.
Vaginal or rectal microbicides, if effective, can be a viable alternative to condoms for controlling the spread of
HIV/AIDS and other sexually transmitted diseases. Ideally, microbicides would be discreet, easy to use, long-
lasting and easy to distribute.

PrEP (pre-exposure prophylaxis) to reduce the risk
of HIV infection

PrEP involves the use of antiretroviral therapy (ART) by those at a high risk for HIV infection to reduce the
possibility of contracting the disease. Although it is included as a preventive strategy in WHO HIV prevention
guidelines for high-risk populations, access and adherence to PrEP is challenging for certain populations. Newer
formulations and different delivery methods, such as a long-acting injectable PrEP or implants, can improve
adherence. In addition to the currently available Truvada, a large number of antiretroviral-based preventive
products are now in the pipeline, mostly in the pre-clinical stage. Next-generation strategies will use longer-
acting drugs, focusing on delivery methods that are not widely used for HIV treatment. However, despite early
encouraging signs, gaps remain in understanding the safety, effectiveness, and long-term implications of the
emerging suite of PrEP drugs.

Improved, longer-lasting antiretroviral therapy (ART) formulations to
control HIV viral replication and increase patient adherence

While access to antiretroviral therapy (ART) is improving globally, children and those living in rural areas with
poor infrastructure are still particularly disadvantaged due to the demands of the treatment and associated
costs and constraints. Reformulation of current ART drugs can improve ease of use, and in turn access,
especially for neglected populations. Improved and more effective drugs with simplified treatment regimens (like
single fixed-dose pill or easy to administer pediatric formulations) and reduced toxicity can help prevent
treatment interruption and increase patient adherence. Long-acting ARTs can go a step further by helping
reduce overall treatment costs. These improved treatments should be low cost, remain stable in high heat and
humidity, require few supportive technologies to deliver the treatment, and offer improved safety profiles to
allow use with minimal medical supervision.

Shorter course treatments for both drug-sensitive
TB and MDR-TB

Many challenges related to controlling TB are a function of long and demanding treatment regimens. Currently,
treating drug-sensitive TB with the typical cocktail of antibiotics takes more than 6 months. Drug regimens for
drug-resistant TB sometimes exceeds two years. In addition, some current drugs are not easily co-administered
with antiretrovirals for patients with TB-HIV co-infection. These drug challenges lead to high rates of non-
compliance, expensive delivery systems to provide treatment responsibly, and the growth of drug-resistant

TB. New drugs that can treat drug-sensitive TB over the course of weeks as opposed to months and years, will
dramatically alleviate many of the challenges of controlling TB. A short course drug can significantly increase
treatment adherence, and therefore also reduce the spread of drug-resistant TB.

27
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New generation of antibiotics capable of treating fast-mutating bacteria
like MTB and MSRA

Antibiotic resistance is reaching dangerously high levels in all parts of the world, with some of the most common
infections now becoming difficult to treat. This occurs when bacteria develop the ability to defeat the drugs

that are designed to kill them, making the drugs ineffective. Each year, hundreds of thousands of people die

from drug-resistant strains of common bacterial infections, and the number is increasing steadily. Antibiotic
resistance is a complex problem that is driven by many interconnected factors, and coordinated effort is required
to minimize its emergence and spread. Action on numerous fronts is needed, though there is a critical need for a
new generation of antibiotics that are effective against the bacteria that are resistant to current drugs. While there
are some new antibiotics in development, none of them are expected to be effective against the most dangerous
forms of resistant bacteria.

A single-dose complete cure for malaria

The majority of safe medications for malaria target the blood stage of the parasite, but not other stages of the
parasite lifecycle such as the gametocyte stage. The persistence of the gametocytes following treatment creates
a human reservoir of parasites, which remain viable for years in an otherwise asymptomatic and healthy person.
While this does not cause disease directly, it does pose challenges for malaria control and elimination. A single-
dose complete cure to eliminate all malaria parasites in the human body—both blood stage and liver stage and
both sexual and asexual—would represent a significant breakthrough in malaria control.

New long-lasting spatial mosquito repellents or attractants (chemical
and non-chemical) for vector control

There are great opportunities for novel spatial mosquito repellents or attractants for vector control and improved
health. Breakthroughs may be chemical-based or non-chemical, such as sound-based. It is unlikely that existing
chemicals will provide sustained control while limiting the development of resistance. New classes of long-lasting
chemical repellents are required and need to be delivered through novel mechanisms that are easy to use and
adopt. Delivery strategies must provide community-level protection. Control methods should be optimized for the
most lethal African vectors—Anopheles gambiae, A. arabiensis and A.funestus—but will ideally be effective
across all primary and secondary vector species. To be effective, the control method will need to be considered in
the broader context of the community and ecosystem, not just the individual household.

*PQ Integrated suite of digitally enabled primary care devices including point-
Ml of-care diagnostics, therapeutic devices and clinical operations

Currently, equipping a clinic to provide basic primary healthcare would cost in excess of $100,000, which is
clearly too expensive for low-income populations in the absence of adequate public funding. In addition, essential
medical devices are often difficult to install, complicated to use, and expensive to maintain. A digitally-integrated
suite of devices for primary care is needed, that includes point of care diagnostic devices for basic blood, urine
and vitals tests. It would also include therapeutic devices for common conditions, for example, warming,
phototherapy and oxygen concentration devices. It would also support clinical operations, such as sterilization
devices and refrigeration for thermo-sensitive pharmaceuticals. A power management system would be
integrated, including renewable energy supply where appropriate. A patient and clinic management platform is at
the core, and needs to be built using a provider and patient-centered design approach.

E Low cost, novel diagnostics for pneumonia

While the gold standard for diagnosis is through a chest X-ray, it is too costly for low- and middle-income
countries, thus pneumonia is currently diagnosed by a clinic consultation of symptoms. This makes it difficult
for care providers to identify whether a patient has viral or bacterial pneumonia or quickly determine the
infecting pathogen, which could help indicate the potential severity of the illness. While a urine-based diagnostic
for pneumococcus bacteria is now available, a diagnostic that can discriminate between bacterial and viral
pneumonia, and severe and non-severe pneumonia, is more technologically complex. Accurate diagnostics will
lead to improved patient outcomes, reduced medicine wastage, and lower risk of antimicrobial resistance.
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Low cost, off-grid oxygen concentrators

- .

Oxygen therapy is a valuable intervention for treating patients with severe pneumonia, but is seldom used in
developing countries, especially in rural areas. While various types of oxygen concentrators are available in
industrialized countries, these are expensive (over $1,000), require reliable power, regular maintenance, and
significant training for users. The oxygen concentrator needs to be redesigned to be less expensive, robust, easy
to maintain, and not dependent on grid power. An ideal system should include oximetry as part of the system.

Automated multiplex immunoassays that can test for a broader range of
diseases (compared to the current state) and are compatible with easily
collected sample types

Currently, a patient presenting a particular symptom, for example fever, needs to be tested for the range of
conditions that could cause the symptom—each with its own diagnostic—until a positive result is achieved.

Most rural clinics serving low income patients do not have the necessary diagnostics available to test the full
range of conditions linked to specific symptoms. As a result, some conditions are misdiagnosed, often resulting
in inappropriate treatment. One common problem is presumptive treatment, which happens often in the case

of malaria where the disease is endemic. Instead of being tested for the actual febrile illnesses they have,
patients are simply treated for malaria. Point-of-care immunoassays that can use different types of samples
(like saliva, whole blood, urine), and test for multiple biomarkers from a single patient sample, represent a major
breakthrough in diagnosis and patient care.

2L Point-of-care nucleic acid test (NAT) that is simple, robust, and

compatible with easily collected sample types

Nucleic acid tests (NATs) are a highly reliable method of detecting the presence of pathogens in a patient, by
detecting the presence of the pathogen's genetic material (DNA or RNA). This method can be used to accurately
quantify the level of infection, identify pathogen strains, and determine drug resistance profiles, which is essential
for diagnosing and treating diseases like TB and HIV. Currently, NATs are expensive and complex, and require
trained laboratory technicians. They are mainly used in hospitals and centralized laboratories. Low cost point-of-
care NATs represent a major breakthrough in disease detection. These tests should be compatible with simple
sample types (such as whole blood), rapid, user-friendly for minimally trained technicians, robust (despite high
heat and humidity), and not reliant on refrigeration, running water or stable electricity.

Affordable, home-use point-of-care diagnostics suite (blood, urine, vitals)
il for the common NCDs

Point-of-care testing is essential in low- and middle-income-countries given the paucity of trained care-providers
and lack of access to quality healthcare services. Lately, there has been a move towards integrating tests with
mobile applications due to ease of data capture, better user experience and wider adoption of smartphones.
These include both standalone mobile health applications and more integrated testing applications. Many of
these technologies have already been developed and commercialized in developed economies but are yet to find
adoption and successful commercial models for widespread adoption in developing economies. Low-cost point-
of-care devices for the common NCDs that take advantage of recent developments in biosensors, lateral flow
tests, and integrated or lab-on-a-chip technologies will be a crucial link to ensuring essential healthcare services
for all.

Affordable wearable technology with broader functionality for patient
adherence and monitoring of health status

37
Wearable devices (including implantable devices) can be worn by a consumer to capture and track basic health
and fitness data. Today most common wearables (like Fitbit and gogqii) track heart rate, blood pressure, breathing
patterns, physical activity and sleep levels. However, the next set of devices currently at prototype stage aim to be
able to collect data on blood glucose, cardiovascular disease risk and even cancer. The data collected can be used
to analyze the risk of specific non-communicable diseases by either providers or other healthcare ecosystem
players, monitoring at-risk patients and those diagnosed as well as track and improve patient adherence.
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Low cost off-grid refrigerators for preserving vaccines (and other
temperature sensitive pharmaceuticals) in remote settings

Vaccines and some other lifesaving pharmaceuticals are highly temperature sensitive, making it very difficult

to administer them in remote, low resource settings. Currently, most rural clinics have neither electricity nor
refrigerators, and cannot routinely provide vaccinations. The equipment used for vaccination outreach campaigns
in remote areas—insulated boxes with freezer packs—is highly ineffective; many vaccines freeze, others get too
warm, and outreach trips are limited to 1 or 2 days. A solar-powered vaccine refrigerator in the $500-$1,000
range will significantly improve the ability of remote clinics to immunize rural populations. A reliable, portable
‘passive’ cooling mechanism that is considerably less expensive (under $100) and can keep vaccines from either
freezing or getting too warm for several days, will also be very helpful.

PEY A thermo-stabilizing mechanism for vaccines and other temperature
sensitive pharmaceuticals

Many vaccines are thermosensitive, and need to stay between 2 and 8 degrees Celsius continuously, from the
point of manufacture to the point of administration. While a new generation of low-cost refrigeration technologies
can make progress on vaccine preservation, the long-term solution is to obviate the need for refrigeration
altogether. This can be done by making the pharmaceuticals thermostable, through stabilizing additives, novel
molecular formulations, or other means. While a number of promising technologies are in the early stages of
development, none has been extensively field tested, or proven applicable to the full set of essential vaccines.

A new generation of wireless broadband network technologies that
radically cut the cost of expanding coverage to rural areas

Even as the penetration of mobile phones, tablets and other computing devices increases, their usefulness
depends on the availability of broadband connections. Expanding access to rural areas is challenging—
populations are less dense, further from main networks, and have lower purchasing power. Instead of the
traditional network infrastructure used for broadband connectivity (meaning, blanket coverage with many
adjacent cells each supported by a base station), a new set of network technologies is required. This could include
low/medium altitude satellites, other aerial devices, and innovative use of unused portions of the radio frequency
spectrum.

Affordable (less than $50) smartphones that support full-fledged internet
services and need limited electricity to charge

The recent penetration of mobile phones across the broader developing world has been nothing short of dramatic.
However, there remains a pronounced discrepancy in access to, and use of, communications technology between
industrialized and developing countries. Most low-income people, if they have a phone at all, use basic phones
which do not offer advanced functionality beyond voice and SMS text. For true digital inclusion, we believe that
smartphones—with their ability to exchange information via a range of modalities (like touchpad, voice-driven
control and various ports), and their ability to support a wide array of Internet-based services—are essential.
Unfortunately, today's smartphones are too expensive for low-income users.

Productized biometric ID systems, linking birth registry, land title
registry, financial services, education history, medical history, and other
information critical for ICT enabled services

Individuals born in industrialized countries have formal IDs, which are linked to a range of services vital to their
wellbeing and empowerment, and are an intrinsic part of their day-to-day lives. ID systems are inadequate in
most developing countries, in part due to the absence of the institutional framework necessary for issuing and
using IDs for individuals. This is one of the reasons why a majority of citizens in many low-income countries
operate in informal economies, cannot assert all the rights they are entitled to, and cannot hold their
governments accountable for services. Biometric technologies can enable developing countries to bootstrap ID
systems, empowering individuals to assert ownership of land and other assets, have accurate medical,
educational and financial histories available to service providers, and truly become part of formal economic
structures. Stringent safeguards are required to ensure privacy, and to protect individuals from being targeted by
repressive regimes.
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A standardized, solar mini-grid system that makes it simpler, cheaper
and faster to set up and operate mini-grids

Currently, setting up mini-grids in rural areas is time consuming, complex and costly, due to weak and fragmented
supply chains, poor roads, a lack of skilled workers, and the absence of integrated components. The solution

is a standardized ‘utility-in-a-box’, a bundled package of mini-grid components that can be easily integrated

and installed, and whose parts work seamlessly, making operations simpler. Such a system should include

all the essential components of a decentralized renewable energy mini-grid for generation, storage and grid
management. Standardization and self-help tools for installation, 0&M and troubleshooting will be key. This would
make mini-grids much more attractive to both service providers and investors, and significantly reduce barriers
to expansion. In short, it would make the business of running rural mini-grids more profitable and less risky.

Appliances for household use and income generation that are significantly
more affordable and energy-efficient than those on the market

For electricity to have an impact on development and quality of life, users need a range of amenities and services.
This requires electrical appliances for reducing manual workloads, physical discomfort and health hazards, and
increasing the productivity of income generating activities and enabling digital inclusion. There has been a
proliferation of devices such as portable solar powered lights and mobile phone charging kits, but a suite of larger
appliances like refrigerators, televisions, fans and irrigation pumps are required to contribute substantially to
human development. Nevertheless, even if such appliances were currently affordable, the cost of powering them
would exceed the energy budget of low-income users, hence the energy efficiency of the appliances also must be
increased significantly. While affordability may be achieved by mass production, energy efficiency will likely be
driven by technological advancements.

New electricity storage technologies that can be used for decentralized
mini-grids, which provide improved performance at a cost approaching

that of lead-acid batteries

Bulk storage for backup power and load balancing is crucial for reliable electricity in decentralized mini- grids,
especially renewable energy ones, where supply (sun, wind) is intermittent. However, storage technologies

that can be applied at mini-grid scale are not commercially available at the desired cost and performance. The
current standard—lead acid batteries—is the most affordable, but faces serious performance limitations causing
early degradation of battery capacity, especially at high ambient temperatures. Lithium ion batteries present

a promising alternative, but even with rapidly declining costs, they are still too expensive for mass adoption in
mini-grids. Alternative and emerging battery technologies, like sodium sulfur and flow batteries, are still pre-
commercial and need significant cost and performance improvements.

Advanced biomass cookstoves that are desirable, affordable, robust and
very clean

Lé&

Household air pollution caused by cooking with fuels like wood, straw and dung causes millions of deaths

each year due to respiratory and cardio-vascular diseases. Today, more households currently use solid fuels

for cooking than at any time in human history, due to growing population size. A number of cookstove
improvements have been made. However, due to the non-linear exposure-response function, substantial
reduction in emissions from current improved stoves brings only a modest decrease in health risk. To effectively
eliminate associated health risks, emissions must be reduced much further than is possible with current
biomass stove designs. In addition to having low pollutant emissions, an effective advanced biomass cookstove
must be durable, low-cost and low maintenance. Critically, it must be compatible with traditional foods and
cooking styles, and be desired by the users.
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L Novel ways of converting household or village waste products into clean
cooking fuel or electricity

Although gas and electricity are clean cooking fuels, their usage remains low in rural due to the high
infrastructure cost and logistical challenges. Decentralized production of biogas by means of anaerobic digestion
of organic materials such as manure and crop waste is an established practice, but is used by only a small
fraction of households. While clean cooking fuel is lacking in rural regions, many areas have abundant organic
waste materials such as human waste, animal waste, crop residue or household garbage. A breakthrough is
needed in the form of an affordable, robust process to convert diverse organic waste products into clean and
reliable gas or electricity for cooking. In principle, this could be achieved by various conversion routes, such as
biochemical, thermochemical or electrical. Such a process would not only provide clean cooking fuel, but would
safely dispose of waste products and result in cleaner surroundings.

A mechanism to remove particulate emission from old trucks and other
heavy-duty vehicles

Particulate emission from old heavy-duty vehicles like trucks and buses are a major source of outdoor air
pollution in low-income countries. This is due to the large number of operating older vehicles coupled with poor
vehicle maintenance, inadequate infrastructure and low fuel quality. Existing heavy-duty fleets are likely to
continue operating for many years, due to the inherently slow turnover of vehicle fleets and the limited economic
means to obtain cleaner replacements. There is a need for a robust, low-cost device that can be retrofitted

onto old heavy-duty diesel vehicles to reduce particulate matter exhaust. This engineered solution must be
inexpensively produced—less than $1,000—with simple retrofitting onto existing fleets of trucks and buses.

LY Small-scale waste incinerators with efficient combustion and clean
! emissions

The challenge of urban waste management remains unmet in many cities in low- and middle-income countries.
Mounds of household rubbish often accumulate uncollected, spreading disease vectors and increasing health
risks. Facing the lack of centralized waste management, households typically burn their garbage in uncontrolled
open-air fires, leading to emission of particulate matter, volatile organic compounds and other toxins, with serious
adverse health impacts on residents. An important lever to solve the solid waste problem in low-income cities

is well-engineered, appropriately-sized incineration plants that safely combust household waste. Breakthrough
designs will be needed to ensure consistently safe air emission levels, even with diverse input materials. Siting

of multiple small-scale incineration plants will facilitate collection of waste at local disposal centers. Mobile
incinerators moved between collection points may allow higher capacity utilization and improved economics.

m Low cost (under $500) electric vehicle for family transport

Affordable personal and family transport has been a critical component of improving productivity and quality-
of-life for large portions of the global population. Yet, for most of the rural poor, especially women, walking long
distances and carrying heavy loads remains a daily reality. While global scaleup of conventional fossil-fueled
vehicles is untenable due to climate and air pollution concerns, mass adoption of electric vehicles powered by
distributed renewable energy would be a transformative example of sustainable development. Several promising
low-cost vehicles (like three-wheeled solar and electric rickshaws) are becoming available in the $500-$1,000
range, although the full system including power charging is currently more expensive.
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BREAKTHROUGH HEATMAPS

Beyond the list of breakthroughs, there are a number of important questions that warrant discussion: Are there
any quick wins? Which breakthroughs have the most difficult path to impact? Which of these are commercially
attractive for profit-seeking businesses, and which are important public goods without commercial prospects?
What are the most appropriate funding mechanisms for these breakthroughs? How can various governments,
funders and other institutions shape their agendas to enable the realization of these breakthroughs?

Some of these issues are discussed below and others will need to be part of the ongoing conversation this study
hopes to spur. To that end, the following groupings—matrices—of the breakthroughs may be helpful.

Matrix A: 50 Breakthroughs funding model assessment

Matrix A analyzes the funding models appropriate

to each of the breakthroughs, based on their
commercial attractiveness. The vertical axis shows
the projected time to market, as a proxy for the
breakthrough's technical difficulty and the amount
of funds required. Along the horizontal axis, it groups
them into four categories.

Some technologies (left column, red color) can
have significant social impact, but will not (and
should not) earn profits. The only mechanism for
these technologies to materialize is through grant
funding.

In many cases, technologies and products will
(and should) be commercially sustainable in the
long run, but the seed R&D capital may not be
recouped. These are ideal for early-stage grants to
lay the platform. These are identified in the second
column from the left, in orange color.

m Some of the identified technologies will have an

attractive market in developing countries (third
column, yellow color). However, the profits will not
be attractive enough for investors motivated to
maximize commercial returns. These represent
very promising investments for funders focused
on profitable ventures in emerging markets.
Philanthropic grant capital may not be appropriate
for these technologies, because such funding often
does not require adequate rigor on sustainable
deployment models.

m Technologies that have attractive commercial

prospects in industrialized markets, as well as

in developing country markets (right column,
green color). In all likelihood, there are ongoing
investments to take advantage of these
commercial opportunities. This space represents
fertile territory for funders seeking to invest in a
true ‘double-bottom-Lline’.
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Matrix A: 50 Breakthroughs funding model assessment

20. Rapid and 8. New nitrogen fixation process
simple DNA-based § 15. Animal semen preservation method
2 rape kit 23. Vaccines for major infectious diseases
» 27. Shorter course treatments for TB
29. Single-dose complete malaria cure
3. Sensors for air 1. Precision irrigation and fertilization 13. Cold-chain system for 26. Improved antiretroviral
o and water quality 2. Brackish water desalination agribusiness therapy
-_g 11. Insect pest control method 48. Particulate removal from old = 28. New generation of
c 19. Affordable and resilient homes trucks anitbacterials
= 24. Microbicides against HIV/AIDS 39. Thermo-stabilization for
8 30. Mosquito repellents or attractants vaccines
— = E. 33. Off-grid oxygen concentrators
'a E’, = 34. Automated multiplex immunoassays
3 = 35. Point-of-care nucleic acid test
&g 46. Advanced biomass cookstoves
@ % 47. Converting waste to clean cooking fuel
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g O 10. Safe and effective herbicides 12. Small off-grid refridgerator NCDs
'; c s 14. Agriculture extension toolkit 50. Low cost electric transport 37. Wearable health
] -S & 17. Stress tolerant seed varieties vehicle technology
= 9 32. Low cost diagnostics for pneumonia
- !5 38. Off-grid vaccine refridgerator
>
§ . 42. Productized 40. Expanded wireless 18. Smart electronic textbooks
o & biometric ID broadband network 21. Cameras with data
g systems preservation
4. On-site household sanitation solution 6. Shallow groundwater drilling 16. Alternative meat production
5. Sewage treatment and water reuse 41. Affordable full-featured 22. Low-cost aerial platform for
E 31. Digitally-enabled primary care devices | smartphones imagery
& 43. Standardized solar mini-grid | 25. PrEP (pre-exposure
E system prophylaxis)

Non-commercial
(unprofitable)

Potentially attractive for emerging

markets, but requires derisking
(sustainable)

44, Affordable and efficient

appliances

Attractive for emerging markets

(lower profits)

Commercial potential

45. Electricity storage
technologies

Attractive for industrialized

markets (high profits)
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Matrix B: 50 Breakthroughs technical and deployment challenges

Matrix B assesses the challenge landscape of the
breakthroughs, comparing their technical and
deployment difficulties. The vertical axis again
shows the projected time to market, as a proxy

for the breakthrough's technical difficulty and the
amount of funds required. The horizontal axis shows
the difficulty of deployment of the breakthroughs
once they are market ready. Based on this analysis,
there are four categories.

® The relative quick wins (bottom-left of the matrix,
in green color), which are market-ready or appear
to be on the horizon from a technical point-of-
view, with relatively achievable deployment
models. It is important to note that categorizing a
breakthrough as a quick win does not mean that
it is guaranteed to happen. It simply suggests
that anyone wishing to invest effort or funds into
a problem with a likelihood of relatively quick
results should consider this set of issues.

® Problems that have significant technical hurdles
(top left of the matrix, in yellow color), but with
seemingly surmountable deployment challenges.
In such cases, once the technology problems are
solved, there is a good chance that they will lead
to impact.

m Problems with market-ready or seemingly

imminent technical solutions (bottom right of

the matrix, in orange color), but with significant
barriers to deployment. The biggest risk facing
current projects attempting to address these
issues, is that there will be excessive focus on the
technical solution without an appreciation of the
deployment challenges.

Issues that face major hurdles on both the
technological and deployment fronts (top-right

of the matrix, in red color). These represent

the most difficult challenges in the technology-
for-development space. For those investing

in technologies to address these issues, it is
important to be equally demanding of solutions to
deployment hurdles.
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Matrix B: 50 Breakthroughs technical and deployment challenges

23. Vaccines for major
infectious diseases
27. Shorter course

8. New nitrogen fixation
process
15. Animal semen preservation

% treatments for TB method
29. Single-dose 20. Rapid and simple DNA
complete malaria cure based rape kit
26. Improved 2. Brackish water desalination 1. Precision irrigation and 11. Insect pest control method
o antiretorviral therapy 3. Sensors for air and water quality fertilization 13. Cold-chain system for
-_g 28. New generation of 19. Affordable and resilient homes 24, Microbicides against HIV/AIDS agribusiness
c anitbacterials 30. Mosquito repellents or 34. Automated multiplex
= 39. attractants immunoassays
g Thermo-stabilization 33. Off-grid oxygen concentrators 35. Point-of-care nucleic acid
—_ .= = for vaccines 46. Advanced biomass cookstoves test
2 3— = 47. Converting waste to clean
g0 cooking fuel
S 48. Particulate removal from old
= T
@ © trucks
< > 49. Small scale waste incinerators
o=
E o
[of =
Q E 7. Solar-powered irrigation pump 9. Soil nutrient analysis kit 10. Safe and effective
§ e 14. Agriculture extension toolkit 12. Small off-grid refridgerator herbicides
'; = ° 36. Home-use diagnostics for NCDs 17. Stress tolerant seed varieties
i ﬁ ) 37. Wearable health technology 32. Low cost diagnostics for
x 9 50. Low cost electric transport vehicle pneumonia
=l !6 38. Off-grid vaccine refridgerator
«
>
é 21. Cameras with data preservation 18. Smart electronic textbooks
s 3 40. Expanded wireless broadband
% network
42. Productized biometric ID systems
- 41. Affordable full 25. PrEP (pre-exposure prophylaxis) 4. On-site household sanitation 31. Digitally-enabled primary
i‘_’ featured smartphones 43. Standardized solar mini-grid system solution care devices
E 44, Affordable and efficient appliances 5. Sewage treatment and water
c 45. Electricity storage technologies reuse
- 6. Shallow groundwater drilling
16. Alternative meat production
22. Low-cost aerial platform for
imagery
Feasible Complex Challenging Extremely Challenging
Difficulty of deployment
B Potential W Primarily W Breakthroughs appear W The most difficult challenges;
quick wins technology imminent; innovative business very complex technologies and
challenges models need to be developed daunting deployment hurdles
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Matrix C: Development Stage of the 50 Breakthroughs

Matrix C shows the current development stage of Some breakthrough technologies are now market
each breakthrough. Some of the breakthroughs ready, but with small production levels and tenuous
are at the initial research and development stage, presence. Few of the breakthroughs have achieved
where foundational work is still required. Other large-scale presence in the market.

breakthroughs are at the engineering and prototype
stage, building on earlier discoveries and developing
viable products.

Engineering/ Early In market

Breakthrough Prototype in market at scale

1. Precision irrigation and fertilization

I I
2. Brackish water desalination T T
3. Sensors for air and water quality T T

4. On-site household sanitation solution

5. Sewage treatment and water reuse —'_'_. T

6. Shallow groundwater drilling

7. Solar-powered irrigation pump —'_. T T

8. New nitrogen fixation process —. T T T

9. Soil nutrient analysis kit ﬁ T T

10. Safe and effective herbicides

q
11. Insect pest control method —. T T

12. Small off-grid refrigerator

13. Cold-chain system for agribusiness —'_. T T

14. Agriculture extension toolkit

15. Animal semen preservation method —- T T

16. Alternative meat production —'_'_. T

17. Stress tolerant seed varieties

18. Smart electronic textbooks ﬁ T T

19. Affordable and resilient homes

20. Rapid and simple DNA-based rape kit —. T T T

21. Cameras with data preservation ﬁ T T
22. Low-cost aerial platform for imagery ﬁ T

23.Vaccines for major infectious diseases —- T T T
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Matrix C: Development Stage of the 50 Breakthroughs

24,

25.

26.

27.

28.

29.

30.

31.

32.

33,

34.

8.

36.

37.

38.

39.

40.

47,

42.

43.

Lh,

45,

46.

47.

48.

49.

50.

Breakthrough

Microbicides against HIV/AIDS

PrEP (pre-exposure prophylaxis)
Improved antiretroviral therapy
Shorter course treatments for TB

New generation of antibacterials
Single-dose complete malaria cure
Mosquito repellents or attractants
Digitally-enabled primary care devices
Low cost diagnostics for pneumonia
Off-grid oxygen concentrators
Automated multiplex immunoassays
Point-of-care nucleic acid test
Home-use diagnostics for NCDs
Wearable health technology

Off-grid vaccine refrigerator
Thermo-stabilization for vaccines
Expanded wireless broadband network
Affordable full-featured smartphones
Productized biometric ID systems
Standardized solar mini-grid system
Affordable and efficient appliances
Electricity storage technologies
Advanced biomass cookstoves
Converting waste to clean cooking fuel
Particulate removal from old trucks
Small scale waste incinerators

Low cost electric transport vehicle

Engineering/
Prototype

Early

R&D in market

In market
at scale

T
I AE— T
il T T T
i T T T
i T T T
i T T T
— I I
—_— T
i T T T
i T T T
i T T T
—i T T
—— T T
— I I
—i T T
i T T T
— | |

————— -
———————— ]
I B E— J
—— T T
— I I
i T T T
i T T T
——l T T
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Matrix D: 50 Breakthroughs and the Sustainable Development Goals

Matrix D maps the 50 breakthroughs to the 17 Sustainable Development Goals, showing the most relevant
associations.

2. Brackish water desalination
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1. Precision irrigation and fertilization . .

3. Sensors for air and water quality

4. On-site household sanitation solution

5. Sewage treatment and water reuse

6. Shallow groundwater drilling

7. Solar-powered irrigation pump

8. New nitrogen fixation process
9. Soil nutrient analysis kit
10. Safe and effective herbicides

11. Insect pest control method

12. Small off-grid refrigerator

13. Cold-chain system for agribusiness
14. Agriculture extension toolkit

15. Animal semen preservation method
16. Alternative meat production

17. Stress tolerant seed varieties

18. Smart electronic textbooks . .

19. Affordable and resilient homes

20. Rapid and simple DNA-based rape kit
21.Cameras with data preservation
22. Low-cost aerial platform for imagery

23.Vaccines for major infectious diseases

24. Microbicides against HIV/AIDS
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Matrix D: 50 Breakthroughs and the Sustainable Development Goals

25.

26.

27.

28.

29.

30.

31.

32.

33,

34,

35,

36.

37.

38.

39.

40.

4

42.

43.

4b,

4

o1

4

@~

47.

4

o

49.

~O

50.

Breakthrough

PrEP (pre-exposure prophylaxis)
Improved antiretroviral therapy
Shorter course treatments for TB

New generation of antibacterials
Single-dose complete malaria cure
Mosquito repellents or attractants
Digitally-enabled primary care devices
Low cost diagnostics for pneumonia
Off-grid oxygen concentrators
Automated multiplex immunoassays
Point-of-care nucleic acid test
Home-use diagnostics for NCDs
Wearable health technology

Off-grid vaccine refrigerator
Thermo-stabilization for vaccines
Expanded wireless broadband network
. Affordable full-featured smartphones
Productized biometric ID systems
Standardized solar mini-grid system
Affordable and efficient appliances

. Electricity storage technologies

. Advanced biomass cookstoves
Converting waste to clean cooking fuel
. Particulate removal from old trucks
Small scale waste incinerators

Low cost electric transport vehicle

1. No poverty

2.No hunger

| R

4. Education

5. Gender equality

Sustainable Development Goals

6. Water and sanitation

7. Energy

8. Jobs and growth

9. Industry and infrastructure

10. Reduce inequality

11. Sustainable cities

12. Responsible consumption

13. Climate action

14. Life below water

15. Life on land

16. Peace and justice

17. Partnerships
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WATER SECURITY




OVERVIEW

Water is one of the world’'s most

critical natural resources. Essential
for every form of life on the planet,
it is also a key input for agriculture,
industry and household livelihoods.

By all accounts, the world is facing a multi-faceted
water crisis: depletion of groundwater stocks,
shrinking bodies of surface freshwater, pollution
of sources of drinking and household water, rising
sea levels and acidification of ocean water, among
others.

While there are many specific issues constituting
this global water crisis, our study focuses

narrowly on the issues impacting the health, lives
and livelihoods of the global poor in developing
countries. As such, this study does not discuss other
important water-related challenges, such as damage
to ecosystems and water scarcity in industrialized
countries.

Exhibit 1 shows a time series estimate of global
human water use by sector since 1900. Total
global water withdrawals have increased steadily
during the past century. Around the world, humans
withdraw a total of about 4,000 cubic kilometers of
water from surface and groundwater sources each
year (Wada, et al., 2016). This amount is roughly
equal to the volume of Lake Michigan, one of the
Great Lakes.

Irrigation is the dominant water use sector, with
current global withdrawals of over 2,800 cubic
kilometers per year, having more than doubled in
the last 50 years. Water withdrawals for industrial
use has more than tripled in the last 50 years,

now accounting for 950 cubic kilometers per year.
Domestic water withdrawals have increased more
than fourfold, now standing at 450 cubic kilometers
per year. Water use by livestock has also increased,
but is a relatively minor 20 cubic kilometers per
year.

Global freshwater withdrawals, 1900 to 2010
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Exhibit 1: Total global water withdrawals have increased steadily during the past century. Irrigation is by far
the largest single use of water, followed by industrial and household uses. (Source: Wada, et al., 2016)
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1. Usage of water varies
significantly between industrialized
and developing countries and

also between different developing
regions of the world

Many of the challenges related to water for
developing countries are different from those facing
industrialized countries. Not surprisingly, there

are also some significant differences between

the challenges in South Asia and those in sub-
Saharan Africa, due to population density, the
relative differences in development and the impact
of intensified agriculture launched by the Green
Revolution in South Asia (Spielman & Pandya-Lorch,
2009).

There is an important distinction between water
withdrawal and water consumption: Water
withdrawal (often simply called “water use”) is

the total volume of water that is removed from

a source such as a lake, river or aquifer, while
water consumption is the volume of withdrawn
water that is not eventually returned to the original
water source. Water that is consumed is no longer
available because it has evaporated, been transpired
by plants, incorporated into products or crops or
otherwise removed from the immediate water
environment.

The difference between water withdrawal and
consumption is water return flow, which is water
that is withdrawn and used and is then returned

to its original source. Return flows—examples of
which include domestic sewage water contaminated
by fecal matter and irrigation runoff water that is
contaminated by fertilizer and pesticide residues—
are often of lower quality than the originally
withdrawn water.

Of the total global water withdrawal of 4,000 cubic
kilometers per year, about 48 percent, or 1,900 cubic
kilometers, is consumed (Wada, et al.,, 2016). Of the
irrigation water withdrawal of 2,800 cubic kilometers
per year about 50 percent, or 1,400 cubic kilometers,
is consumed. Of the industrial water withdrawal of
950 cubic kilometers per year only 32 percent, or
300 cubic kilometers, is consumed. Of the household
water withdrawal of 450 cubic kilometers per year,
44 percent, or 200 cubic kilometers, is consumed.
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Exhibit 2 shows the amount of water withdrawn in
different regions of the world (FAO 2018). South Asia
withdraws the most water (24 percent), followed by
East Asia and the Pacific (19 percent) and Northern
America (12 percent)." However, on a per capita
basis, Northern America is the largest user of water,
withdrawing almost 1,300 cubic meters per person
per year.

South Asia uses one-third of that and sub-Saharan
Africa uses less than 10 percent of Northern
American per capita withdrawals. Global average
freshwater withdrawal is 512 cubic meters per
capita per year.

Freshwater withdrawals by region

Global freshwater withrawals
(percent of total)

East Asia & Pacific
19

South East Asia
10

South Asia
24

Middle East & North Africa
10

Sub-Saharan Africa
3

Latin America & Caribbean
9

Northern America
12

Europe & Central Asia
13

Per capita freshwater withdrawls
(cubic meters per person per year)
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Exhibit 2: On a per capita basis, citizens of Northern America withdraw the most water in the world, people
in sub-Saharan Africa use less than 10 percent of that, and usage in South Asia and other regions falls in
between. In aggregate, however, South Asia withdraws the most water, followed by East Asia and the Pacific
and North America. Sub-Saharan Africa withdraws only 3 percent of the global water supply. (Source: FAQ,

2018)

'Note that different agencies collect and report statistical data in different geographic aggregations. In this chapter, the term “Northern
America” refers to Canada and the United States, and in this context Mexico is included in “Latin America & Caribbean”. When the term
“North America” is used, it refers to Canada, United States and Mexico, and Mexico is then not included in “Latin America & Caribbean”.
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Exhibit 3 shows the purposes for which water is In Africa and Asia, on the other hand, agricultural
withdrawn in different regions of the world (World irrigation accounts for the largest use of water.
Bank, 2017). In high-income regions (e.g., Europe

and North America), about half of water withdrawals

is used for industrial purposes, particularly energy

production.
Freshwater withdrawals for agricuttural, industrial and household use
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Exhibit 3: Globally, about 70 percent of water is withdrawn for agriculture, driven heavily by developing
countries. In developed countries, a smaller fraction is withdrawn for agriculture and more is for household
and industrial applications. (Source: World Bank, 2017)
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2. The primary sources of water
vary between regions, based on
both geophysical and economic
constraints

Populations draw water from sources that are most
easily accessible to them. The two main sources
for freshwater are underground aquifers (known as
groundwater) or lakes, rivers and other reservoirs,
known as surface water. Typically, the easiest way
to access water is from nearby surface sources. As
a result, 75 percent of water used around the world
is from lakes, rivers and other surface water bodies
(Exhibit 4).

The rest comes mostly from underground aquifer,
and a negligible amount (0.2 percent) is drawn
from desalination of brackish water or seawater.
Industrialized countries rely on surface sources for

70 to 80 percent of their water, largely with extensive
infrastructure involving dams, reservoirs, canals and

pipes for distribution.

In South Asia, the Green Revolution (Spielman &
Pandya-Lorch, 2009) and the subsequent intensified
agricultural practices have led to a heavy reliance on
groundwater, with mechanized pumps being used to
draw the water to farms.

In sub-Saharan Africa, on the other hand, the
absence of comprehensive agricultural development
programs has limited construction of wells and
access to irrigation systems, thereby restricting local
groundwater use. As a result, more than 90 percent
of what little water is withdrawn in sub-Saharan
Africa is from surface sources (FAO, 2018).

Sources of water in different regions
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Exhibit 4: Globally, 75 percent of water used for various human activities is withdrawn from surface
sources (rivers, lakes and reservoirs). Surface sources account for 92 percent of all water used in sub-
Saharan Africa and 61 percent, a relatively lower share, in South Asia. (Source: FAQ, 2018)
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3. Various regions of the world face
different combinations of three
water-related stresses: physical
scarcity, economic scarcity and
quality

Over the past few decades, population growth,
agricultural development and broader economic
development have led to a significant increase in
water use. Consequently, this has placed stress on
available renewable water sources. South Asia is
facing a particularly dire shortfall. The per capita
renewable water supply in the region is a fraction
that of other areas that depend primarily on
agriculture (Exhibit 5).

Only the Middle East and North Africa region—
largely desert—has less water per capita. Exhibit

6 shows the reduction in per capita freshwater
between 1962 and 2017 (FAO, 2018). Globally,

there has been a 57 percent reduction in per capita
renewable water over the past five decades. A
number of large countries in sub-Saharan Africa and
South Asia have witnessed greater declines than the
global average, including Pakistan (75 percent), India
(64 percent), Nigeria (74 percent), Kenya (81 percent)
and Uganda (81 percent). It is important to note that
due to its large population, South Asia began with an
already low base of per capita supply.

Per capita renewable freshwater resources by region
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Exhibit 5: South Asia, Middle East and North Africa regions have the lowest per capita renewable water
resources. (Source: FAO, 2018)
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Per capita water resources are decreasing

Per capita renewable freshwater resources
(Cubic meters per person per year)
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Exhibit 6: A number of large countries (with population over 20 million) are facing dramatic reductions in
water supply on a per capita basis due to population growth. In Kenya, for example, per capita renewable
water has shrunk by 81 percent over the past bb years. In Pakistan, it has shrunk by 75 percent during the
same period, while India has witnessed a 64 percent reduction (from an already low base). By comparison,
the global average reduction between 1962 and 2017 is about 57 percent. (Source: FAQ, 2018)

Exhibit 7 shows the parts of the world that are In addition, there appears to be a continued increase
experiencing physical water scarcity due to intrinsic in the frequency and severity of ‘water wars'
geographic constraints (such as desert countries between pastoral communities in the Horn of Africa
in the MENA region), or as a consequence of heavy (Pavanello, 2009; Yale University, 2010).

consumption (like India and Pakistan).

A number of analyses have concluded that the
situation is grave enough that even within the
next decade water scarcity in these regions may
destabilize countries, threaten food security and
lead to water being used as a weapon in cross-
border negotiations (US Intelligence Community
Assessment, 2012; Goldenberg, 2014).
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Exhibit 7 also shows regions facing economic
scarcity. These are areas where the population
cannot access water, which may be available in
abundance, due to the lack of infrastructure (dams,
canals, large-scale pumps and piping systems) and
because most households are too poor to invest in
small-scale boreholes and pumps.

As a result of economic water scarcity in sub-
Saharan Africa, the vast majority of smallholder
farmers do not have access to adequate irrigation.
Not surprisingly then, agricultural yields in the
region are a fraction of that in other food producing
parts of the world and food insecurity has been an

ongoing crisis on the African continent for decades.

Only 3.4 percent of farmland in Sub-Saharan Africa
is irrigated (FAOQ, 2016). By comparison, 46 percent of
farmland in South Asia and 56 percent in East Asia
is irrigated. Importantly, of the total irrigated land in
Africa, more than two-thirds is concentrated in five
countries—Egypt, Madagascar, Morocco, South Africa
and Sudan (IFPRI, 2010). Only two of these countries
are in sub-Saharan Africa.

Global map of water scarcity

[ Little or no water scarcity
] Physical water scarcity

Approaching physical water scarcity

D Not estimated

B Economic water scarcity

Exhibit 7: Water scarcity can be due to physical reasons (i.e., there is insufficient water in the area), or
economic reasons (i.e., the water is physically present, but people cannot access it). Most of sub-Saharan
Africa faces economic scarcity. South Asia faces a combination of both types of scarcity. (Source: UNEP/

GRID-Arendal, 2008)
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Another type of water problem has to do with

the quality of water, especially for drinking and
household use. Many people in developing countries
lack access to adequate sanitation facilities,
especially in rural areas. In urban areas, where
sanitation facilities like toilets are available, sewage
treatment facilities are often lacking.

As a result, there is a high prevalence of open
defecation and discharge of untreated sewage into
rivers and other waterways. Human fecal matter
carries a range of bacteria, viruses, parasites and
helminths, which can enter drinking water sources
that are not adequately protected. Using water
drawn from sources that are not protected from
such contamination can lead to illness.

As Exhibit 8 shows, 42 percent of the population
in sub-Saharan Africa lacks access to an improved
water source. South Asia is somewhat better off,
with 12 percent lacking access. Exposure to fecal
pathogens causes widespread diarrheal disease,
which is among the leading causes of mortality
among children under 5 in South Asia and sub-
Saharan Africa (Exhibit 9).

Other water quality problems may be caused by
naturally occurring contaminants such as arsenic or
fluoride, or may be caused by agricultural runoff of
fertilizers and pesticides, or effluent from industrial
facilities.

Percent of population without access to improved water source
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Exhibit 8: About 42 percent of the sub-Saharan African population lacks access to improved water sources?
that are safe from contamination. Many people in South Asia also lacks access to such sources. (Source:
JMP, 2018)

?Access to household water includes aspects of water availability, quality and delivery. The WHO/UNICEF Joint Monitoring Program (JMP)
has developed “service ladders” to categorize household water services around the world in an effort to monitor and improve access. JMP
defines five categories of water access, Safely Managed, Basic, Limited, Unimproved and Surface Water, which are briefly defined below.

= Safely Managed: Household water from an improved water source, which is located on premises, available when needed and free from

fecal and priority chemical contamination.

= Basic: Household water from an improved source, provided collection time is not more than 30 minutes for a roundtrip including

queuing.

= Limited: Household water from an improved source for which collection time exceeds 30 minutes for a roundtrip including queuing.
= Unimproved: Household water from an unprotected dug well or unprotected spring.
= Surface Water: Household water directly from a river, dam, lake, pond, stream, canal or irrigation canal.

Exhibit 8 shows the percent of populations with Limited, Unimproved and Surface Water categories.
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Global deaths due to diarrhea, by region

sub-Saharan Africa
37

South Asia
53

East Asia & Pacific
5

Latin America & Caribbean 2
Middle East & North Africa 1
Europe & Central Asia 1

North America 1

Exhibit 9: Of the 1.7 million deaths per year due to diarrheal disease, more than half occur in South Asia
and more than a third are in sub-Saharan Africa. (Source: GHDX, 2018)

Water security is a multifaceted challenge involving
physical water and economic water scarcity and
poor water quality. Exhibit 10 shows the percentage
of the global population facing each of three types of
water problems: physical scarcity, economic scarcity
and poor quality. This is based on ITT's analysis
combining definitions and data from multiple
sources.?

We categorize a country as facing a water quality
problem if the death and disease due to water-
related diarrheal diseases exceed a threshold.

We categorize a country as facing physical water
scarcity using WRI's rating of water stress by
country, based on ratios of total withdrawals to total
renewable supply (WRI, 2013).5

We base economic water scarcity on the mapping
done by WWAP (2012) supplemented by country-
specific analysis. While this broad-brush national-
level analysis lacks many nuances of local water
security, it gives strong directional indication of the
types and scales of global water security problems.

Exhibit 11 provides details of the severity of various
water security challenges in the 10 largest countries
by population. Pakistan, India and China appear to
have the most severe water security issues.

Based on the 50 largest countries by population (year 2018 projection by UN, 2017), which collectively are home to 87 percent of the

global population.

“Countries are considered to have water quality problems if the annual disability-adjusted life years (DALYs) lost to water-related diarrheal
diseases exceed 500 per 100,000 people, based on 2015 DALY data (Troeger, et al.,, 2017) and 2015 population data (UN, 2017). DALYs are
an indication of the severity of a disease’s impacts on a population including morbidity and mortality effects.

°Countries are considered to have physical water scarcity if they have “medium to high” or greater average exposure of water users in
each country to water stress, based on ratios of total withdrawals to total renewable supply (WRI, 2013).
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Global occurrence of physical scarcity, economic scarcity and water quality problems

PHYSICAL SCARCITY

70%

of the world

ECONOMIC SCARCITY

35%

of the world

QUALITY &
ECONOMIC SCARCITY

15%

QUALITY &
PHYSICAL SCARCITY

0
1 0 /0 WATER QUALITY
PROBLEMS 45%
2 0 % of the world

Exhibit 10: The world's water problem can be characterized as the intersection of three issues— physical
scarcity (meaning, where consumed water is a major share of all renewably available water), economic
scarcity (where water is present but cannot be accessed due to lack of economic means) and quality
(due to contamination by biological or chemical impurities). Countries face different combinations of
these problems based on their geography, population, level of industrialization, economic activity and
management practices. According to our analysis, 85 percent of people live in countries that face at least
one of these three problems; 45 percent live in countries facing at least two of the three challenges, and 20
percent are facing all three problems at the same time. (Source: ITT analysis)

12




OVERVIEW

three problems simultaneously, primarily those
living in India.

Based on these definitions, only 15 percent of the m 15 percent of the world’'s population face poor

world's population lives in countries without any water quality and economic water scarcity,

major water-related problems; these countries including Bangladesh, Nigeria and Ethiopia.

include Brazil, Russia and Germany.® The

remaining 85 percent of the world's population ®m 40 percent of the total population primarily faces

lives in countries that face at least one of the three physical scarcity or unsustainable use of water,

problems. including China, the United States and Mexico.

® Sub-Saharan Africa and South Asia primarily m 10 percent of total population suffers from poor
bear the brunt of economic water scarcity. These water quality and physical scarcity/unsustainable
regions are also dominated by agriculture and use, including Indonesia, Pakistan and South
smallholder farming. Africa.

m 20 percent of the world’'s population faces all m A very small number of countries face the

challenges of water quality or economic scarcity
in exclusion of the other problems.

Water security challenges of the 10 largest countries

Heoend

Surface water supply in closed river basins is fully

utilsed and cannot increase

Groundwater over-extraction in hard rock regions
causes seasonal critical depletion

Groundwater over-extraction in alluvial regions causes
long-term decline of water table

Faecal contamination of water bodies causes health
and environmental impacts

Arsenic and fluoride contamination of groundwater
causes health impacts

Diverse industrial effluent and agricultural runoff cause
health and environmental impacts

Urban water demand from growing cities exceeds local
supplies

Available water supply becomes brackish or saline
from groundwater salinization

Irrigated agricultural land becomes waterlogged and
salinized over time

Flooding during storms will become more frequent and
intense

Glacial melting is permanently altering surface water
flow

Lack of means to access local water sources causes
economic water scarcity

Exhibit 11: People around the world face a diverse set of water problems of varying severity. Here, the
severity of 12 major water security challenges are estimated for the 10 largest countries by population.
(Source: ITT analysis)

The remainder of this chapter focuses on the three
challenges of Physical water scarcity, Water quality,
and Economic water scarcity.

“The coarseness of this national-scale analysis is evident, for example Brazil overall is very water abundant, though cities like Sao Paulo
have faced severe deficit; Russia overall has low diarrheal rates but some locations suffer severe industrial water contamination.
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PHYSICAL WATER SCARCITY

[ligefe[V[ailely® Core Facts Key Challenges

INTRODUCTION

Physical water scarcity occurs when
the amount of water physically
present in a region is insufficient to
satisfy the demand.

Most commonly, this happens when demand for
water increases over time, eventually approaching
or exceeding the available supply. The amount of
available water, while previously adequate to meet
the limited demand, eventually becomes insufficient
to meet growing requirement for agriculture,
industry and households.

Physical water scarcity may also occur due to
reduction in water availability, which causes
insufficient supply to meet previously-satisfied
demand. Such reduction in water supply may be
temporary and short term (seasonal to several
years) owing to natural variability in weather
patterns, though long-term reduction in water
supply is an emerging threat in some regions due to
global climate change.

Breakthroughs

In light of these challenges, three technology
breakthroughs can substantially reduce the burden
of physical water scarcity:

m Breakthrough 1. A low-cost system for precision
application of agricultural inputs, ideally
combining water and fertilizer

®m Breakthrough 2. A very low-cost scalable
technique for desalinating brackish water

®m Breakthrough 5: Medium to large-scale sewage
treatment process with recovery of water (and
ideally nutrients and energy)

Because water is essential to life, human settlements have always been located with reliable
access to the precious liquid. As water demand for households, farms and industries has

grown rapidly in recent decades, many regions now face physical water scarcity, where there
is simply not enough water available to meet all demands. This is exacerbated by global
climate change, which affects the amount and reliability of precipitation.
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CORE FACTS AND ANALYSIS

1. Physical water scarcity varies The global regions most affected by physical water

tlv b t d . scarcity include Northern Africa and Southwestern
greatly by country and region Asia. Southern and Central Asia, and select countries

in other global regions, are also affected. At a finer
resolution, physical scarcity often varies widely
within countries, as some areas can be water
stressed while other areas have abundant water.

Exhibit 1 maps the world's physical water stress
at a country-level, based on the definition used

to track progress on Sustainable Development
Goal 6.4.2 regarding water stress. This indicator
tracks how much freshwater is being withdrawn
for all activities, compared to the total renewable
freshwater resources available. Specifically,
physical water stress is calculated as the total
freshwater withdrawal per year, divided by the total
annual renewable freshwater resources minus the
environmental flow requirements (FAO, 2018b).

Physical water scarcity is manifest in the closure of
river basins, the depletion of groundwater stocks,
the challenge of supplying water to growing cities
and the change in rainfall patterns in some regions.
These topics are detailed in the following sections.

Physical water stress varies by country and region

Water stress (percent)
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Physical water stress (percent)
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Northern Africa 112

Central Asia

Western Asia [
Southern Asia _ 49
Eastern Asia _ 30
Northern America - 13
South-East Asia -
Europe - 8.2
Latin America & Caribbean . 35
Sub-Saharan Africa l 3.4

Oceania I 21

Exhibit 1: Physical water stress varies greatly between countries. Generally, the countries most affected
are in Northern Africa and South and Central Asia. (Source: FAO, 2018b; map shows country averages from
2000 to 2015, chart shows regional stress in 2015)
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2. There is great variability in water
availability, which is exacerbated by

global climate change

Globally, about 550,000 cubic kilometers of water
falls as precipitation each year. Given the Earth's

surface area, this corresponds to an average annual

precipitation of about 1,050 millimeters (Legates

& Willmott, 1990; Pidwirny, 2018). However, there
are large differences between global regions in the
timing and amount of precipitation (see Exhibit 2).
About 80 percent of total precipitation falls over the
oceans.

®m The highest rainfall occurs in the tropical regions
near the equator, where strong solar heating
causes vertical uplift of air. As the air rises it
expands and cools, and water vapor condenses

and falls as rain. Global circulation patterns cause

northern and southern air masses to converge
in the tropics. Annual rainfall in tropic regions
usually exceeds 2,500 millimeters.

Breakthroughs

® Subtropical regions are typically quite dry due

to a global scale atmospheric circulation pattern
(known as the Hadley cell) in which warm air rises
near the equator and loses its moisture, then
flows poleward at high elevation and descends

in the subtropics, and finally returns near the
surface toward the equator. Many of the world's
deserts are located within the subtropics.

The temperate mid latitude regions have moderate
levels of precipitation, much of it associated with
the development of cyclonic activity and frontal
lifting when warm subtropical and cold polar

air masses meet. The air masses in this region
generally move from west to east, causing heavy
precipitation on western facing coastlines and less
precipitation in the interior regions of continents
as the air dries and moves further away from the
oceans.

Polar regions are dry because the air is too cold
to contain much water vapor. Some parts of
Antarctica and the Arctic are as dry as the hot
desert climates of the subtropics.

Mean annual precipitation, 1961 to 1990

- e - = e

Exhibit 2: Global map of historical average annual precipitation from 1961 to 1990. (Source: GPCC, 2018)
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The amount of precipitation that a region receives
largely determines the potential for non-irrigated
(rainfed) agriculture. Other important factors include
the seasonal distribution of rainfall, the inter-annual
variability in rainfall, the evapotranspiration rate, the
soil water storage capacity and the types of crops
grown (Droogers, et al., 2001).

Breakthroughs

Exhibit 3 shows the estimated potential for rainfed
farming throughout the world.

Potential for rainfed agriculture

Very High

Moderate

Low

[ |
Bl Hioh
[ |
[ |

Very low

Potential rain-fed yield

I T T

Exhibit 3: Global map of rainfed agriculture potential. (Source: Droogers, et al., 2001)

As the climate warms, changes in the global water
cycle are projected to occur (IPCC, 2013). Average
global precipitation is expected to gradually increase
in the 21st century.

The global hydrological cycle will generally intensify
due to global warming and mean water vapor,
evaporation and precipitation are projected to
increase on global average.

Changes of average precipitation in a much warmer
world will not be uniform, with some regions
experiencing increases while others face decreases
or little change. Precipitation is expected to increase
in many wet tropical areas and at high latitudes.

Many mid latitude and subtropical arid and semi-
arid regions will likely experience less precipitation.

The Asian monsoon will likely increase in average
total precipitation, but with greater variation from
year to year.

The melting of snowpack and glaciers will affect the
amount and timing of water flows in downstream
areas, for example in the Indus River basin in
Pakistan (Scott, et al., 2019).
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Despite variability and uncertainty in climate
change projections, there is now agreement from

a number of different climate models that Africa

is at the highest risk from climate change, given
the magnitude of existing stresses in the continent
(UNDP, 2009). It is highly likely that significant
areas of African drylands will face changing rainfall
patterns in the coming decades.

Breakthroughs

Exhibit 4 shows model projections of future changes
in average rainfall during rainy seasons in Africa,
under global temperature rises of 2 degrees Celsius
and 3 degrees Celsius (Weber, et al., 2018). Average
precipitation is expected to decrease in northern and
southern Africa and increase in central and eastern
Africa. Similar conclusions were reached by Nikulin,
et al. (2018) and Malre, et al. (2018).

Projected change in precipitation due to climate change

2 degrees celcius

3 degrees celcius

Exhibit 4: Results from climate models suggest that precipitation patterns in Africa will change as global
temperature rises. Average rainfall during rainy seasons is expected to decrease in northern and southern
Africa, and increase in central and eastern Africa. The effect is more pronounced under a 3 degrees Celsius

temperature rise (right) than a 2 degrees Celsius rise (left). (Source: Weber, et al., 2018)

The most significant impact of extreme weather
events on human development will likely be due to
frequent and prolonged droughts in some regions.
Many climate models project an increased likelihood
of agricultural droughts in regions that are presently
dry, with extended decreases in soil moisture (IPCC
WG2, 2014).

Farmers and pastoralists in drylands with
insufficient access to drinking and irrigation water
risk a decrease in agricultural productivity.

This will affect the livelihoods of rural people,
particularly those depending on water-intensive
agriculture. There is a corresponding risk of food
insecurity and conflict over available water and food
resources (UNDP, 2009).
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Droughts also affect urban populations with
inadequate water services by worsening the
available supply for domestic and industrial use,
causing health and economic impacts. Droughts can
significantly affect energy security because they
reduce the energy supply from hydropower stations
and can force water-cooled thermal power stations
to shut down.

A major drought in 2001 in Brazil, a country

which received 80 percent of its electricity from
hydropower, caused a 20 percent reduction in
electricity supplies in the country and led the
government to introduce rationing (Lee, at al., 2012).
Ethiopia is quite vulnerable to droughts because

of its high dependence on agriculture as well as
hydropower for electricity.

A delayed monsoon in India contributed to
widespread sustained blackouts in 2012, by raising
electricity demand for pumping groundwater for
irrigation while reducing hydropower generation.
Between 2013 and 2016, fourteen of India’s largest
thermal power utility companies experienced
disruptions at least once due to water shortages
(WRI, 2018a).

3. Several major river basins are
closed, meaning that all available
surface water is fully utilized and
supply cannot increase to meet
growing demand

A river basin is considered closed when all of the
surface water available in an average year is fully
allocated and little or no river water discharges into
the ocean.’

Several major river basins in South Asia are now
closed basins, including the Indus River in Pakistan,
the Helmand River in Afghanistan and the Krishna,
Kaveri, Penna, Vaigai, Sabarmati and Banas Rivers in
India (World Bank, 2005; Venot, et al., 2007; Kumar, et
al,, 2008; Falkenmark & Molden, 2008).

Breakthroughs

Within southern Africa, the Orange, Limpopo and
Incomati basins are also closed (Turton & Ashton,
2008). Other major closed river basins include the
Yellow River in China, the Colorado River in the
United States, the Murray-Darling basin in Australia
and most rivers in the Middle-East and Central Asia
(Molle, et al., 2007).

In these basins, the total annually available surface
water supply is fully or nearly fully utilized. There
is little or no opportunity to increase extraction of
surface water in these regions to meet rising urban
and agricultural demands (Venot, et al., 2007).

The Indus River basin, for example, is extensively
developed to use surface water in the largest
contiguous irrigation system in the world, the Indus
Basin Irrigation System (IBIS) (see Exhibit 5).

Comprising three major storage reservoirs, 19
barrages, 12 inter-river link canals and 45 major
canal commands irrigating about 15 million
hectares, IBIS uses virtually all the water flowing in
the Indus River (see Exhibit 6).

'Note that an alternative hydrological definition of the term ‘closed river basin’ is applied to an endorheic basin that terminates in an

inland sea, lake or other sink and does not flow into an ocean.
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Most water in the Indus River is withdrawn and used
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Exhibit 5: The Indus River basin is effectively closed, with little opportunity to increase surface water
extractions. Most of the river water available in an average year is already allocated and used. No water
flows from the Indus River to the ocean in years of below-average rainfall. (Source: ITT analysis based
on data from Pakistan Bureau of Statistics (2007 and 2014); River inflow includes the Indus at Kalabagh,
Chenab at Marala, Jhelum at Mangla, and minor inflows from Ravi and Sutleg Rivers; River outflow is
discharge below Kotri barrage)

Exhibit 6: Kotri barrage in Sindh Province, Pakistan, is the last stop on the Indus River before it reaches the
Arabian Sea. During years of normal precipitation, little water flows in the Indus River below Kotri Barrage.
(Source: Google Maps, 2018)
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In closed basins, while river water is fully used
during normal and dryer-than-normal years, some
flood water reaches the ocean during years of
above-average precipitation. Attempting to capture
and utilize this lost water leads to diminishing
returns, requiring significant infrastructure that
will only be used irregularly, making 100 percent
utilization of river flow impractical.

During years of less-than-average precipitation,

the surface water supply will not meet demand in
closed basins. Such years are projected to become
more frequent due to climate change. In the absence
of a structured water allocation system, upstream
water users will continue to extract river water,
while downstream users will be left with inadequate

supply.

Breakthroughs

The closure of river basins has been made possible
by our significant alteration of the natural water
cycle, allowing us to withdraw and use a greater
proportion of available water.

We have changed the patterns of surface water flow
by impounding river water behind dams, aiming

to control floods, generate hydroelectricity, enable
transportation and provide reliable water supply for
farms and cities.

Exhibit 7 shows that artificial reservoirs now

have the capacity to hold about as much water as

contained in Lake Michigan, one of the Great Lakes
(Vorésmarty & Sahagian, 2000; van der Leeden, et

al,, 1990).

Global water storage capacity in artifical reservoirs since 1900
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Exhibit 7: Construction of dams and reservoirs increased significantly after 1950. By 1960 the total water
storage capacity within artificial reservoirs globally was equivalent to that of Lake Ontario; by 1980 it was
equal to Lake Huron. Currently, human-created reservoirs have the capacity to hold about as much water as
there is in Lake Michigan. (Source: storage capacity data from Vorésmarty & Sahagian, 2000; lake volume
data from van der Leeden, et al., 1990)
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An important, though often underappreciated, use of
surface water is the maintenance of environmental
flows, which are required to sustain riverine and
estuarine ecosystems and to maintain other natural
river processes.

In resource management best practices, a sufficient
amount of river water is allotted to environmental
flows, just as water is allotted to agriculture, industry
and communities. Environmental flow requirements
are complex and varied, involving quantity, quality
and timing of the water flows.

Comprehensively defining and maintaining the
required environmental flows is challenging, due to
hydrological variability, the difficulty and expense of
waste treatment scale-up, water resource disputes
between countries/states/provinces and a lack of
guantitative data on relationships between river
flows and river ecology (Smakhtin and Anputhas,
2008).

As river basins approach closure, maintaining
adequate environmental flows becomes more
difficult since they reduce the amount of water
available for other potential uses. Ensuring adequate
environmental flows in rivers has not been a high
priority in most countries.

Generally, little respect has been paid to the natural
ecology of river basins and the biological, chemical
and physical interactions within the watersheds
(Smakhtin and Anputhas, 2008).

For example, environmental flow requirements of
the Indus River in Pakistan are not met 11 months
of the year, while the Ganges River in India faces
environmental flow deficits eight months of the year
(Jagermeyr, et al., 2017).

Pakistan’'s environmental flow deficits make up 31
percent of modelled global deficits, while India’s
make up 18 percent (Jagermeyr, et al., 2017). These
deficits are largely due to surface water withdrawals
for irrigation.

Breakthroughs

4. Groundwater over-extraction
is causing long-term depletion of
aquifers

Groundwater is an important and increasing source
of water for farms, industry and cities. Groundwater
occurs in porous underground formations, or
aquifers, that are naturally recharged over time by
rainwater infiltrating into the ground. Some aquifers
are very porous and extensive, while other aquifers
are less porous and of limited extent.

Groundwater recharge depends on the timing

and amount of precipitation and on land

surface characteristics and subsurface geology.
Groundwater is removed from aquifers both by
natural drainage and by extraction from wells and
boreholes.

When the rate of removal exceeds the rate
of recharge, the water table, or the level of
groundwater in the aquifer, drops.

A distinction can be made between renewable and
non-renewable groundwater sources. Renewable
groundwater sources are periodically replenished
when sufficient precipitation infiltrates the soils
or when floodplains become inundated. When
groundwater is extracted faster than its rate of
replenishment, the aquifers gradually become
depleted.
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In addition, non-renewable or fossil groundwater Exhibit 8 shows regions experiencing groundwater
sources are typically locked in deep aquifers that stress, where extraction is greater than

have little or no long-term source of replenishment. replenishment. The regions most affected include
When this water is extracted, it is effectively mined South Asia, the Middle East and North America.

and the aquifer will eventually be depleted.

Groundwater stress

- Low . - Medium to high . - Extremely high

- Low to medium . - High . - No data

Exhibit 8: Groundwater stress due to overexploitation of aquifers occurs primarily in South Asia, the Middle
East and North America. Most of Africa has low groundwater stress. (Source: WRI, 2018b)

26




PHYSICAL WATER SCARCITY

Introduction Key Challenges  Breakthroughs

Globally, about 18 percent of gross irrigation water In absolute terms, the use of non-renewable
demand in the year 2000 was met with non- groundwater more than tripled, from 75 to 230 cubic
renewable groundwater extraction (Wada, et al., kilometers per year.

2012). Exhibit 9 shows the sources of water used
globally for irrigation in 1960 and 2000, during
which time the share of non-renewable groundwater
increased from 12 percent to 18 percent.

Sources of water used globally for irrigation, 1960 to 2000
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B - Non-renewable groundwater B - Non-local water B - Renewable local water

Exhibit 9: Between 1960 and 2000, the share of non-renewable groundwater increased from 12 percent
to 18 percent of global gross irrigation water. The share of non-local water resources, transported to the
regions via canals and pipelines for example, increased from 15 percent to 19 percent of global gross
irrigation water. Renewable local water comprised a smaller share of global gross irrigation water in 2000
than in 1960. In absolute terms, gross irrigation water use increased two-fold (from 630 to 1,340 cubic
kilometers per year) and non-renewable groundwater use increased three-fold (from 75 to 230 cubic
kilometers per year), between 1960 and 2000. (Source: Wada, et al., 2012)
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Relatively few countries, including India, Pakistan,
and the United States, are responsible for most of
the non-renewable groundwater use (Gleason, et al.,
2012).

Exhibit 10 shows that in 2000 India used more non-
renewable groundwater for irrigation than any other
country. About 19 percent of India’s irrigation water

came from non-renewable sources.

Breakthroughs

Other countries used less amounts of non-
renewable water, but it comprised larger proportion
of their total irrigation water use. In both Pakistan
and the United States, the share of non-renewable
groundwater was 24 percent; in Iran it was 40
percent. In Libya and Saudi Arabia, more than 70
percent of irrigation water was sourced from non-
renewable groundwater (Wada, et al., 2012).

Sources of irrigation water used by select countries, in 2000
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Exhibit 10: Non-renewable groundwater is a significant part of gross irrigation water use in several
major countries. The numbers in the blue bars show the percentage of irrigation water that comes from
non-renewable groundwater. ‘Other irrigation water’ includes non-local water and renewable local water.

(Source: year 2000 data from Wada, et al., 2012)

Groundwater depletion affects global development
primarily due to its impact on food security. It limits
the amount of water available for agriculture and
other human uses and makes the available water
more difficult to obtain.

As groundwater supply becomes more limited, wells
may go dry intermittently or constantly. Wells may
need to be extended deeper to reach water and
more energy is needed to pump water from greater
depths.
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Water quality of depleting freshwater aquifers may
deteriorate due to intrusion of brackish water from
surrounding aquifers.

Land surfaces may subside, or gradually lower

in elevation, as aquifers below become depleted.
Unsustainability of groundwater use for irrigation

is a concern not only for countries that are using
groundwater intensively, but also for the world at
large since international trade directly links food
production in one country to consumption in another.

Breakthroughs

As a human development challenge, South Asia is
particularly affected by aquifer depletions (Exhibit
11). Groundwater use increased rapidly in South
Asia after the 1960s, as a key component of Green
Revolution agriculture, based on boreholes and
motorized pumps.

Groundwater is now a major source of water in the
region for agriculture, households and industry.
Strategies for future food security in South

Asia must account for eventual constraints to
groundwater extraction.

Groundwater depletion in South Asia
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Exhibit 11: When abstraction of groundwater is greater than its replenishment, depletion of stock occurs.
Current estimated groundwater depletion rate in South Asia is here shown in units of million cubic meters
per year per grid cell (grid cells are 0.1 degree latitude by 0.1 degree longitude, or approximately 10
kilometers by 10 kilometers at the equator). (Source: Wada, et al., 2016)
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Most of peninsular India is underlain by geologic
formations often referred to as hard rock. This is a
generic term applied to igneous and metamorphic
rocks, such as granites, basalts, gneisses and
schists.

In hard rock regions, limited quantities of
groundwater are stored in the weathered soil and
subsoil layers (typically tens of meters deep) that
overlay the bedrock. The bedrock itself has zero
primary porosity, but limited secondary porosity due
to cracks and fissures where groundwater could
enter.

The storage volume for groundwater in hard rock
regions is thus very limited, confined to the shallow
soil layer and some deeper cracks, and may deplete
seasonally upon heavy pumping.

Groundwater in hard rock is characterized by
limited productivity of individual wells, unpredictable
variations in productivity of wells over relatively
short distances and poor water quality in some
areas. In hard rock regions, groundwater supply is
limited and discontinuous, thus may not be available
regardless of the number or depth of borewells.

Groundwater over-extraction in hard rock regions
leads to rapidly falling water tables and seasonal
depletion, imposing hard limits on groundwater
extraction rates. In some regions of peninsular
India, rising demand for groundwater vastly
exceeds annually recharged amounts, leading to
rapidly falling water table and many wells that are
seasonally or permanently dry. Due to the high
density of wells, interference between wells is
common in hard rock areas where neighboring wells
compete for limited groundwater.

In contrast to hard rock regions, alluvial regions have
thick porous aquifers that contain large amounts

of groundwater. Thick and unconsolidated alluvial
formations that are conducive to recharge are
found in the Indus-Ganges-Brahmaputra basins in
Pakistan, northern India and Bangladesh. Within the
alluvial aquifers of the Indus-Ganges-Brahmaputra
basin, there is a strong distinction between the
relatively arid northern region and the more humid
eastern region. Groundwater over-extraction in

the northern region is leading to steadily falling
water tables, gradually requiring deeper wells and
increased pumping effort.

Breakthroughs

This primarily affects the Punjab region in India and
Pakistan, as well as western Rajasthan, northern
Gujarat and Haryana states in India, where water
tables in some areas are declining by about 1T meter
per year.

Depending on the water table decline rate and the
aquifer thickness, groundwater over-extraction
can continue for many years. Alluvial formations
in the Indus-Ganges basins are hundreds or even
thousands of meters thick.

As technologies for deep well drilling are available,
the constraining factor is the additional energy
needed for pumping as the water table becomes
deeper. Although abundant groundwater stores now
exist in these alluvial formations, the extraction and
use of this stored water for current and near-future
requirements raises questions of intergenerational
equity and how future generations of South Asians
will access water.

Groundwater remains abundant in the eastern
Ganges and Brahmaputra regions of South Asia,
which have greater rainfall than the eastern Ganges
and Indus regions. In these wetter regions, the
phenomena often described as the Ganges Water
Machine operates (Revelle & Lakshminarayana,
1975; Amarasinghe, et al., 2016):

The more groundwater that is withdrawn before

the onset of the monsoon, the more space is

created for water to recharge. This was confirmed
to occur by Shamsudduha, et al. (2011), who

found that increased groundwater extraction has
increased overall extent of groundwater recharge

in Bangladesh during recent decades. Thus, in

the eastern Ganges and Brahmaputra regions,
groundwater from alluvial aquifers does not face the
problem of over-extraction and is unlikely to do so in
the future.

Most regions of sub-Saharan Africa also have
relatively abundant renewable groundwater
resources (MacDonald, et al., 2012). Groundwater in
these regions can be used as a poverty alleviation
tool, though at present this is hindered by economic
water scarcity, which is described in detail later in
this chapter.

30




PHYSICAL WATER SCARCITY

Introduction Key Challenges

5. Urban water demand is
increasing rapidly due to population
growth and urbanization

The number of people living in cities worldwide is
projected to increase by 58 percent from 2018 to
2050, due to a combination of overall population
growth and increasing urbanization (Exhibit 12).

Breakthroughs

In Africa, the urban population is projected to
increase by more than 170 percent by 2050, and

in Asia by more than 50 percent. Currently, global
urban population increases by about 80 million
individuals per year (calculated based on UN, 2017
and UN, 2018). In Africa and Asia, urban population
is currently increasing by about 19 million and 48
million people per year, respectively.

Global population, 1950 to 2050
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Rest of world
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Exhibit 12: : Urban population is rising rapidly due to growing total population as well as increasing
urban proportion, particularly in Africa and Asia. (Source: total population from UN, 2017 medium fertility
projection; urban percentages from UN, 2018)

This increase in population is causing a rapidly
growing demand for urban water consumption.
Urban areas need water for both household use and
industrial use. Household water use varies widely,
depending on climate, affluence, household size and
ease of access to water supplies.

The UK Environment Agency reports that UK
households use is about 150 liters per capita

per day, while households in Denmark, Finland,
Netherlands, Germany and Austria use between 115
and 135 liters per capita per day.

The Bureau of Indian Standards recommends

a minimum of 135 liters per capita per day for
communities with water-based (meaning. flushed)
sanitation (BIS 1993), while surveys show actual
water consumption among Indian households varies
widely both geographically and socio-economically,
with an average of about 92 liters per capita per day
(Shaban & Sharma 2007).
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Municipal water utilities in Africa provide a wide

Aggregated per capita urban water supply statistics

range of per capita piped supply, ranging from 240 mask the inequity between citizens, with the poorest

liters per capita per day in Johannesburg, South
Africa to only 7 liters per capita per day in Bangui,
Central African Republic (World Bank, 2012) (see
Exhibit 13). Urban residents in underserved cities

residents barely securing water for subsistence,
while the richest residents enjoy abundant water
supply. This is described further in the section on
economic water scarcity.

(like Bangui) must access needed household water
from other sources, such as local wells and tanker

truck deliveries.

Continuity and per capita supply of select water utilities in African cities
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Exhibit 13: Per capita water supply by African municipal water utilities varies widely from city to city. In
cities where insufficient water is supplied by utilities, residents must access needed water from other

sources. (Source: World Bank, 2012)
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In addition to household use, another important
demand for urban water is industries. Particularly
water-intensive industries include steel, textiles,
pulp and paper. Some industries, located in urban
areas, use water from municipal supply systems.

Breakthroughs

Other industries obtain water from local surface and
groundwater sources (see Exhibit 14). In cities with
water stress, the industrial water demand competes
with household water demand to obtain adequate
essential water supply.

Sources of industrial water in India
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Exhibit 14: Indian industries access water from various sources, including surface water, groundwater and
municipal water systems. (Source: data from Perveen, et al., 2012, based on survey of Indian industries)

Many cities in developing regions already struggle
to provide adequate water supply to their citizens.
As noted earlier in this chapter, current water use
in some regions is approaching or exceeds local
sustainable supplies of surface and groundwater.
Rapidly rising urban water demand from growing
cities contributes to this overexploitation.

Cities dependent on groundwater supplies for
household water supply, such as Dhaka, Chennai,
Nairobi and Addis Ababa observe falling water
tables requiring increased drilling and pumping
costs. Cities dependent on surface water, such as
Bengaluru and Hyderabad, face intermittent or
insufficient supply.
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Reliable water supply is already challenging in
many cities due to growing demand and aging and
insufficient infrastructure. In 2019, the Indian city of

Chennai ran out of water for its millions of residents,

and in recent year major cities like Sao Paulo and
Cape Town have nearly suffered the same fate.

Projections of future urban water supply and
demand suggest these problems will intensify, with
huge water deficits emerging in the coming decades
in many cities (Florke, et al., 2018) (Exhibit 15).

Breakthroughs

Mismatch between urban water supply and demand
will impact human development in several ways.
First, the health of (poorer) urban populations

will suffer, due to drinking contaminated water or
unsanitary conditions resulting from water scarcity.

Second, the economic potential of urban areas will
be reduced, due to disproportionate spending (by
municipalities, households and industries) to ensure
adequate water supply.

Top 20 cities with the largest urban water deficits in 2050
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Exhibit 15: Numerous major cities are projected to experience large water deficits by 2050. (Source: Florke,
etal, 2018)

Although the absolute quantity of water supplied
to urban residents is smaller than that used by
agriculture, water use in cities is concentrated with
a high level of use in a relatively small geographic
area.

For example, urban health and hygiene depends

on water for the functioning of modern sewage
systems. An adequate and reliable supply of water to
cities remains essential for civil living.

Within an area, cities tend to appropriate water
from agriculture through many different formal
and informal mechanisms due to the absolute need

Furthermore, each liter of urban water generates
more value in social and economic terms than a
liter of irrigation water. This is because households for household water coupled with the economic
require timely water access for essential household concentration of urban population (Molle & Berkoff,
activities like drinking, cooking, cleaning and 2006).

sanitation and because industrial activities generate

relatively high economic returns from water use.
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6. Virtual water flows can partially
overcome physical water scarcity

The importation of food, feed and fiber products
from more water-abundant regions has long been

a livelihood strategy for populations in some water-
stressed regions. Bringing water-intensive products
from elsewhere avoids the need to use scarce local
water for their production.

Virtual water describes the water used to produce a
crop, which then virtually flows with the harvested
crop when it is transported elsewhere. Virtual water
flow typically takes the form of market-based food
trade but also occurs in the form of humanitarian
food transfers.

Breakthroughs

Between countries, import and export of virtual
water represents a potential lever for enhancing
future global food security, depending strongly on
economic factors. National food availability can
increase without increasing national water stress
by increasing imports or reducing exports of food
products.

Presently, Australia and several North and South
American countries are the greatest exporters of
agricultural virtual water, while Japan and several
European countries are the greatest importers (see
Exhibit 16). Most African and South Asian countries
are net importers of food calories (Exhibit 17).

Virtual water trade by select countries
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Exhibit 16: Virtual water flows between countries whenever water-intensive commodities, such as food,
feed and fiber are traded internationally. Major exporters of agricultural virtual water include Australia and
North and South American countries. Major importers of virtual water include Japan and several European

countries. (Source: year 1997-2001 data from Chapagain & Hoekstra, 2008)
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Percentage of net food imports in domestic food supply, measured in total calories

Net export (percent)

Net import (percent)
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Exhibit 17: Percentage of net food imports in domestic food supply in total calories. Most African and South
Asian countries are net importers of food. (Source: FAQO, 2017)

Dependence on global food markets may prove
risky, as many other rapidly growing nations also

increasingly rely on the same markets. Furthermore,

many countries that have abundant water have very
little arable land resources and are therefore not
able to use the available water for crop production
(Kumar & Singh, 2005).

Relatively few countries have both high arable land
availability and total water sufficiency, which are
needed to create agricultural surplus and become a
virtual water exporting country.

Within countries, significant virtual water trade also
occurs. Within India, however, virtual water flows
from water-scarce regions to water-rich regions.
Among Indian states, Punjab exports the most virtual
water while Bihar imports the most virtual water
(see Exhibit 18).
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Virtual water trade by Indian states
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Exhibit 18: Water-intensive agricultural commodities are traded between Indian states and represent flows
of virtual water from exporting to importing states. Among Indian states, Punjab and Uttar Pradesh export
the most virtual water, while Bihar and Kerala import the most virtual water. (Source: year 1997 to 2001
data from Kampman, 2007)

The virtual water exported from Punjab state is Under such conditions, virtual water trade becomes
from largely unsustainable groundwater, while Bihar a solution for land scarcity and cannot concurrently
state possesses abundant unutilized groundwater be used to solve water scarcity.

resources.

The reason for this mismatch is that the water-rich
regions have relatively little arable land and are
unable to fully utilize their abundant water (Kumar,
et al, 2012).
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7. Rainwater harvesting is locally
important during parts of the year,
but has limited scope in drier
regions

In many developing regions, the majority of annual
rainfall occurs during just a few months of the year,
while little rain falls during the remainder of the
year. There are also large geographic variations

in terms of the average annual rainfall, which
determines the amount of rainwater resources
available in any given region.

A further challenge is introduced by year-to-year
variability in rainfall: drier areas not only receive
less rainfall on average, but also have more variable
rainfall from year to year around that average.

These three sources of rainwater variability—
seasonal, geographic and year-to-year—pose
significant challenges to the sufficiency of water
supply. The rationale for capturing and storing
rainwater is to overcome this strong variability in
precipitation.

Water is fundamental to life, so reliable daily access
is a must. Household water supplies that become
exhausted during the dry season, or during a dryer-
than-average year, are inadequate. Households

may have a primary water source and several
supplementary sources, but at least one source
must be functional each day for healthy and hygienic
domestic life.

All water supplies, including groundwater

and surface water, ultimately originate from
precipitation. For example, some rainwater infiltrates
into the soil, from where it provides baseflow for
perennial rivers, and from where it may be extracted
as groundwater from wells during dry seasons.

Breakthroughs

Beyond this natural water cycling, however, it may
be advantageous to use engineered infrastructure to
directly capture rainwater during the rainy season
and store it for later use.

This may take several forms, including small-

scale surface storage (e.g. household-level rooftop
capture and storage in tanks and farm-level capture
of run-off and storage in ponds), large-scale
surface storage (e.g. impoundment of river water

in reservoirs above dams) and managed aquifer
recharge (using surface structures to divert water
run-off towards underground aquifers).

A related approach, atmospheric water capture,
seeks to extract water vapor from the air even
before it falls as rain.

While rainwater capture and storage will bring
benefit to the user, it may negatively affect

potential downstream users (Kumar, et al., 2008).
Within closed river basins, capturing more rainfall
upstream necessarily means that downstream users
receive less water.

While likely inconsequential at a small scale,

the creation of large dams and reservoirs or the
eventual widespread implementation of rooftop
rainwater capture would significantly alter regional
hydrology and should be planned for accordingly.
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Small-scale rainwater harvesting and storage
Rooftop collection, followed by household-level
tank storage, is an option for rainwater capture and
storage. It is instructive to compare the amounts

of rainwater falling on house rooftops in different
South Asian cities to the amount of water used by
the households.

Potential rainfall capture volume is determined by
the local precipitation and by the size and quality
of the rooftop. In most parts of the world, the
amounts of rainwater falling on house rooftops is

small, compared to the amount of water used by the

Breakthroughs

In most areas, rooftop capture will likely be, at best,
a supplemental source of household water (see
Exhibit 19). Our analysis shows that household
drinking water requirements could be satisfied by
rooftop capture in most cities and for most house
sizes, but total household water requirements could
only be satisfied by large houses in the wettest
cities.
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Exhibit 19: Rooftop rain capture can contribute a minor share of water supply for most households. The
amount of rainfall that may be captured by a household depends on the local annual precipitation and the
size of the rooftop capture area. The figure shows the potential for rainwater capture in six major cities for
three different house rooftop sizes (small: 20 square meters, medium: 70 square meters, large: 200 square

meters). Also shown is the estimated annual drinking water requirements (7 cubic meters per year) and

total household water requirements (146 cubic meters per year) for a household of five people. (Source: ITT
analysis based on average annual precipitation data from Wikipedia, 2018)
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Large scale surface water storage

Where conditions are suitable, large quantities of
river run-off can be captured behind large dams
and stored in reservoirs from where it may later be
released and used on demand.

Breakthroughs

Although some individual dams in South Asia and
Africa are among the world's largest (e.g. Tarbela
and Mangla Dams in Pakistan, Tehri and Bhakra
Dams in India, Grand Renaissance Dam in Ethiopia,
and Katse Arch Dam in Lesotho), the per capita
water storage capacity in most South Asian and
African countries is low compared to other global
regions (see Exhibit 20).
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Exhibit 20: Per capita reservoir live water storage capacity for select countries. (Source: FAQ, 2018a)
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Potential for dam construction and reservoir
creation is first determined by numerous physical
factors such as landscape topology and geology,
which are limiting in many regions. Decisions to
build dams are also dependent on economic and
social considerations.

Within each river basin, diminishing returns are
found from creation of additional storage capacity as
basins approach closure. Within closed basins, new
dams will not increase total surface water supply
but merely redistribute the supply.

Dams can also be an effective tool for river

flood control. By altering the transport of fluvial
sediments, dam construction also affects the
geomorphology of rivers, the fertility of floodplains
and the nutrient balance of rivers and estuaries
(Dandekar, 2014).

While dam construction should not be dismissed as
a technology for improving water security, neither
should it be seen as a definitive solution. In river
basins with current low storage capacity, adding
well-designed dams will augment total usable
water supply. In basins approaching or already at
closure, which are typically the most water stressed,
additional dams will not contribute to improving
water security.

Breakthroughs

Managed aquifer recharging

Underground aquifers store vast amounts of water,
which can be accessed by pumping from wells. The
capacity for groundwater storage in most regions
is much greater than surface reservoir storage
capacity.

Some deep aquifers contain fossil water that was
stored long ago and does not circulate, unless
accessed and extracted by wells. Most aquifers,
however, are dynamic and receive newer water via
recharge mechanisms, while losing older water
via natural discharge to rivers and oceans and
groundwater pumping.

Some regions, particularly in South Asia, are
currently extracting groundwater faster than the
rate of natural recharge, leading to falling water
tables. The rate of natural aquifer recharge is also
diminishing, due to rapid urbanization and land use
changes that have reduced the infiltration of water
into the soil.

Managed aquifer recharge (MAR) seeks to increase
the rate of groundwater recharge to allow greater
rates of groundwater extraction without risk of water
table decline.
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MAR is achieved by reducing the fraction of A wide range of structures are available at varying
rainwater that runs off the land surface, thus scales, including farm-level swales, check dams,
increasing the fraction that infiltrates through the percolation tanks and ponds, dams and barrages
land surface and enters the soil. This is typically (see Exhibit 21).

implemented through engineered structures that
slow the downstream flow of surface run-off water,
allowing more of it to infiltrate into the ground

(CGWB, 2007).
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Exhibit 21: Types of managed aquifer recharge structures and their effects on the local water table.
(Source: adapted from SaphPani, 2012)
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MAR is suitable only in particular locations, because
it requires three conditions: the availability of
uncommitted surface water, the availability of
underground storage space and the demand for
groundwater (Shah, 2008). In dryer regions, the
amount and timing of rainfall limit the amount

of run-off that may be harnessed to recharge
groundwater.

In regions with unsuitable geology, even if seasonal
water is plentiful, there may be inadequate aquifer
porosity to store significant water or there may be
natural barriers between the surface run-off and
underground aquifer.

Breakthroughs

In closed river basins, MAR will not increase total
water supply even if local run-off and geology are
suitable, because an upstream user's gain will lead
to a downstream user’s loss.

Furthermore, the effects of future climate change on
aquifer recharging is uncertain. The amount, timing

and intensity of precipitation are projected to change,

though its effect on the partition of rainwater into
run-off and infiltration will vary by location (see
Exhibit 22).
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Exhibit 22: Rainfall intensity is projected to increase due to global climate change, which may have variable
effects on groundwater recharge. (Source: ITT, 2018)
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Nevertheless, where conditions are suitable, MAR
may significantly contribute to regional water
security by increasing allowable sustainable
groundwater extraction rates. To be effective,
however, popular mass action on a regional scale is
required to cause significant improvement (Shah, et
al,, 2003). Ideally, groundwater should be considered
a storage reservoir to smooth fluctuations and allow
flexible access, not a stock to be depleted.

Atmospheric water capture

Capturing water vapor from the atmosphere is

an appealing concept that is receiving substantial
popular attention. Numerous methods have been
proposed to access atmospheric water, including
cooling a surface below the dewpoint of the ambient
air, concentrating water vapor through use of solid
or liquid desiccants and inducing convection in a
tower structure (Wahlgren, 2001). Several types of
air water generators are commercially available to
provide limited quantities of drinking water, powered
by either grid electricity (Peters, et al., 2013;
Ecoloblue, 2017) or solar power (Zero Mass Water,
2017).

Although removing water from the atmosphere

is technically possible, it is unlikely to scale

as a significant source of water due to several
fundamental physical challenges. First, the water
vapor content per volume of air is very low (ranging
from about 4 to 22 grams per cubic meter at
different locations around the world), thus huge
amounts of air must be handled to obtain significant
water (Wahlgren, 2001). In reliably windy areas this
air movement could take advantage of natural winds,
though in less windy regions there will be a need for
mechanical fans.

The second challenge is that water's latent heat of
condensation is high, meaning that a large amount
of heat energy is released when water vapor
changes to liquid water (Miller, 2003). In fact, the
same amount of energy that must be input to change
liquid water to vapor, will be output when the vapor
changes to liquid water.

To capture any significant amount of water from
the air, there must be a way to reject large amounts
of heat. To give a sense of scale, the latent heat
released when vapor is condensed into 1 liter of
liquid water is enough to raise the temperature of

1 liter of liquid water by more than 500 degrees
Celsius?. Rejecting this amount of heat is not trivial,
typically requiring active devices like heat pumps.

Breakthroughs

Atmospheric water capture can be achieved with
both active and passive devices. In general, active
devices powered by concentrated energy sources,
such as electricity, can drive processes like heat
rejection and air movement at a high rate. Passive
water capture devices that use natural energy
gradients, like wind and sunlight, that are less
concentrated and more diffuse, will proceed at
slower rates.

To capture significant amounts of water, passive air
capture devices will necessarily have large active
surface areas to compensate for slow unit process
rates. This typically results in a large land footprint,
high capital investment and/or fragility and risk of
damage.

After a competition between 98 different teams to
develop a device that harvests fresh water from

the air, an XPRIZE of $1.5 million was awarded

in 2018 to Skysource/Skywater Alliance (XPRIZE,
2018). While demonstrating that the process is
indeed technically feasible, the competition also
demonstrates that atmospheric water capture is far
from the easiest or cheapest method of obtaining
fresh water.

The winning technology uses more that 100 times
the energy needed to obtain the same water from
seawater desalination, and more than 250 times the
energy needed to pump that amount of groundwater
from a depth of 100 meters.® Fundamental physical
challenges suggest that opportunities to narrow

this huge performance gap, by radically improving
atmospheric water capture processes, are limited.

Furthermore, the efficiency of atmospheric moisture
harvesting is highly weather and climate dependent,
varying with temperature, humidity, pressure

and other factors (Gido, et al., 2016). The working
conditions of the winning XPRIZE device is limited

to relative humidity greater than 65 percent, and
ambient temperature between 18°C and 41°C
(Skysource, 2018).

Although the idea of using the atmosphere as a
dependable year-round source of household water
is attractive, in practice the water supplied by an
atmospheric water generator would likely be highly
seasonal and extremely expensive.

“However, the water would no longer be liquid if its temperature were raised by 500 degrees Celsius, so better to say that the heat would

raise the temperature of 500 liters of liquid water by 1 degree Celsius.

3The Skywater device uses 230 kWh per cubic meter of water (Personal correspondence, 5 December 2018). Reverse osmosis seawater
desalination uses 1.8 kWh per cubic meter (Elimelech & Phillip, 2011). Raising water 100 meters at 30 percent pumpset efficiency uses 0.9

kWh per cubic meter (ITT calculation).
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KEY CHALLENGES

1. Growing demand for water

The absolute demand for water is increasing due to
demographic, industrial and agricultural growth.

The number of people using household water is
rising and projected to continue rising, especially in
Africa (Exhibit 23).
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Numerous new mega-cities will emerge, some in
water-scarce regions with limited options for water
supply. Industrial production is growing rapidly in
Asia, as is industrial water use, with expectations of
similar growth in Africa.

In regions of physical water scarcity, especially in
parts of Asia, irrigation water needs are in conflict
with urban water needs.

Global population, 1950 to 2100
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Exhibit 23: There is an expectation that global population will continue to increase during the 21st century.
In particular, the population of sub-Saharan Africa is projected to increase by 370 percent between 2018
and 2100. (Source: UN, 2017, medium fertility projection)

2. Climatic variability

The availability of renewable water resources varies
widely, geographically and temporally. Some regions
are naturally much drier than others due to global
water cycle differences. Variability across years

and seasons are obstacles to reliable water supply.
Global climate change is to some degree inevitable
and will disproportionately impact the poor.

3. Firm geological constraints

Local absolute water resources are constrained,
based on precipitation, topology and geology. The
hydraulic boundaries of river basins seldom align
with the political boundaries of social discourse,
thus water conflicts arise. Groundwater storage is
abundant and unutilized in some regions, such as
sub-Saharan Africa, and overexploited and depleting
in others, such as South Asia and North America.
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SCIENTIFIC AND TECHNOLOGICAL
BREAKTHROUGHS

Physical water scarcity is a rapidly growing Because water is essential to life, reliable access to
challenge, as water demand from households, farms the precious liquid must be ensured for all. Solutions
and industries surpasses the amount of water to physical water scarcity will involve creating
that is locally available. The amount of renewable freshwater resources out of abundant yet under-
water, while previously adequate to meet the limited appreciated liquids like seawater and wastewater.
demand, is becoming insufficient to meet growing
requirements for water in many regions. This is Most water is used on farms, and therefore solutions
manifest in depleting groundwater aquifers and dry must also enable the production of more food
lakes and rivers. crops with limited amounts of irrigation water.

Our analysis concludes that three technological
The problem of physical water scarcity is breakthroughs can substantially reduce the burden
exacerbated by global climate change, which is of physical water scarcity.

affecting the amount and reliability of precipitation.
There is greater variability in weather patterns
causing short term droughts of one or more years,
and some regions will face long-term trends of
reduced rainfall and water supply due to altered
climate patterns.

Breakthroughs:

1 1 2 JENEN] s IENRAIESIEAET
11](12] 12 14]|15] 18] |17] | 18] |19
21 22] 23] 24 28] 24

1][32][33][34] 35
41][42][43] [44] 45
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A low-cost system for precision
application of agricultural
inputs, ideally combining water
and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate
consequences including over-exploitation of groundwater resources and over-
application of synthetic fertilizers. In other regions like sub-Saharan Africa, the
Green Revolution has not arrived and there is under-utilization of groundwater
resources and ongoing nutrient mining of soils. There is need for a low-cost,
robust, scalable technology to precisely meter and distribute irrigation water
and fertilizer to field crops.

This would allow farmers to apply the right amounts of water and nutrients
(not too much or too little) at the right time to maximize economic returns and
reduce nutrient loss. If made affordable, precision application systems for
irrigation and fertilizers, calibrated to local crop type and soil conditions, could
be a very effective way to increase agricultural yields, while also reducing
negative impacts on the environment.

Enabling better management of the timing and formulation of irrigation and
fertilization in cropping systems would ensure that water and nutrients are
available where and when needed by the plant roots. Crop yields respond very
well with initial inputs of fertilizer, but as additional nutrients are supplied the
marginal yield increase becomes smaller.

Optimal results occur somewhere along that gradient, depending on the cost

of fertilizer and seeds, land and selling price of harvested crops. For maximum
returns, it is necessary to not just apply the right quantity of fertilizer, but to also
apply it at the right time and place for optimal nutrient uptake by the plant. This
would also protect watersheds and populations downstream from farm fields,
by greatly reducing runoff.

The efficiency of using agricultural inputs, such as fertilizer is low in
conventional farming. It is estimated that overall efficiency of applied fertilizers
is about 50 percent for nitrogen, less than 10 percent for phosphorus and about
40 percent for potassium. The rest is wasted as runoff.

The mismatched timing between availability of nitrogen and crop need for
nitrogen is likely the single greatest contributor to excess nitrogen loss in
annual cropping systems. Ideally, nutrients should be applied in multiple small
doses and when plant demand for them is greatest.

Current State

e T
Development Stage: Engineering

Time to market (years)
-
4-6 7-10 10+

e
Deployment: Challenging

Associated b0BT Chapters

Q)

Food Security Global Change

SDG Alignment

1 WO AND
EROWTH

Impact

Increased Access to Food (# of People)

<1M 10M+ 100M+ 1B+

New Income Generated (# of People)

- r
<M 10M+ 100M+ 1B+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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In principle, variations of existing programmable
irrigation and fertigation systems used in
industrialized countries can be adapted to the needs
of smallholder farmers. Already, small-scale drip
and sprinkler systems—along with other methods
for increasing water usage efficiency—are beginning
to emerge in markets like India. Cultivated area
under drip irrigation in India has grown from 71
km?in 1992, to 2,460 km?in 1998, to 18,970 km?

in 2010, up to 33,700 km?in 2015. The cost of such
systems will continue to drop as scale of production
increases.

This breakthrough would be strongly leveraged

by three other breakthroughs, b Low-cost shallow
groundwater drilling technologies, 6 Affordable
solar-powered irrigation pumps, and 9 Low-cost
soil nutrient analysis device. Overall, such devices
would help farmers better predict crop nutrient
requirements, better schedule irrigation and
fertilizer applications, and avoid over-fertilization
and nutrient runoff. If complemented with adjusted
crop rotation patterns and additional biotic
complexity, it could improve the plant community’'s
ability to take up more of the available nutrients.

However, there is limited evidence to suggest that
users—farmers or otherwise—will be interested in
spending money on technologies to conserve water
when the resource itself is available free of cost.
The potential for saving fertilizer can prove to be a
positive incentive, although the current demand for
fertilizers is very low in sub-Saharan Africa.

It will face some deployment challenges that are
common to the African smallholder farmer market,
including structural barriers such as a fragmented
market of farmers, limited access to finance for
potential users, and lack of training to install,

use and maintain the technology. The difficulty of
deployment in this case would be CHALLENGING.

Breakthrough 1: Difficulty of deployment

Extremely
Challenging

Challenging

Complex

Moderate need to
train a limited
number of people

policy/regulations

Feasible
Simple
Policies Infrastructure Human Access to Behaviour Existing Market Business model
; I capital user finance change demand fragmentation/  innovation

Pmmmmd mmmeed o | : Distribution i

| | | channels |

@) o (b [ [ [

| |

| é |

| |

| |

| |

|
|
|
Low role of :
|
|
|

Major behaviour
change required,
potentially on daily

Highly fragmented,
challenging to reach
customers

basis é

Low demand,
needs to be built

o) O

Dependent on existing Moderate financing
infrastructure needed, viable
mechanisms identified

Deployment model(s)
being tested; major
hurdles outstanding
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Current State
A very low-cost scalable
technique for desalinating
brackish water Time to market (years)

I
4-6 7-10

This breakthrough focuses on developing and enabling systems for very low-
cost, high-efficiency desalination of brackish water resources. Households, T
industries and farms can utilize such systems to provide additional freshwater Deployment: Complex

supplies for water-constrained regions. The introduction of very low-cost
desalinated water could enable sustainable irrigation in vast regions of the Associated b0BT Chapters
world that contain brackish groundwater.

Desalination is increasingly used to provide household and industrial water
in regions with scarce freshwater but abundant salt water. Most current
desalination facilities are located in the Middle East, use seawater as feedwater

and are powered by fossil fuels. The city of Chennai in southern Indian gets J
about a quarter of its municipal water from reverse osmosis seawater
desalination plants. Water Security Food Security

Conventional desalination methods typically use seawater as feed. Seawater
desalination technologies based on membranes, such as reverse osmosis,
are approaching the thermodynamic limits of efficiency and have limited SDG Alignment
opportunity for further improvement. It is unlikely that major technology
breakthroughs will fundamentally alter the seawater desalination landscape.
Additionally, desalinated seawater is too expensive to use as irrigation water for
crop production. e
In contrast, there are large potential efficiency gains by using brackish water

as feed. There are major opportunities for significant reductions in brackish
water desalination cost and energy use through innovative electrochemical

or other emerging techniques. The minimum theoretical energy requirement
for desalination varies with the salinity of the feedwater—less energy is
fundamentally needed to desalinate brackish water compared to seawater.
Electromagnetic desalination processes such as electrodialysis (ED) and
capacitive deionization (CDI) are limited to low-salinity feedwater, but potentially
have much lower cost and energy than pressure or thermal technigues. They
offer many advantages when used with brackish feedwater, such as high water Increased Access to Food (# of People)
recovery and high brine concentrations. I . i

Impact

They also require little or no feedwater pre-treatment and membrane New Income Generated (# of People)
fouling can be prevented by reversing the electrode polarities. However, —_—
electromagnetic processes only remove ions from the water, leaving organics <M 10M+ 100Ms 1B+
and colloids in suspension—this is a concern for household water, but less so
for irrigation water. Furthermore, the selection and configuration of membranes
is currently highly dependent on feedwater characteristics, thus must be

adapted to local conditions of feedwater composition and concentration. Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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Concerted R&D efforts can overcome current
obstacles to enable a major source of low-cost
freshwater in regions with brackish resources.
The appropriate unit scale of desalination facilities
may vary depending on the application (such as
household, irrigated farm, urban water utility).
The salinity of the product water may also vary
depending on the purity requirements of the end
uses.

Costs can be further reduced by matching the
salinity of the product water to the salinity
thresholds for different uses; in other words,
removing only enough salt to make the water
viable for its intended use. Ideally, facilities will be

powered by onsite renewable energy sources, such

as photovoltaic solar arrays, to provide reliable
and sustainable operation. Developing appropriate
business models will be essential to ensure
economic sustainability and continuing impact.

Breakthroughs

End-uses for the desalinated water will include
drinking, cooking, washing and other domestic uses
and industrial water uses. Efficient techniques for
large-scale desalination of brackish water resources
will also enable the use of desalinated water for
production of agricultural crops using efficient
irrigation techniques.

Substantial research and development work is
required and we expect that it will take seven to ten
years for this breakthrough to be ready. Deployment
challenges include access to finance and policies
regarding location and discharge streams. We rate
the difficulty of deployment, COMPLEX.

Breakthrough 2: Difficulty of deployment

Extremely
Challenging

Challenging

Feasible
Simple
Policies Infrastructure Human
; I capital
Pmmm—d mmmmed
|

Moderate need to
train a limited
number of people

with supportive

|

|

|

Regulated market :
|

policies |
|

Requires some
improvements to
existing infrastructure

Access to
user finance
!

==
|
|
|
|
|
|
|

O

Significant financing
required, limited
mechanisms available

Behaviour Existing Market Business model
change demand fragmentation/ innovation
I . Distribution
| channels

o & i

Minimal behaviour

change required Fairly concentrated

market and/or well

defined channels

O O

Strong existing Deployment model(s)
demand being tested

51




PHYSICAL WATER SCARCITY

Introduction  Core Facts Key Challenges RECELUICl]1F

Medium to large-scale sewage
treatment process with recovery
of water (and ideally nutrients
and energy)

This imperative calls for the development and deployment of novel sewage
treatment facilities that are net sources, rather than sinks, of resources.
Primarily this applies to water resources, for treating and reusing the
wastewater collected in sewer systems. Systems should enable reuse of the
treated water for secondary purposes including industrial, recreational and
agricultural applications. A secondary focus is on energy resources, where
sewage treatment facilities could operate with net zero energy inputs, and could
even have the capability to produce energy for societal use. The recovery of
nutrient resources from sewage, such as phosphorus or nitrogen, may also be
a goal. Integrated sewage treatment can be viewed as a way to harvest clean,
renewable sources of water, energy or nutrients while disposing of a waste
product.

There is a great need for a low-cost, sustainable and scalable sewage
management process for deployment in fast-growing cities in developing
regions. In India, for example, less than 38 percent of the sewage that is
generated is treated before being discharged into water bodies. The amount
of resulting sewage in the environment is contributing to the country’s health
problems, including diarrheal outbreaks among children and lifelong stunting
and wasting.

The massive organic and nutrient loading also has adverse environmental
effects and leads to the destruction of ecological productivity of water bodies.
Simultaneously, many growing cities have difficulty meeting the water needs of
households and industries, due to physical constraints to water supply manifest
as closed river basins and depleting groundwater stocks.

The quantities of wastewater generated in major cities are enormous, thus
reusing this water for other purposes is a major lever for enhancing water
security. For example, if 80 percent of the wastewater collected by urban
sewage networks in India were reused, an additional water resource of 18
cubic kilometers per year would be obtained (ITT, 2018). What is lacking is an
effective and affordable sewage treatment method that can rapidly scale up in
developing regions.

Conventional wastewater treatment methods are a major resource sink,

and should not be held as models for scalable sanitation methods for fast-
growing cities in low-income countries. In the United States, for example, about
1.3 percent of all electricity is used for sewage treatment. This is a wasted
opportunity, because raw sewage contains about six times more chemical
energy than the amount of electrical energy required to treat it.

The most appropriate method of treatment for wastewater will depend largely
on the intended use of the recycled wastewater and the scale of the treatment
facility. Major reuse applications include agriculture (food and non-food crops),
industry, and groundwater recharge, for which increasing effluent quality is
required, respectively. For agricultural purposes, nutrient removal (or partial
nitrogen removal) can be left out of the treatment process, whereas reuse in
industrial applications or groundwater recharge requires nutrient and solids
removal.

Current State

—

Development Stage: In-Market Small Scale

—

Deployment: Challenging

Associated b0BT Chapters

Water Global Gender
Security Health Equity

SDG Alignment

[P W

P
.

Impact

Lives Saved (# of People/Year)

10M+ 100M+

Health Improved (# of People)

10M+ 100M+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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Groundwater recharge applications may also require
removal of micro-pollutants as well as organic
carbon. In terms of costs, the higher the quality

of treated effluent, the higher the total capital and
operational costs are. Generally, larger treatment
plants have an increased efficiency, which lowers the
lifecycle costs and environmental impacts per cubic
meter of treated water.

Novel sewage treatment methods followed by
wastewater reuse is a potentially important lever
for enhancing water security. Reusing wastewater
brings two important benefits: less pollution
entering water bodies, and less need for freshwater
withdrawals. However, in the areas where it is
currently practiced, wastewater reuse is typically
considered as a temporary solution for acute needs,
instead of implemented as a long-term solution to
improve water security.

Important criteria for successful treatment
technologies include the extent of land area required,
the economic resources needed for capital and

0&M, and the quality requirements for the reused
water. Land area requirements, in particular, may

be an impediment to scale-up of some technologies.
Different technology solutions may be appropriate
for different settings as the scale increases from
household to neighborhood and metropolitan level.

There are many challenges to sanitation
infrastructure deployment, and business models
should not expect to extract high-value content from
sewage. Sanitation systems tend to have fairly high
up-front costs and require skilled labor to install
and maintain. Distribution channels are also poorly
defined. In addition, significant public investment is
likely to be still required.

Some promising technologies have entered the
market, and others should become market-ready in
the coming years. Given the lack of proven models
and the growing scale of the urban sanitation
problem, the level of difficulty for deployment is
CHALLENGING.

Breakthrough 5: Difficulty of deployment

Extremely
Challenging

Challenging

Complex

Feasible

Simple

Infrastructure Human

Policies
! capital

O

Moderate need to
train a limited
number of people
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Moderate financing
needed, viable
mechanisms identified

Behaviour Existing Market Business model
change demand fragmentation/  innovation
I Distribution
| channels
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potentially on daily
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o O O

Low demand, Deployment model(s)
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Fragmented market,
weak distribution
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INTRODUCTION

Clean water is essential for healthy
living, but is hard to obtain in many
regions of the world.

Much water is unsuitable for use because it contains
contaminants, either natural minerals like salt or
arsenic, or pollutants like sewage or chemical waste.

The overwhelming majority of water on Earth is
saline, in the oceans and seas, and cannot be directly
used by households or farms. The size and ubiquity
of the resource, however, suggests that effective
techniques for desalination are critical to overcome
water constraints.

In addition, groundwater in some parts of the world,
such as Bangladesh, naturally contains dangerous
levels of arsenic, which must be removed prior to
safe consumption.

By using rivers, lakes and oceans as a dumping
ground for inorganic pollutants and biological
wastes such as sewage, human society has
significantly changed the quality of water. Discharge
of untreated sewage into rivers is common in urban
areas.

Water contamination by fecal pathogens causes
diarrhea and other diseases, resulting in hundreds
of thousands of deaths annually, primarily among
children. Other important water quality challenges
include exposure to diverse waterborne toxins
from industrial effluent and agricultural run-off of
fertilizers and pesticides.

Breakthroughs

Five technology breakthroughs can significantly
reduce the burden of poor water quality:

m Breakthrough 1. A low-cost system for precision
application of agricultural inputs, ideally
combining water and fertilizer

m Breakthrough 2. A very low-cost scalable
technique for desalinating brackish water

®m Breakthrough 3. Network of low-cost distributed
monitoring sensors to measure and map air and
water quality

m Breakthrough 4. Sustainable, affordable,
household-level fecal waste management system

®m Breakthrough 5. Medium to large-scale sewage
treatment process with recovery of water (and
ideally nutrients and energy)

Water pollution is typically an unintended consequence of other activities; people do not
intend to cause pollution, but disposing of waste products into a nearby water body is often
the most expedient and inexpensive form of disposal. The traditional approach to waste

disposal considered that “the solution to pollution is dilution”, which was effective when
the amount of waste was small relative to the capacity of the environment to assimilate
it. However, this approach is ineffective at larger scale, when the huge quantities of waste
overwhelm natural processes and leave water bodies polluted.
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Breakthroughs

CORE FACTS AND ANALYSIS

1. Fecal contamination of water
bodies causes severe health and
environmental impacts

Human fecal matter can contain a range of harmful
pathogens, including viruses, bacteria, protozoa, and
helminths (see Exhibit 1). These pathogens cause
diarrhea and other diseases. Almost 1.7 million
people die each year due to diarrheal diseases,
primarily children (GHDX, 2018).

The vast majority of diarrheal deaths occur in

South Asia and sub-Saharan Africa (see Exhibit 2).
Diarrheal disease burden is highly concentrated

in a small number of countries, with 78 percent of
deaths occurring in just 10 countries, including India,
Nigeria, DR Congo and Ethiopia. Human fecal matter
also spreads soil-transmitted helminths (STH), which
affect roughly 1.5 billion people globally.

In addition to mortality, the indirect burden of
diarrheal disease and STHs is significant; they are
a major contributor to malnutrition, which in turn
is believed to underlie 45 percent of all childhood
deaths.

Continued exposure to fecal contamination can
lead to chronic conditions, such as malnutrition
and stunting in children due to environmental
enteropathy, in which the body uses much of the
energy and nutrients from food to fight off ingested
fecal pathogens rather than absorbing them for
growth and development (Harris, et al., 2017).

Stunted height indicates that vital organs, such as
the brain and kidneys, are not developing properly
and has been associated with a lower intelligence
quotient (IQ) and a higher risk of developing diseases
later in life (Schmidt, 2014).

Fecal contamination of water bodies imposes great
economic cost on societies, mainly from healthcare
expenses and health-related opportunity costs.
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Pathogen type Important pathogens Characteristics

®

Viruses

Rotavirus Viruses are infectious pathogens that can only replicate
after infecting other living cells, Rotavirus is the single most
important pathogen associated with diarrheal disease.

ST-Enterotoxigenic E. coli, Bacteria can grow on food and in water and sewage under the
Shigella, Aeromonas, right conditions, Some bacteria are seasonal, with major spikes
V. cholera, C. jejuni in the wet seasan,

Protozoa Cryptosporidium Parvum Protozoa are advanced organisms that are transmitted through

cysts that are extremely robust, able to survive for long periods
outside of the body and resistant to chiorine purification.

Sofl-transmitted Roundworm (Ascaris Soil-transmitted helminths (STH) are parasites that do not

Helminths lumbricoides), whipworm cause diarrhea, but rather live in the body, generally the
(Trichuris trichiura), intestines, and cause enteric inflammation. Eggs must mature
hookworm (Necator in soil before becoming infectious to humans, however, they

americanus and Ancylostoma  are extremely persistent and can survive for weeks to months
duodenale) and certain types  on crops and soil, and years in fecal matter.
of tapeworm (Toenia)

Exhibit 1: Fecal waste contains four major types of pathogens: viruses, bacteria, protozoa and helminths.
(Source: ITT, 2018)

Global deaths due to diarrhea, by region

sub-Saharan Africa
37

East Asia & Pacific
5

Latin America & Caribbean 2
Middle East & North Africa 1
Europe & Central Asia 1
North America 1

South Asia
53

Exhibit 2: Of the 1.7 million deaths per year due to diarrheal disease, more than half occur in South Asia
and another third are in sub-Saharan Africa. (Source: GHDX, 2018)
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People typically become infected by ingesting the
pathogens, thus fecal contamination of surface and
groundwater significantly increases the likelihood of
infection.

Fecal pathogens colonize the human gut, where
they then grow and replicate. Their transmission
begins when the individual carrying the pathogen(s)
defecates.

Breakthroughs

From the point of defecation, the fecal pathogens
may come into contact with another person via
several transfer pathways, including surface and
groundwater, flies, crops and the soil—from where
they then enter the body through drinking water,
food or via dirty hands (see Exhibit 3).

Fecal-oral pathogen flow model

Fathogey IEhnp Defecation points
Stage 1 Stage 2

Open defecation

sites (Feld or

surface water)

Transfer pathways

Exposure Infection
Stage 4 Stage 5
W

Hookworm only

Exhibit 3: Fecal-oral pathogen flow model, showing multiple pathways for infection by fecal pathogens.
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Globally, the incidence rates of diarrhea have
decreased since the 1990s (see Exhibit 4).

Incidence rate of diarrhea among children

Diarrhea among children under five (episodes per child per year)

o
N
w
~
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o~
~

Chad

Niger
Nigeria
Afghanistan
Somalia
Angola
Mozambique
DR Congo
Uganda
Pakistan
Congo
Ethiopia
Liberia
Tanzania
Kenya
Eritrea
Ghana
Madagascar
Zimbabwe
South Africa
India
Bangladesh
Myanmar

Indonesia

Thailand

H -1990 W -2010

Exhibit 4: The rate of incidence of diarrhea in children under 5 has been declining in the world since 1990.

(Source: Fischer-Walker, et al., 2012)

The high organic and nutrient loads placed on rivers These environmental impacts are discussed in more
due to sewage disposal are increasing, resulting in detail in the sections on agricultural runoff and
significant ecological disruption. The high organic industrial effluent.

load of fecal waste and other domestic effluents
leads to a high biochemical oxygen demand (BOD) of
the water.

The high nutrient load (primarily nitrogen and
phosphorus) in the sewage results in eutrophication
of water bodies, which is ecologically destructive
and leads to anoxia and dead zones.
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2. Global scale-up of improved The number of people with improved sanitation

itati . e facilities is increasing in all countries. However,
Sanitation remains etusive in some countries the number of people without

improved sanitation is also increasing (Exhibit 6).
In these countries, which include Kenya, DR Congo,
Ethiopia and Nigeria, the population growth rate is
faster than the sanitation improvement rate.

Key sanitation indicators show positive long-term
trends in most developing countries, such as
increasing access to improved sanitation facilities
and decreasing rates of open defecation.

Much effort has been made in recent decades to
improve sanitary conditions. Still, there are large
population segments that lack adequate sanitation
facilities, particularly in rural areas (JMP, 2018) (see
Exhibit 5).

Percent
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South Africa
Ghana
Bangladesh
Nigeria
India

DR Congo
Kenya
Sudan
Tanzania
Mozambique

Uganda

Ethiopia

Bl -UrbanImproved [ -Urban Unimproved B - Rural Improved B - RuralUnimproved

Exhibit 5: Sanitation coverage varies widely among low-income countries. (Source: year 2015 data from
JMP, 2017; “Improved” and “Unimproved” sanitation is based on WHO/UNICEF JMP categories. Here,
“Improved” sanitation includes Safely Managed, Basic and Limited facilities; “Unimproved” sanitation

includes Unimproved facilities and Open defecation)
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Breakthroughs

2005

2005
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Nigeria Tanzania

Population (millions)
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Ethiopia Kenya

Population (millions)

2010 2015 2000 2005 2010 2015

DR Congo South Africa

Population (millions)
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Exhibit 6: In all countries, the number of people with improved sanitation facilities is increasing. In some
countries, including Kenya, DR Congo, Ethiopia and Nigeria, the number of people without improved
sanitation is also increasing because the population growth rate is faster than the sanitation improvement
rate. (Source: JMP, 2018)

Open defecation rates have been steadily decreasing
in recent decades. The number of people practicing
open defecation declined from 1,230 million in 2000
to 890 million in 2015 (JMP, 2018).

Still, open defecation is commonplace in many
countries, primarily in rural areas and to a lesser
extent in urban areas (see Exhibit 7).

Rural open defecation rates exceed 75 percent

in some countries, such as Niger, Namibia, Chad,
Eritrea and Benin. The practice has been in use
for millennia and is culturally accepted, despite its
detrimental health effects at current population
levels.
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Idyllically envisioned as a regular opportunity for As the number of people increased, the continuation
quiet contemplation in nature while completing of open defecation has led to spatial concentrations
biogeochemical cycles, open defecation becomes of human fecal waste at unpleasant and unhealthy
problematic when the amount of human waste levels.

exceeds the capacity for assimilation into the natural
surroundings.

Open defecation was the norm during our species’
long evolutionary history and was an effective
sanitation strategy while population density
remained low.

Prevalence of open defacation

Percent Il > M 4075

I 20-40

Exhibit 7: Despite important reduction in open defecation rates during recent decades, large shares of the
African and South Asian population continue to practice open defecation. It is particularly prevalent in rural
populations but also occurs among urban populations. (Source: JMP, 2018)
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3. Sanitation technologies are Specifically, drinking water can be contaminated

- - at three main points: the source, in transit (i.e.
available for managing fecal waste through pipes) and in the home through improper
in rural and urban areas storage. Food becomes contaminated in farm fields

when open defecation occurs in fields or when

Disposal of human fecal waste is a longstanding and farmers irrigate with wastewater, in markets due
ongoing challenge, and fecal waste management is to unhygienic conditions and in the home when the
one of the many necessary steps in improving the food comes into contact with contaminated hands or
water security and public health of a region. flies.
A three-pronged approach of improving sanitation, Thus, fecal waste management is one of three
water supply and hygiene is increasingly seen as important interventions required to prevent the
the solution to improving water quality and public spread of disease originating from fecal pathogens.
health. Exhibit 8 illustrates the relationship between Worldwide, the UN projects that for every $1 spent
these three sectors and the various pathways of on sanitation, more than $5 in value is returned to
disease transmission (Tilley, et al., 2014b). society (WWAP, 2017).

Interventions to prevent fecal disease transmission

+I

— —) Fingers =3l

-]
——
-
-
-
-

—.—} Flies =T

+ Fields -2

Exhibit 8: There are many pathways for disease transmission, which can be broken by interventions in the

water, sanitation and hygiene sectors. “Fields” can refer to surfaces both inside and outside the home and

“fluids” includes drinking water and other water that comes into contact with humans, such as water used
for bathing or recreation. (Source: adapted from Tilley, et al., 2014b)
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The types of systems and technologies used to Peri-urban areas share some characteristics of both
collect and treat fecal waste depend on how densely urban and rural areas where the best sanitation
populated an area is and the resources available management option for such areas will depend on
to households and local authorities to devote to the specific population size and density, distance to

sanitation practices (see Table 1).

an urban center and various environmental factors
such as soil type and groundwater table depth.

Rural areas are typically less densely populated,
thus distributed small-scale on-site fecal waste
management techniques are appropriate.

In more densely populated urban areas, a more
appropriate solution is water-based transport of
fecal waste through sewer networks to centralized
sewage treatment facilities (although discharge of
untreated sewage into rivers is more common in

practice).

On-site
decentralised

Off-site
centralised

Human health risk

Sanitation method Initial hygenic Secondary Surface water Ground water
separation exposure risk contamination contamination

Open defecation

Simple pit latrine (not emptied)
Improved pit latrine (safely emptied)
Improved pit latrine (unsafely emptied)
Pour flush + single pit (safely emptied)
Pour flush + single pit (unsafely emptied)
Pour flush + twin pit (safely emptied)
Pour flush + twin pit (unsafely emptied)
Pour flush + septic tank (safely emptied)

Pour flush + septic tank (unsafely emptied)

Pour flush + vermi-filter (safely emptied)
Pour flush + vermi-filter (unsafely emptied)
Sewer network to river

Sewer network + primary treatment

Sewer network + secondary treatment

Sewer network + tertiary treatment

I
a
=r

Very High

Table 1: A range of on-site and off-site sanitation technologies are available, each providing a different level
of health risk reduction. Health risk is described here as a function of the initial hygienic separation of the
fecal waste and the opportunities for secondary exposure to the fecal pathogens, which include the risks of
surface and groundwater contamination. The methods used for pit emptying and fecal residue management

have a major impact on overall health risk. (Source: ITT analysis)

Rural sanitation A wide range of on-site sanitation technologies has

In rural areas, decentralized on-site sanitation
systems for individual households are most
appropriate since they do not require a sewer

been developed, including pit latrines (single and
twin pit), pour-flush pit toilets (with septic tanks and
single and twin leach pits), vermi-filtration toilets,

connection, are relatively affordable and can safely dry composting toilets and anaerobic baffled reactor
contain the fecal waste when managed properly. toilets.
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The cost and performance of various on-site
sanitation systems are compared in Exhibit 9.
Lifecycle costs include the initial capital cost,
plus ongoing operations and maintenance costs,
primarily for emptying of fecal sludge.

In general, health risks are reduced as the cost

of the on-site sanitation system increases. An
exception to that trend is vermicomposting toilets,
which provide high performance at low cost largely
due to enhanced decomposition of fecal matter by
earthworms leading to less waste build-up and less
frequent emptying, thus lower maintenance costs.

Toilets with leach pits are simple and foolproof and
are appropriate for hesitant users who have recently
switched from open defecation. More sophisticated
on-site waste management technology, such as

the vermi-filtration toilet, provide greater overall
sanitation protection and are appropriate for
experienced users.

Thus, a phased approach may be needed with the
long-term goal of universal sanitation coverage with
highly effective local waste processing capabilities.

Comparison of on-site sanitation technologies

100 ®
Open defecation
90
80

(not emptied)
70 ®

Simple pit latrine

60
50

Health risk

40

Pour flush + vermi filter °
(unsafely emptied)

30
20
10

0
0 0 10

Pour flush + vermi filter
(safely emptied)

Improved pit latrine
(unsafely emptied)

Pour flush + single pit
(unsafely emptied) ()

Pour flush + twin pit
(unsafely emptied)

Pour flush + septic tank
® ° (unsafely emptied)

Improved pit latrine
(safely emptied)

Pour flush + twin pit
(safely emptied)
Pour flush + single pit
(safely emptied) ® ®

Pour flush|+ septic tank
(safely emptied)

15 20 25 30 35 40

Cost (USD per household per year)

Open defecation

Simple pit latrine (not emptied)

Improved pit latrine (safely emptied)
Improved pit latrine (unsafely emptied)
Pour flush + vermi-filter (safely emptied)
Pour flush + vermi-filter (unsafely emptied)
Pour flush + single pit (safely emptied)
Pour flush + single pit (unsafely emptied)
Pour flush + twin pit (safely emptied)
Pour flush + twin pit (unsafely emptied)
Pour flush + septic tank (safely emptied)

Pour flush + septic tank (unsafely emptied)

. - capital cost

Cost (USD per household per year)
5 10 15 20 25 30 35 40

o

. - 0&M cost

Exhibit 9: A range of on-site sanitation technologies are available—more expensive technologies generally
provide greater health risk reduction. The lifecycle cost of sanitation options includes both the capital and
the operations and maintenance costs, which vary significantly between technologies (Source: ITT, 2018)

69




WATER QUALITY

Introduction Key Challenges  Breakthroughs

Decentralized on-site sanitation systems should be Thus, 62 percent of the collected sewage, more than
viewed as a long-term solution to rural sanitation, 14 cubic kilometers per year, flows untreated into
rather than an interim fix, and given a high priority Indian rivers (CPCB, 2015). This is due to a lack of
in resource allocation. In order for on-site sanitation installed capacity and a lack of maintenance and
systems to be effective, mechanisms must be operation of existing plants. In Bangladesh, only 17
developed to regularly empty the sanitation facilities percent of collected sewage is treated, however the
and transport the fecal sludge, as necessary, to discharged sewage is diluted more effectively due to
appropriate sites for reuse or disposal. From toilet the relative water abundance of the country (WWAP,
siting and construction, to sludge emptying and 2017).
transport, to final treatment and disposal of waste,
each step of the sanitation service chain is critical in An additional source of fecal pollution is open
achieving effective sewage management (Blackett, defecation, which places the entire urban population
et al., 2014). at risk even if it is practiced by a small percentage of
residents. Crowding in cities further exacerbates the
Urban sanitation risks associated with untreated sewage and urban
Urban fecal pollution is largely caused by untreated open defecation.

wastewater from sewage networks discharging
into surface water bodies near cities (Kotloff, et al.,
2013). In India, for example, wastewater treatment
plants currently treat only about 38 percent of all
wastewater generated in cities (CPCB, 2015) (see

Exhibit 10).
Wastewater collection and treatment in India, 1978 to 2015
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Exhibit 10: Despite the rapidly growing capacity of sewage treatment facilities in India, less than half of
total wastewater collected is treated prior to discharge. Rapid growth in total wastewater collection in
India is due to the rise in urban population and the increase in percentage of urban households with sewer
connections. (Source: Central Pollution Control Board, 2005, 2009, 2015)
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Densely populated urban centers typically use
centralized sewage treatment systems, which collect
wastewater from many households and transport

it out of the urban area, ideally to facilities for
treatment. Such systems require large upfront costs
and high operational and maintenance costs, as well
as large investment of human capital. Wastewater

is collected and usually conveyed in sewer pipes to
outside the city center.

There, it may either empty directly into a river
without any treatment, which is most common in
developing regions, or it may be treated followed

by discharge to a river. Wastewater may be treated
to primary, secondary or tertiary levels, with
progressively better water quality. It may also empty
into a wetland, or the wastewater may be treated
and reused for various purposes (e.g. agriculture,
aquaculture, municipal water) (WWAP, 2018).

Sewage treatment can consist of a combination

of physical, chemical and biological processes to
remove solids, pathogens and biochemical oxygen
demand (BOD). Physical processes (primary
treatment) include the use of gravity as well as
physical barriers, such as filters and membranes,
to separate out large solids. Membrane systems
typically require high energy consumption and high
levels of operation and maintenance.

Biological processes (secondary treatment) contain
a variety of microorganisms that decompose the
sewage; these processes can operate under either
aerobic or anaerobic conditions. Aerobic conditions
require more energy for aeration but produce sludge
as a by-product, which can be applied to fields as

a fertilizer or soil conditioner. Anaerobic processes
require less energy and produce less stabilized
sludge, but the methane produced as a by-product
can be captured and used as an energy source
(WWAP, 2017).

Combining aerobic and anaerobic processes, such
as using UASB and ASP in a sequence, in a single
plant can help save energy costs and improve
effluent quality (von Sperling et al., 2001). Chemical
processes (tertiary treatment) are often used for
disinfection (e.g. ferric salts to remove BOD and
solids) or to remove nutrients (e.g. iron-sulphate
to remove phosphorus). Constructed wetlands are
engineered to mimic the natural purifying abilities
of wetlands and estuaries and can treat sewage to
the secondary degree (WWAP, 2018). All of these
processes can be combined in sequence to obtain
the cleanest effluent (UNEP, 2016).

Breakthroughs

Centralized, large-scale sewage treatment systems
are quite expensive, energy intensive and typically
require skilled personnel to operate and maintain
the plants. Conventional wastewater treatment
methods are a major resource sink. In the United
States, for example, about 1.3 percent of all
electricity is used for sewage treatment (Heidrich,
etal, 2011). This is a wasted opportunity, because
raw sewage contains about six times more chemical
energy than the amount of electrical energy required
to treat it (Korth, et al., 2017).

The chemical energy contained in wastewater can
be exploited in several different ways. Methane
harvesting from anaerobic digestion is a well-
known energy saving and energy producing

method. Its drawbacks are requirements of high
concentrations of organic matter, warm wastewater
temperatures (i.e. >20 °C) and a high minimum flow
rate. Newer energy generation methods include
microbial electrochemical technologies, such as
microbial fuel cells and microbial electrolysis cells,
the use of microalgae for biodiesel and anaerobic
membrane bioreactors, which can produce methane
from low concentrations of sewage (Rao, et al.,
2017). Alternative methods include the combined
use of micro- and macro-organisms, such as
vermicomposting, in which the compost can later be
retrieved to recover nutrients.

Table 2 summarizes the characteristics of various
off-site sewage management technologies and

their suitability for use in different geographic and
economic settings. Important selection criteria for

treatment technology include the land area available,

the economic resources available for capital and
0&M and the quality requirements for the reused
water. Prior to entertaining tertiary treatment at
any location, it is advised that sewage treatment
plants are first deployed with the capacity to treat
all wastewater in that area to the level of secondary
treatment (BOD less than 20 milligram per liter,
suspended solids less than 30 milligram per liter).

Once there is high coverage of secondary treatment
across the region, resources may be allocated to
upgrade the plants to complete tertiary treatment
(BOD less than 10 milligram per liter, suspended
solids less than 15 milligram per liter, total fecal
coliforms less than 2500 most probable number per
100 milliliters) (CPCB, 2005). Regardless of which
sewage treatment system is used, the costs of not
implementing and not investing adequate funds in
sewage management are typically far greater than
the costs of doing so, especially when the direct
and indirect effects to public health, socioeconomic
development and environment impacts are
considered (WWAP, 2017).
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Technology
Type

Activated
Sludge
Process
(ASP)

Trickling
Filter (TF)

WERG
Stabilisation
Pond (WSP)

Upflow
anaerobic
sludge
blanket
(UASB)

Rotating
biological
contactor
(RBC)

Land

Requirement

0.15-0.25
hectares/MLD
installed
capacity

0.25-0.65
hectares/MLD
installed
capacity

0.8-2.3
hectares/MLD
installed
capacity

0.2-0.3
hectares/MLD
installed
capacity

0.008
hectares/MLD
installed
capacity

Breakthroughs

Capital Costs O&M Costs Energy Effluent Quality

Requirement

$41K-82K /MLD
capacity

$6K-10K/year/ 180-225 KWh/ML
MLD installed treated
capacity

BOD: 10-20 mg/L
Suspended solids:
20-50 mg/L

Relatively lower
than ASP

Slightly lower 180 kWh/ML
than ASP treated

Comparable to ASP

$31K-93K/MLD $1K-2K/year/ Energy required BOD: 30-50 mg/L

capacity MLD installed for the operation Suspended solids:
capacity of screen and grit 75-125 mg/L
chamber -
negligible

compared to ASP

$52K-72K/MLD
capacity

$2K-4K/year/
MLD installed
capacity

10-15 KWh/ML
sewage treated

BOD: 30-40 mg/L
Suspended solids:
75-100 mg/L

Very low
compared to ASP

Comparable to ASP

Advantages

Low land requirement;
resistant to organic and
hydraulic shock loads;
high reduction of BOD
and pathogens; high
nutrient removal
possible; high quality
effluent; biogas can be
harvestedt

Simple process;
requires small land
area; can be operated at
arange of organic and
hydraulic loading rates;
efficient reduction of
ammonia-nitrogen
concentrations; low
power requirements

Low O&M costs; low
0&M capital; high BOD
and pathogen removal;
construction can take
place by unskilled
laborers; no electrical
energy required

Can absorb organic and
hydraulic shock loading;
low sludge production;
biogas can be captured;
little energy
consumption; low land
demand; can be
constructed
underground; effluent
rich in nutrients

High contact time and
high effluent quality,
stable process -
resistant to shock
hydraulic and organic
loading; shorter process
time; low land
requirement; ease of
installation and
commissioning; simple
to operate and maintain;
low sludge production

Disadvantages

High energy
consumption; high
capital and operating
costs; requires skilled
personnel to operate
and maintain; prone to
complex chemical and
microbiological
problems

Prone to clogging;
regular operator
attention necessary;
potential for odour and
vector problems; high
capital costs; requires
skilled personnel to
operate and maintain;
pre- or primary
treatment required

Requires large surface
area; effluent contains
nutrients and cannot be
discharged into surface
waters; prone to
smelling, long
processing time
depending on climate

Sensitive to power cuts
since constant
electricity is required;
operation and
maintenance by skilled
personnel; difficult to
maintain proper
hydraulic conditions
(upflow and settling
rates must be balanced);
not adapted for cold
climates

Requires continuous
electricity supply (but
less than TF or ASP);
high capital and 0&M
costs; must be protected
against sunlight, wind,
rain and freezing
temperatures; odour
may occur; requires
skilled technical labour
to operate and maintain;
requires primary
treatment (settling)
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Technology
Type

Sequencing
Batch
Reactor
(SBR)

Fluidised
Aerobic Bed
(FAB)

Submerged
Aerobic Fixed
Film (SAFF)
reactor

Membrane
Bioreactor

(MBR)

Duckweed
Pond System
(DPS)

Root Zone
Treatment
System (RZT)

Anaerobic
Baffled
Reactor +
RZT

Land Capital Costs 0&M Costs

Requirement

0.1-0.15 Higher than ASP Higher than ASP
hectares/MLD

installed

capacity

0.06 $62K-103K/MLD $10K-15K/year/M
hectares/MLD installed capacity | LD installed
installed capacity

capacity

0.05 $145K/MLD $24K/year/MLD
hectares/MLD installed capacity | installed capacity
installed

capacity

0.035 $62K-103K/MLD $12K-16K/year/M
hectares/MLD installed capacity | LD installed
installed capacity

capacity

2-6 Similar to WSP $4K/year/MLD
hectares/MLD installed capacity
installed

capacity

0.1-0.2 $21K-31K/MLD $1K/year/MLD
hectares/MLD installed capacity | installed capacity
installed

capacity

0.7-0.8 $21K/MLD <$1K/year/MLD
hectares/MLD installed capacity | installed capacity
installed

capacity

Breakthroughs

Energy
Requirement

150-200 kWh/ML
treated

99-170 kWh/ML
sewage treated

390 kWh/ML
treated

180-220 kWh/ML
treated

Very low

compared to ASP

Very low

compared to ASP

N/A

Effluent Quality

BOD: <5 mg/mL
suspended solids:
<10 mg/mL

BOD: <10 mg/mL
suspended solids:
<20 mg/mL

BOD: <10 mg/mL
suspended solids:
<20 mg/mL

BOD: <5 mg/mL
suspended solids:
<10 mg/mL

BOD: <10 mg/mL
suspended solids:
<10 mg/mL

BOD: <5 mg/mL
suspended solids:
<5 mg/mL
Colourless

BOD: <5 mg/mL
suspended solids:
<10 mg/mL

Advantages

Equalisation, primary
clarification, biological
treatment, and
secondary clarification
can be achieved in a
single reactor vessel;
operating flexibility and
control; minimal
footprint

No sludge recycling and
monitoring of mixed
liquor suspended solids
(MLSS); allows for
continuous,
automatically controlled
operations

More compact than
conventional STPs

Low footprint; high
effluent quality; high
loading rate capability

Easy to harvest; less
sensitive to surrounding
environmental
conditions; high
nitrogen removal;
excess duckweed can
be used for animal feed

Low cost, high pathogen
removal

No electrical energy
required; resistant to
organic and hydraulic
shock loads; low 0&M
costs; high reduction of
BOD; low sludge
production; RZT
provides high reduction
of nutrients

Disadvantages

Requires higher level of
sophistication of
operate; higher level of
maintenance; aeration
device can clog

Expensive to construct
and maintain; reactor
walls may erode

High energy use

High O&M costs; high
energy costs;
membranes are
complex and can foul

Duckweed can die-off if
not designed properly

Requires pre-treatment
(settling)

Requires large land area

Table 2: There is a wide range of off-site sewage treatment technologies that may be used in cities and
peri-urban areas. (Source: adapted from CSE, 2011, with inputs from Nhapi, et al.,, 2003 and Tilley, et al,,

2014a; costs are in US dollars; MLD = million liters per day; ML = million liters)
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While numerous hard technologies are required to
manage fecal waste, there is an equally important
soft side to sanitation that involves devising and
implementing effective policies and understanding
mechanisms to influence technology adoption and
behavior adaptation.

For example, the government of India spent more
than 1 billion U.S. Dollars from 2014 to 2016 in an
attempt to end rural open defecation by subsidizing
a toilet for each household under the Clean India

Mission (Gopalakrishnan, 2015). Improved sanitation
at the household level has little benefit to the growth

and health of children if other households in the
community do not also use improved sanitation
facilities (Andres, et al., 2014).

Breakthroughs

A variety of soft sanitation tools are available,
including participatory planning tools, hygiene
awareness and behavior change and sanitation
promotion to create demand (Peal, et al., 2010).

4. Purification is necessary before
water contaminated with fecal
matter could be safely consumed

Microbial pathogens that are present in water
must be killed, deactivated or physically removed
before the water can be safely consumed. There
are numerous ways this can be achieved at various
scales, including through chemical, thermal,
radiation and filtration methods (see Table 3).

Approach Process Appropriate scale Observations

. May produce disinfection by-products;

il AR turbidity can inhibit effectiveness

Zinc Household Reqmr_es removal of precipitated

material
. lodine Household and community May produce disinfection by-products
Chemical

Ozone Municipal May produce disinfection by-products

Silver and copper
nanoparticles
(e.g. MadiDrop)

Combined coagulation
(e.g. PuR)

Thermal Boiling

Solar disinfection

Ultraviolet (UV) (e.g. SODIS)

Radiation
UV Waterworks

Membrane filter
(e.g. reverse osmosis)

Ceramic pot

Filtration Rapid sand filter

(larger particles) and
Slow sand filters
(drinking water quality)

Pressure filters

Household

Household

All scales

Household

Household and community

All scales

Household

Community and municipal

Municipal

Silver is readily absorbed by the body,
but it is unclear whether it causes long
-term harm; does not form disinfection
by-products

Simple technology, but requires
constant input of chemicals

Energy intensive

Turbidity and cloud cover can inhibit
effectiveness

Turbidity can inhibit effectiveness

Removes pathogens and many
inorganic contaminants

Low cost

Rapid sand filters can be used as
pre-treatment step followed by
chlorine, ozone, etc.

May require pre-treatment
(i.e. settling or pre-filtration)

Table 3: Numerous methods are available to kill or remove pathogens from drinking water. (Source: based
on Gadgil, 1998; Fewtrell, 2014; Amrose, et al.,, 2015; US EPA, 2018)
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Many of these technologies are combined together to
achieve better drinking water quality. For example,
ceramic filters can be lined with silver and copper
nanoparticles to ensure all pathogens are killed

and filtered out. Another example is chloramination,
which is the combined use of chlorine dioxide and
UV radiation. Chlorine is the most and ozone is the
second most widely used water disinfectant.

Chemicals used as disinfectants will sometimes
react with naturally occurring chemicals in a

water source to produce by-products that are
harmful to human health. Some common by-
products are bromate, chlorite, haloacetic acids and
trihalomethanes. Many of these by-products are
toxic and/or carcinogenic (US EPA, 2018). Activated
carbon filters may be used secondarily to adsorb
and remove some of these by-products.

Breakthroughs

Water quality testing is carried out to ensure that
drinking water is safe. The basic WHO drinking
water guideline is that no E. coli should be detected
in a 100-milliliter sample. Other microbes and
indicators can be used to assess water safety (see
Table 4). It is important to note that these refer to
established textbook methods, which may be difficult
to successfully implement in many developing
countries due to various challenges.

For example, intermittent treated water supply can
create pressure gradients that draw contaminants
into the pipes, resulting in unsafe delivered water.
Furthermore, water sources that are treated onsite
(meaning point-of-use treatment) can become
contaminated in the household from unhygienic
storage or incorrect handling.

Potential Health Effects Sources of Contamination

Cryptosporidium

Giardia lamblia

Viruses (enteric)

Legionella

Not a health threat, but used to indicate if other
potentially harmful bacteria may be present

Total Coliforms

Heterotrophic plate
count (HPC)

Legionnaire's Disease, a type of pneumonia

No health effects. HPC is an analytic method used to
measure variety of bacteria in a water sample

Human and animal feces

Gastrointestinal illness (e.g. diarrhoea and vomiting)

Human and animal feces

Gastrointestinal illness (e.g. diarrhoea and vomiting)

Human and animal feces

Gastrointestinal illness (e.g. diarrhoea and vomiting)

Occurs naturally in water;
multiplies in heating systems

Occur naturally in the
environment as well as in
feces

HPC measures bacteria that
are naturally present in water

Measure of the cloudiness of water; used to indicate

water quality and filtration effectiveness. Higher
turbidity levels are associated with higher
concentrations of pathogens

Turbidity

Soil runoff

Table 4: Water can be analyzed for the presence of microbial contaminants and other quality indicators to
determine its suitability for drinking. (Source: adapted from US EPA, 2018)
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5. Arsenic and fluoride are natural
elements that contaminate some
groundwater

Arsenic

In parts of the world, the underground geological
formations comprise of minerals containing arsenic
or fluoride, resulting in groundwater containing
these natural toxins (see Exhibit 11). Inorganic
arsenic is naturally present at high levels in the
groundwater of a number of countries, including
Argentina, Bangladesh, Chile, China, India, Mexico
and the United States.

Breakthroughs

In South Asia, due to the deposition of silt from the
Himalayas containing arsenopyrite, arsenic-bearing
aquifers are prevalent in southern Bangladesh, the
Indus basin of Pakistan and the Indian states of West
Bengal, Bihar and Uttar Pradesh. Highly populated
river deltas in Vietnam and Cambodia, as well as
parts of the United States and Latin America, also
contain high levels of arsenic in groundwater.

Presence of arsenic in groundwater

Exhibit 11: Groundwater supply in some regions is contaminated by arsenic. (Source: Schwarzenbach, et

al,, 2010)
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An element on the Periodic Table, arsenic (atomic
number 33) is quite mobile in the environment.
Although it exists in several forms, the most
prevalent forms of arsenic found in groundwater
are arsenite [As(lI1)] and arsenate [As(V)] (Nicomel,
et al., 2016). Consumption of water, including both
drinking water and cooking water, with elevated
arsenic levels over a prolonged period can result
in serious health conditions, including skin lesions,
hyperkeratosis, melanosis and cancer in different
organs, which in some cases has been fatal (NIH,
2017). The probability and severity of health effects
increase with exposure level and duration.

Groundwater in problem areas naturally contains
arsenic compounds. Until recent decades this
caused no problems because groundwater from
deeper strata was largely inaccessible.

Prior to the 1960s and 1970s, surface water or
shallow well water was typically used for household
consumption. As surface waters in rivers, lakes

and ponds became more polluted by sewage,
borewells were widely constructed to access deeper
unpolluted groundwater in order to avoid diarrheal
diseases. This inadvertently resulted in wide
exposure to arsenic in drinking water (Smith, et al.,
2000).

Beginning in the 1980s and 1990s, chronic diseases
were observed among households using water
containing arsenic. The first cases related to
arsenic-contaminated water were observed in the
early 1980s in Bangladesh and eastern India and
first reported in the medical literature in 1984 (Garai,
et al., 1984). The problem of arsenic-contaminated
groundwater was further documented during the
1980s and 1990s. In 2000, World Health Organization
researchers declared it as “the largest mass
poisoning of a population in history” (Smith, et al.,
2000).

There is substantial uncertainty around the number
of people affected by arsenic. There is also large
variation in the level of exposure. Estimates of
affected populations are broad and range from 35 to
80 million people in Bangladesh, 50 to 200 million in
India and 50 to 60 million in Pakistan (Smith, et al.,
2000; Argos, et al., 2010; Chakraborti, et al., 2013;
Podgorski, et al., 2017).

Both the WHO and the USEPA specify that no more
than 10 micrograms per liter (10 parts per billion)
of arsenic can be present in drinking water for safe
consumption. It is very difficult to detect arsenic
levels below 10 micrograms per liter with current
measurement technologies.

Breakthroughs

The most common current arsenic removal
technologies can be grouped into five categories:
oxidation, ion exchange, activated alumina,
membrane and coagulation/co-precipitation/
adsorption (Rahman & Al-Muyeed, 2009). Some
promising technologies, such as electrocoagulation,
are emerging.

Each of these technologies has trade-offs in
terms of water characteristics (i.e. change in

pH, concentrations of arsenic, iron, phosphate,
silicate and calcium), operation and maintenance
complexity and aesthetic water quality. The
arsenic concentration of the feed water is a key
factor influencing the removal efficiency and cost.
Technologies that demonstrate high removal
efficiencies when treating moderately arsenic-
contaminated water may not be as efficient when
treating highly contaminated water (Shan, et al.,
2018).

In terms of effectiveness, oxidation-filtration

and ion exchange technologies have shown poor
efficacy, while zerovalent iron and other adsorption
technologies work well. Users give coagulation-
coprecipitation-filtration technologies mixed reviews
(Amrose, et al., 2015).

Despite the popularity of reverse osmosis (RO) for
removing other water contaminants, conventional
RO only partially removes arsenic because of the
small size of arsenic ions relative to salt ions. It
would be possible, in principle, to pass the water
through the RO membrane multiple times to remove
more arsenic. However, achieving the very low
concentration required for arsenic (10 micrograms
per liter) would make the cost prohibitively high.

Most arsenic-removal technologies are available

at the community and household level. The most
widely used household arsenic removal systems use
zerovalent iron, such as the SONO filter. However,
many household users complain of low flow rate
and occasional clogging. Community-level treatment
typically exists as column filters containing media,
such as activated alumina, granular ferric hydroxide
or hybrid anion exchange.

77




WATER QUALITY

Introduction Key Challenges

A major concern regarding arsenic removal
technologies is that the collected arsenic must be
disposed of after it has been removed from a water
source. Unfortunately, this disposal practice is
often unregulated and arsenic waste is sometimes
dumped in ponds or open fields.

The arsenic concentration of these wastes varies
widely but can reach 7.5 grams per kilogram
(Amrose, et al., 2015). This is roughly a million times
more concentrated than the maximum allowable
arsenic concentration in safe drinking water. An
effective large-scale arsenic removal program will
require a method for responsible disposal of the
collected arsenic.

Several arsenic mitigation interventions have been
studied in recent years to assess their feasibility
from technological, institutional and community-
adoption perspectives. Researchers found that
overwhelmingly, communities prefer borewells as a
water source, even if their contamination status is
unknown (Inauen, et al., 2013; Johnston, et al., 2014;
Hossain, et al., 2015).

In Bangladesh, arsenic levels in groundwater are
typically stratified, with low concentrations near
the shallow water table, maximum concentrations
typically 20 to 40 meters below ground and very
low concentrations deeper than about 100 meters
(Ravenscroft, et al., 2005). Aquifers that are 100

to 200 meters deep thus offer safe water in the
near- to medium- term, but are susceptible to
long-term downward arsenic intrusion with intense
groundwater pumping.

While experts are better understanding the health
effects of arsenic-contaminated drinking water,
they are less certain regarding the impacts of using
arsenic-contaminated groundwater for irrigation.
Studies show little correlation between arsenic in
irrigation water and arsenic in produce such as
rice, vegetables, fruits and pulses (Senanayake and
Mukherji, 2014; Bhattacharya et al., 2010).

Breakthroughs

The amount of arsenic available for crop uptake is

influenced by multiple factors, including soil redox

potential, pH, organic matter content, soil microbes
and the levels of iron, manganese, phosphorus and
calcium carbonate in the soil.

Arsenic that is taken up by plants tends to
accumulate primarily in the plant roots with
progressively less accumulating in stems, leaves
and grains. Thus, root vegetables, such as potatoes,
accumulate a higher amount of arsenic than other
crops. The most important impact of irrigation with
arsenic-contaminated water may be the significant

long-term reduction in yields (Huhmann, et al., 2017).

Fluoride

Fluoride is another naturally occurring element

that is present in some groundwater. Fluoride is an
anion of the element fluorine (atomic number 9) with
the chemical formula F- and occurs naturally in
some groundwater. Fluoride contamination is highly
prevalent in hyper-arid and humid areas of Asia

and Africa. Mumtaz, et al. (2015) reported that more
than 66 million people in India are exposed to high
concentrations of fluoride in groundwater. The worst
affected areas in India include Rajasthan, Gujarat,
Telangana and Andhra Pradesh states. In Africa, the
worst affected countries include Senegal, Kenya and
South Africa (IGRAC, 2018) (Exhibit 12).
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Presence of fluoride in groundwater

Probability that high fluoride
concentrations (>1.5 milligrams
per liter) will occur in
groundwater

Exhibit 12: Fluoride contamination in groundwater varies widely across Africa and Asia.
(Source: IGRAC, 2018)
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When present in drinking water at concentrations of
0.8 to 1.0 milligram per liter, fluoride is beneficial for
calcification of dental enamel, thus reducing tooth
decay. At higher concentrations (1.5 to 2.0 milligrams
per liter), fluoride has adverse effects and leads to
dental fluorosis. At still higher concentrations (3

to 6 milligrams per liter), skeletal fluorosis occurs,
affecting bones and ligaments. WHO recommends a
maximum fluoride concentration in drinking water of
1.5 milligram per liter.

Various defluoridation techniques have been
developed, including coagulation, adsorption,
ion-exchange, electrochemical and membrane-
based methods. The coagulation technique uses
reagents, such as aluminum salts, lime, calcium and
magnesium salts, poly aluminum chloride and alum
to precipitate fluoride through a chemical reaction in
which the precipitated fluoride coagulates and can
then be removed.

These chemical processes include coprecipitation,
in which fluoride is simultaneously precipitated
with a macro-component through crystal formation,
adsorption, occlusion or mechanical entrapment.
The Nalgonda technique is a coagulation-
defluoridation technique that has seen limited
acceptance because it is relatively difficult to
maintain and operate. This is a common problem
with defluoridation technologies.

Adsorption processes involve continuously cycling
fluoride-contaminated water through columns
containing an adsorbent, such as bone char,
activated alumina, activated carbon, activated
bauxite, ion-exchange resins, fly ash, super
phosphate and tricalcium phosphate, clays and soils,
synthetic zeolites and other adsorbent minerals. The
cyclic sorption tends to aggregate and concentrate
the fluoride, which can then be disposed of safely.

Electrochemical processes include
electrocoagulation and electrosorptive techniques.
During electrocoagulation processes, Al** ions

are released from aluminum electrodes through

an anodic reaction, which generate aluminum
hydroxides that adsorb fluoride ions near the
electrodes, resulting in a fluoride complex that

can then be easily removed. Electroadsorptive
techniques only differ from adsorption techniques in
that an electric field is applied to the adsorbent bed,
which increases its adsorption capability.

The use of membrane technologies in defluoridation
is relatively new and includes reverse osmosis,
nano- and ultrafiltration, electrodialysis and Donnan
dialysis. These processes typically have high
operational costs compared to other defluoridation
techniques (Ayoob, et al., 2008; Mumtaz, et al., 2015).

Breakthroughs

6. Water contaminated by
agricultural runoff impacts health
and the environment

Farming practices associated with the Green
Revolution use large amounts of pesticides and
fertilizers; some of these run off from the farm and
contaminate surface and ground water.

The use of pesticides has grown significantly in
recent decades, with approximately 2.3 million

tons of industrial pesticides now used annually
(Pure Earth, 2018). Although farm workers are the
ones most exposed via inhalation or skin contact,
pesticides also affect large numbers of people when
these substances are washed by rain or irrigation
into streams, lakes and groundwater, where they
can be ingested through drinking water. Central

and South America are most affected by pesticide
runoff, followed by Asia; Africa is less affected due to
relatively low levels of pesticide use.

There are many different kinds of pesticides with a
range of health impacts, including skin irritations,
respiratory and pulmonary problems, vision loss,
damage to nervous and immune systems, birth
defects, disruption of the hormonal system and
many different forms of cancer. Many agricultural
pesticides are classified as persistent organic
pollutants (POPs), which are organic compounds
that do not degrade readily and therefore persist
in the environment. They tend to bioaccumulate in
organisms, meaning that they remain in individual
organisms and build up over time. As smaller
organisms are consumed by larger organisms, the
POP concentrations increase with each trophic level.
This becomes harmful to humans who consume
upper trophic level fish.

Another important agricultural water pollutant

is fertilizer, primarily nitrogen and phosphorus.
Nitrogen pollution poses a direct health threat
when in the form of nitrate (NO,). High levels

of nitrate in drinking water have been linked to
methemoglobinemia in infants, various cancers in
adults and toxic effects on livestock (Carpenter, et
al., 1998; Richard, et al., 2014; Schullehner, et al.,
2018). Phosphorus in water is not considered to be
directly harmful to humans and animals, and no
drinking water standards have been established for
phosphorus (Carpenter, et al.,, 1998). Toxicity caused
by phosphorus in freshwaters is indirect, due to algal
blooms stimulated by phosphorus pollution.
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Just as fertilizing agricultural fields can stimulate
crop growth, increasing the levels of nitrogen and
phosphorus nutrients in rivers, lakes and estuaries
can cause excessive growth of aquatic organisms.
Known as eutrophication, the nutrients enable the
growth of huge blooms of algae that dominate
aquatic ecosystems, seriously degrading water
quality (Smith, 2003). Algal blooms are problematic
since they blanket the water's surface and block
sunlight from reaching underlying aquatic plants,
killing them. Once the algae die off, the bacterial
degradation of their biomass consumes the oxygen
in the water, causing hypoxia that results in the
death of fish and other aquatic organisms.

More than 400 marine dead zones resulting from
nutrient runoff are reported worldwide, having

approximately doubled each decade since the 1960s

(Diaz & Rosenberg, 2008). Large algal blooms and
hypoxia characterize the Arabian Sea, where a
recent change in algal species is thought to have
resulted from the massive organic and nutrient
loads entering the sea from Karachi, Mumbai and
other cities along the coasts of India and Pakistan
(Gomes, et al., 2014).

Breakthroughs

Many cyanobacteria (also known as blue-green
algae) also produce toxic compounds that are
hazardous to humans and domesticated animals.
Mass blooms of toxic cyanobacteria occur regularly
in water subject to nutrient runoff, with the timing
and duration of the bloom season varying by
location.

In recent decades, the amount of reactive nitrogen in
rivers has increased dramatically (Green, et al., 2004;
MEA, 2005), with river basins in North America,
continental Europe and South and East Asia showing
the greatest change (Exhibit 13). Africa suffers little
from nitrogen pollution, mainly because fertilizer use
in Africa is still very low.

Increase in nitrogen runoff leading to aquatic dead zones

Percent Increase in
Nitrogen Transport
to River Mouth
[ ] <1 Percent
[ 1-50 Percent
I 50-75 Percent
75-300 Percent
Il 300-500 Percent

Exhibit 13: Reactive nitrogen flows in many river systems have increased dramatically in recent decades—
primarily due to fertilizer runoff from agricultural lands—especially evident in Europe, Asia and North
America. This has led to dead zones in waterways. (Source: MEA, 2005)
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In addition to nitrogen, another important source of Exhibit 14 shows that phosphate rock mining
water pollution is the chemical element phosphorus, expanded considerably after 1950 and is now
which is an essential nutrient for plant growth. the dominant source of phosphorus fertilizer, an
Phosphorus fertilizers are important because of the essential input to intensive agriculture (Cordell, et
slow natural cycling of the element, the low solubility al,, 2009). Phosphorus runoff is a major cause of

of natural phosphorus-containing compounds
and the essential nature of phosphorus to living
organisms. Traditional sources of agricultural
phosphorus are animal manure and guano (bird

eutrophication. For example, the water supply for the
city of Toledo, Ohio, U.S. was interrupted for several
days in August 2014 due to an algae bloom caused
largely by phosphorus fertilizer runoff.

Sources of phosphorus fertilizer since 1800
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Exhibit 14: Mining of phosphate rock expanded considerably after 1950 and is now the dominant source of

phosphorus fertilizer used in agriculture. (Source: Cordell, et al., 2009)
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In conventional agricultural practice, roughly 20
percent of nitrogen (N) fertilizer and 5 percent of
phosphorus (P) fertilizer runs off of farmlands and

contaminates surface water (NRC, 2000; MEA, 2005,).

Within India, the amount of P entering Indian surface
water from fertilizer runoff is roughly equal to the
amount of P from human feces and urine discharged
from sewers, while the amount of N from Indian
fertilizer runoff is about six times more N than from
sewers (see Exhibit 15).

Breakthroughs

Excess of P typically causes more eutrophication
than N, as in aquatic ecosystems P is the limiting
nutrient more often than N.

Nutrient pollution from sewage discharge and fertilizer runoff in India

815

2.5

1.5

Million tons per year

_

0.5

Nitrogen

B - Sewage discharge

Phosphorus

B - Fertilizer runoff

Exhibit 15: Fertilizer runoff from Indian farmlands releases about six times more N, and about equal
amounts of P, compared to human waste discharged from Indian sewers. (Source: ITT analysis based on:
For fertilizer runoff, all-India fertilizer consumption from Fertiliser Association of India, 2016, percent run-
off of N -and P from NRC, 2000 and MEA, 2005; For sewage discharge, all-India population from UN, 2017,
urban percentage from UN, 2018, urban sewer connection rate from JMP, 2017, average per capita feces
and urine discharge from Rose, et al., 2015, percent nutrient content of feces and urine from Rose, et al,,

Implementation of global best practices would
significantly reduce the percentage of applied
fertilizer that runs off. Appropriate nutrient
management, by applying fertilizers in the proper
amount at the right time and via a suitable method,
can significantly reduce the potential for runoff (FAQ,
1996). Other good practices include planting cover
crops and buffer strips, employing conservation
tillage practices and managing livestock waste (UN,
2017).

Climate change may, however, impact efforts to
improve farm nutrient management, as N run-off is
projected to increase due to changes in precipitation
patterns (Sinha, et al., 2017). Management of paddy
straw and other crop residue is a strong lever

for improvement in some areas. In many regions,
farmers typically burn crop residue, losing important
potential nutrients as well as causing significant air
pollution (Lohan, et al., 2018). Proper management
of crop residues can improve soil health and reduce
fertilizer consumption, particularly nitrogen.
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7. Diverse industrial effluents cause Industrial pollution is increasing globally, because

health and environmental impacts

the overall industrial production in numerous diverse
industrial sectors is growing faster than the adoption
of best practice cleaner industrial processes.

Rapid industrial and agricultural expansion in many

developing countries during recent decades has
resulted in a diverse range of chemical contaminants
that increasingly pollute surface and groundwater.
Industrial effluent typically originates from discrete
and concentrated point sources, such as individual
facilities, while agricultural runoff comes from
diffuse non-point sources across large areas.

Effluent is discharged from a range of industrial
sectors: distilleries, sugar, textiles, electroplating,
pesticides, pharmaceuticals, pulp and paper,
tanneries, dyes, petrochemicals and steel (see Table
5). These effluents are diverse and contain a wide
range of chemical and biological contaminants with
potential human health effects.

This means that there are variances in exposure
patterns between the two and as such each type of
effluent requires a different potential solution.

Industry

Pulp and paper

Iron and steel

Mines and quarries

Food industry

Brewing

Organic chemicals

Textiles

Energy

Typical content of effluent

« Chlorinated lignosulphonic acids, chlorinated resin acids, chlorinated phenols and chlorinated
hydrocarbons - about 500 different chlorinated organic compounds identified
Colored compounds and absorbable organic halogens (AOX)
Pollutants characterized by BOD, COD, suspended solids (SS), toxicity and colour

Cooling water containing ammonia and cyanide

Gasification products - benzene, naphthalene, anthracene, cyanide, ammonia, phenols, cresols,
and polycyclic aromatic hydrocarbons

Hydraulic oils, tallow and particulate solids

Acidic rinse water and waste acid (hydrochloric and sulphuric)

Slurries of rock particles
Surfactants

Oils and hydraulic oils
Undesireable minerals, i.e. arsenic
Slimes with very fine particulates

High levels of BOD and SS concentrations

Variable BOD and pH depending on vegetable, fruit or meat and season

Vegetable processing - high particulate, some dissolved organics, surfactants

Meat - strong organics, antibiotics, growth hormones, pesticides and insecticides

Cooking - plant organic material, salt, flavourings, coloring material, acids, akalines, oil and fat

BOD, COD, SS, nitrogen, phosphorus - variable by individual processes
pH variable due to acid and alkaline cleaning agents
High temperature

Dissolved sugars, proteins, fats and additive residues
BOD, COD, SS, nitrogen and phosphorus

Pesticides, pharmaceuticals, paints and dyes, petro-chemicals, detergents, plastics, etc.
Feed-stock materials, by-products, product material in soluble or particulate form,
washing and cleaning agents, solvents and added-value products such as plasticizers

BOD, COD, metals, suspended solids, urea, salt, sulphide, H202, NaOH
« Disinfectants, biocides, insecticide residues, detergents, oils, knitting lubricants, spin finishes, spent solvents,
anti-static compounds, stabilizers, surfactants, organic processing assistants, cationic materials, colour

« High acidity or alkalinity
* Heat, foam
« Toxic material, cleaning waste

< Extraction of fossil fuels - contamination from oil and gas wells and fracking
* Hot cooling water

Table 5: Different industry sectors produce effluents with a wide range of contaminants. (Source: WWAP,

2017)
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Two particularly concerning types of environmental
toxins are heavy metals and endocrine disruptors.
Heavy metals are basic metal elements such,

as lead, mercury, cadmium and chromium. As
elemental materials, they cannot be degraded

or destroyed and also bioaccumulate in the body
over time. Exposure to lead affects multiple body
systems.

Young children are particularly vulnerable to the
toxic effects of lead and can suffer profound and
permanent brain and nervous system damage. An
emerging threat from some contaminants is their
potential impact to the human endocrine system.
Some chemicals, including POPs and heavy metals,
act as endocrine disruptors, interfering with the
body’s natural hormones. Even at very low levels of
exposure, they may cause reproductive and other
health problems, including infertility and early
puberty, in humans and animals.

Discharge of effluent with a high biological carbon
content (from, for example, pharmaceutical, textile,
pulp and paper industries, as well as from sewage)
results in a high biochemical oxygen demand (BOD)
when discharged into water bodies. Microorganisms
rapidly decompose the organic material and use

up large quantities of oxygen in the process, which
depletes the surrounding environment of oxygen
and leads to hypoxic conditions (described above for
fertilizer runoff). The lack of oxygen can lead to the
death of aquatic fauna.

In developing regions, industrial waste products
have commonly been discharged untreated into the
nearest water body, as regulations that may have
prohibited such dumping were absent, not enforced
or overseen by corrupt authorities. More recently,
however, increased societal concerns for a clean and
healthy living environment have increased pressure
in many regions for improved industrial waste
management practices.

During recent decades, there have been stronger
regulations for improving water quality and
environmental protection. This has stimulated

a range of technological innovations, which are
increasingly adopted by industries, to reduce or
eliminate discharge of water pollutants (UN, 2017).
End-of-pipe solutions are available to manage
existing effluent production, but more advanced
solutions involve altering industrial processes

to eliminate the source of pollutants. Broad
implementation of global best practices within
developing countries would significantly reduce
industrial effluent discharge and improve water
quality.

Breakthroughs

Existing chemical waste sites may be a long-term
source of surface and groundwater contamination,
unless the sites are remediated. A range of
remediation techniques can be used, depending
on the types of contaminants, their location in the
ground or water and the resources available for
treatment (U.S. EPA, 2002).

Bioremediation may be a cost-effective way to treat
both organic and inorganic chemical contaminants
on-site, and several microbial and fungal species
have been shown effective at removing difficult
contaminants such as heavy metals and endocrine
disrupters (Pezzella, et al., 2017).

Removing chemical contaminants from polluted
water is challenging, due in part to the wide range
of pollutants, such as heavy metals discharged from
mining, smelting and e-waste recycling industries
and high organic loading released from pulp/paper,
animal processing and pharmaceutical industries.
The petroleum, petrochemical and transport
industries are responsible for toxic compounds, such
as hydrocarbons, polychlorinated biphenyls (PCBs),
persistent organic pollutants (POPs), volatile organic
compounds (VOCs) and chlorinated solvents.

Across this diversity of contaminants, there exists
a range of technological processes to remove them
from water (ITT, 2018). These include adsorption,
filtration, electrochemical removal, chemical
reaction, precipitation, bioremediation and others.

Regardless of the treatment method, there is

the added challenge of disposing or containing

the removed contaminants. Currently, there is

no standard or recommended way to dispose of
removed contaminants to eliminate re-exposure.
Generally, the removal of many chemical
contaminants from water is extremely challenging
and costly, thus best practice is typically to increase
safeguards to avoid or minimize their uncontrolled
discharge to the environment.
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8. Salty water is abundant in many
places, but cannot be used directly

In regions that historically have had saline or
brackish groundwater, as well as in coastal regions
with access to sea water, salty water has long been
present but has not typically been used as a water
supply, except in some industrial applications.

Breakthroughs

Permanent human settlements in these regions have
depended on reliable access to a separate source of
freshwater. Thus, the presence of saline or brackish
water has not been a problem per se, although it

has limited the available options for water supply
(Margat & Gun, 2013). Naturally occurring saline
groundwater is particularly prevalent in Central Asia,
Middle East, Australia and the southern part of South
America (see Exhibit 16).

Presence of saline groundwater

Brackish/Saline Groundwater at
Shallow and Intermediate Depths

Percent of country area where
brakish/saline groundwater occurs, usually
overlain or underlain by fresh groundwater
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B 20-40
Bl 40-60
Il 40-80
- 80-100

no data

major occurrence of brakish/saline groundwater

R \.5"{'

W
":‘/T T /"{/ s

Exhibit 16: Groundwater in some regions contains salt. The worst affected regions include the Middle East,
Central Asia and Australia. (Source: IGRAC, 2018)
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More recently, some regions that historically had
fresh groundwater supplies have suffered from
salinization of their groundwater, or the intrusion

of salty groundwater into freshwater aquifers. This
may have a range of causes, including sea level rise,
overdraft of freshwater aquifers, river basin closure
and waterlogging of irrigated cropland.

Breakthroughs

In these regions, the salinization of previously
fresh water sources can have a significant impact
on social wellbeing and economic activity. The
salinization of coastal aquifers is particularly acute

in some parts of South Asia including the Sundarban

region in coastal Bangladesh and eastern India (see
Exhibit 17).

Groundwater salinization in Bangladesh

2014

Salinity
(milligrams
per liter)
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Exhibit 17: Groundwater in southern Bangladesh is expected to become increasingly saline by 2050, due to
salinity intrusion from rising sea level. (Source: adapted from CSIRO, 2014)
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Fresh groundwater aquifers are often surrounded

by saltwater on one or more sides or underneath.
Since freshwater is less dense than saline water, it
tends to flow on top of the surrounding or underlying
saline groundwater. Under natural conditions,

the boundary between freshwater and saltwater
maintains a stable equilibrium. Under some
circumstances, the saltwater can move (or intrude)
into the freshwater aquifer, making the water non-
potable. When freshwater is pumped from an aquifer
that is near saline groundwater, the boundary
between saltwater and freshwater moves in
response to the pumping. If this continues, unusable
saline water will be pumped up from the well.

Freshwater aquifers are naturally recharged by
rainwater, and the recharge rate can be manipulated
by managed aquifer recharge. Thus, there is
dynamic interplay between freshwater withdrawals,
freshwater recharge and surrounding saline
aquifers. Rising sea levels due to climate change
are slowly increasing the gradient of saline water,
although coastal aquifers are more vulnerable to
groundwater extraction than to predicted sea-level
rise (Ferguson & Gleeson, 2012).

Techniques are under development to manage saline
groundwater intrusion. Actions, such as controlling
the rate and depth of groundwater extractions

and augmenting freshwater recharge by MAR, can
reduce or eliminate undesired saline intrusion.
Skimming wells can also be used to sustainably
exploit fresh groundwater lenses that overlie

native saline groundwater (Saeed & Ashraf, 2005).
The freshwater lenses are renewed through deep
percolation of rain and irrigation water. Skimming
wells are designed and operated to minimize the
mixing between overlying freshwater and underlying
saline water.

Successful management of saline groundwater
intrusion requires a deep understanding of aquifer
dynamics and how they may be manipulated.

The tools of groundwater mapping can provide
the required knowledge of the hydrogeological
landscape.

Breakthroughs

9. There is great potential for
brackish water desalination

Desalination is the process of making potable
water from saline water sources, such as sea water
or brackish water. The salt content of water is
typically measured in milligrams of total dissolved
solids (TDS) per liter of water. The salinity of ocean
water averages 35,000 milligram per liter globally,
varying from about 32,000 to 38,000 milligram per
liter. Water is generally considered potable when it
contains TDS less than about 1,000 milligram per
liter, though many potable water standards in Asia
are stricter than this. The Indian standard specifies
an acceptable limit of 500 milligram per liter, though
in the absence of an alternative water source the
permissible limit is 2000 milligram per liter (BIS,
2012).

Desalination is currently used in select regions of
the world. There are more than 7,500 desalination
facilities worldwide, more than half of which are
located in the Middle East (Shatat & Riffat, 2014).
Virtually all are powered by fossil fuels and are often
integrated with, and use waste heat from, electricity
generating stations. The world's largest desalination
plant is located in Ras Al-Khair in Saudi Arabia,
which produced more than a million cubic meters
of fresh water per day in 2014. The southern Indian
city of Chennai gets about a quarter of its domestic
water from two desalination plants, each producing
about 100,000 cubic meters per day, in operation
since 2010 and 2013.

There are numerous desalination technologies,
which can be divided into four major categories
depending on the driving force of the process:
thermal, pressure, electrical and chemical (Miller,
2003; Youssef, et al., 2014; Subramani & Jacangelo,
2015).

m Thermally driven systems use evaporation and
condensation at different temperatures and
pressures as the main process to separate salts
from water. In these systems, heat transfer is used
to either boil or freeze the feedwater to convert
it to vapor or ice, so the salts are separated from
the water. The most common thermal processes
include the multi-stage flash process and the
multi-effects distillation process (Shatat & Riffat,
2014). Other thermally activated systems include
vapor compression distillation, humidification-
dehumidification, solar distillation and freezing.
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® Pressure-activated systems use a pressure A major difference between the various processes
gradient to force water through a permeable is the source of energy, such as heat, pressure,
membrane, leaving salts behind. In recent electrical or chemical, that drives the desalination
decades, membrane technologies have matured process (Rao, et al., 2016). Cost of the energy supply
and most new desalination installations use strongly affects the cost of desalination.
membranes. Of these, the reverse osmosis (RO)
process is the most common; others include In general, thermal desalination uses large amounts
forward osmosis and nanofiltration. of heat, reverse osmosis uses much smaller

amounts of electricity and electrodialysis uses

® Flectrically-activated systems take advantage even less electricity but is limited to low-salinity
of the charged nature of salt ions in solution, by feedwater (see Exhibit 18).
using an electric field to remove ions from water.
The most common configuration is electrodialysis The overall cost of the various processes also varies
(ED), which currently accounts for about 4 percent and is heavily dependent on scale. Larger facilities
of global desalinated water production. An are far less expensive per cubic meter of fresh water
emerging technology is capacitive deionization. (see Exhibit 19).

® Chemically-activated desalination systems include
ion-exchange desalination, liquid-liquid extraction
and gas hydrate or other precipitation schemes.
There are numerous alternate desalination
processes that are technically possible but have
economic or practical issues (Miller, 2003).

Desalination energy use versus feed water salinity
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Exhibit 18: Energy use for desalination (kilowatt-hour per cubic meter of fresh water) as a function of
feedwater salinity (grams TDS per liter of feedwater) for various desalination processes. Note vertical axis
is logarithmic. (Source: ITT analysis based on Cerci, et al., 2003; Fritzmann, et al., 2007; Elimelech & Phillip,

2011; Shatat & Riffat, 2014)
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Desalination process

Cost of desalination varies by process and scale
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Exhibit 19: The levelized cost of current desalination processes (USD per cubic meter of fresh water) varies
depending on the technology used and the scale of the process (cubic per day). The cost of energy inputs is
also a significant variable. (Source: Shatat & Riffat, 2014)
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Membrane-based seawater desalination
technologies have benefited from numerous
improvements during recent decades, including
higher-permeability membranes, installation of
energy recovery devices and the use of more
efficient pumps. These technologies are approaching
theoretical limits of energy efficiency (see Exhibit
20) and are already used at commercial scale for
industrial and domestic use (Elimelech & Phillip,
2011).

Breakthroughs

Although minor incremental efficiency
improvements may still be gained, it is unlikely that
major technology breakthroughs will fundamentally
alter the seawater desalination landscape. DOE
(2017) found that adoption of current state-of-the-art
practice would reduce total energy use by 20 percent
from current typical level, and opportunities from
additional R&D could reduce it by about half, before
reaching a practical minimum level of energy use for
seawater desalination.

Seawater desalination is approaching limits of efficiency
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Exhibit 20: The energy requirement for seawater desalination using reverse osmosis has decreased during
recent decades due to technology improvements. It is approaching theoretical limits of efficiency, shown by
the dashed line. (Source: Elimelech & Phillip, 2011)
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For brackish water, however, there are major
opportunities for significant reductions in
desalination cost and energy use through innovative
electrochemical or other emerging techniques.

The minimum theoretical energy requirement

for desalination varies with the salinity of the
feedwater—less energy is fundamentally needed to
desalinate brackish water, compared to seawater.

Conventional thermal or pressure-based
desalination techniques require similar energy
inputs regardless of the feedwater salinity (although
various configurations of brackish water reverse
osmosis desalination are available to somewhat
improve efficiency; see Li, 2012). Electrically-

driven techniques, such as electrodialysis (ED)

and capacitive deionization (CDI), are limited to
low-salinity feedwater, but potentially cost less

and require less energy than pressure or thermal
technigues (see Exhibit 18). ED and CDI are highly
efficient for desalinating feedwater on the dilute end
of the brackish water range (0.6 to 4 grams per liter
TDS).

ED and CDI technologies use less energy because
they transport the (relatively few) dissolved salt ions
out of the feedwater, rather than transporting the
(plentiful) water molecules away from the salt as

in thermal and pressure technologies (Suss, et al.,
2015). The electrical current required for ED and CDI
is proportional to the amount of salt removed (Knust,
et al., 2014).

Electrically-driven desalination processes can
achieve high water recovery and high brine
concentrations. Electrical methods only remove ions
from the water but leave organics and colloids in
suspension, which is of concern for household water
but less important for irrigation water. They require
little or no feedwater pre-treatment, and membrane
fouling can be prevented by reversing the electrode
polarities. However, the selection and configuration
of membranes is highly dependent on feedwater
chemistry, thus must be adapted to local conditions
of feedwater composition and concentration.

CDl is an important emerging technology that
separates ions from water by using two highly
porous electrodes, such as carbon aerogels,

to capacitively adsorb ions thereby removing

them from solution. Once the ionic capacity of

the electrodes becomes saturated, the polarity

is reversed to release the ions and the cycle is
repeated. CDI is intrinsically a batch process that
relies on polarity reversal, making it more difficult to
implement in a continuous process.

Breakthroughs

Another challenge of CDI is a limited cycle life

due to corrosion of the positively charged carbon
electrode during operation. Activated carbon is the
most commonly used electrode material. Electrode
materials for CDI must have low electrical resistivity,
high specific surface area and controllable pore
size distribution. Numerous electrode materials,
such as activated carbons, alumina and silica
nanocomposites, carbon nanotubes, carbon
nanofibers, carbon aerogel, graphene and
mesoporous carbon, have been investigated. There
is also potential for improved performance due to
doping effects and blending of different materials
(AlMarzooqji, et al., 2014).

There are additional opportunities to increase
system efficiency and decrease delivered water
costs for all desalination techniques, including for
brackish and seawater. These include optimizing and
standardizing the full desalination system, including
feedwater input, pre-treatment, desalination, post-
treatment and brine disposal.

There are also opportunities to make technological
breakthroughs that minimize or eliminate

membrane fouling, scaling and general maintenance,

which would reduce breakdowns and allow small-
scale systems to become more feasible. System
characteristics should be tailored depending on
scale and feedwater salinity. There should also be
a focus on determining the appropriate unit scale
for various applications like those for households,
villages or cities, and developing appropriate
business models to ensure economic sustainability.

The challenge of brine disposal must also be
addressed. Brine is a hypersaline concentrate that
remains after freshwater is separated from saline
feedwater, and requires disposal. Brine disposal
is costly and can potentially cause environmental
damage. Jones, et al. (2019) estimated that more
than 140 million cubic meters of brine is produced
each day, from global desalination processes that
produce 95 million cubic meters of freshwater.

Brine disposal cost is largely determined by volume.
For a given volume of freshwater produced, the
volume of brine produced is determined by the
recovery ratio. Current reverse osmosis desalination
processes, for example, have a recovery ration

of about 50 percent, meaning that for each cubic
meter of freshwater produced, 1 cubic meter of
concentrated brine waste is created. Electrodialysis
processes typically have higher recovery ratios, thus
produce less brine waste by volume.
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RO and other desalination technologies are already
commercially available and in use for relatively
high-value, low-volume requirements. These include
drinking, cooking, washing and other domestic

uses and industrial water uses. Agricultural water
use for conventional irrigation typically requires
much larger volumes and much lower costs

than desalination can feasibly provide. Without a
breakthrough that enables large scale, very low-cost
technologies, desalination is unlikely to be used as
a water supply for extensive agriculture, due to the
relatively high cost of desalination and the large
volumes of irrigation water needed (see Exhibit 21).

Breakthroughs

Desalination may be more suitable for high intensity
cultivation of high value crops, using techniques

like hydroponics or precision irrigation that have
high water use efficiency. As additional efficiency
gains are realized in large-scale brackish water
desalination, these resources could enable greater
use of desalinated water in agriculture. Kumar
(2017) showed economic viability of desalinated
water for irrigating high value fruits, vegetables

and flowers in water scarce regions of India that
also have brackish groundwater that can be treated,
such as northern Gujarat, western Rajasthan and
southwestern Punjab.

Desalinated water is too expensive for irrigation
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Exhibit 21: : If desalinated water were used for conventional crop irrigation, the water cost would exceed
the current consumer price of all cereals and most fruits and vegetables. Efficiently using desalinated
brackish water to grow high-value crops may be more viable. (Source: ITT analysis based on crop irrigation
water requirements from Fishman, et al., 2015 and The Guardian, 2013; average consumer crop prices in
India from USDA, 2017 and AgriXchange, 2017; low desalination cost (INR 16 per cubic meter) of large-
scale brackish water RO from Shatat & Riffat, 2014; and typical desalination cost (INR 60 per cubic meter)
representing current seawater RO in Chennai)
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Though typically powered by grid electricity or
fossil fuels, desalination can be performed using
renewable energy. Solar stills are simple devices
that combine an evaporator that exposes feedwater
to sunlight and a condenser that converts the
resulting vapor to liquid.

Numerous designs for solar stills have been
proposed, but few have balanced the competing
needs for affordability, durability and efficiency (El-
Bialy, et al. 2016). A relevant metric when comparing
direct solar desalination methods is the amount of
fresh water produced per square meter of land area
per day. Solar stills have a theoretical maximum
efficiency of about 10 liters per square meters per
day’.

Actual solar stills typically produce 3 to b liters per
square meters per day at efficiencies of less than
50 percent. Although ideas have been proposed to
increase the efficiency of solar stills (e.g. Li, et al.,
2016), their additional cost and complexity may
preclude widespread adoption.

Breakthroughs

Another approach to solar desalination is to accept
conventional efficiency levels of solar stills but
aim for significantly reduced capital cost through

innovative design and materials (e.g. Bhardwaj, et al.,

2016).

Solar desalination may also be achieved by using
electricity from a photovoltaic (PV) solar array to
power a RO desalination unit. This could produce
about 500 liters per day per square meters of land
area’ or 50 times the theoretical maximum output of
a solar still.

If the feedwater is brackish, coupling PV power to
electrodialysis desalination could produce even
more fresh water per square meters of land area
(Wright & Winter, 2014).

"Theoretical limit of solar still based on solar insolation in sunny location of ~6.5 kilowatt hours per square meters per day, and latent heat
of water evaporation of 0.63 kilowatt hours per kilogram, resulting in maximum water evaporation of ~10 kilogram per square meters per

day.

RO desalination powered by PV electricity based on solar insolation in sunny location of ~6.5 kilowatt hours per square meters per day, PV
solar-to-electricity conversion efficiency of 20 percent, and RO specific electricity use of 2.5 kilowatt hours per cubic meters, resulting in

fresh water production of ~500 liters per square meters of PV panel per day.
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KEY CHALLENGES

1. There is a large range of water

t - tt d . if their presence is noted, they may be given little
contaminant types and growing concern: “out of sight, out of mind".
scales of contaminant volumes

Water contaminants are often tasteless, odorless,
colorless and difficult to identify.
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2. Effective large-scale human 4. There is a lack of regulatory
waste management is extremely clarity regarding water quality
challenging due to technical, issues, a task that policymaker
economic and behavioral factors often see as low priority

In some regions there is little demand for improved Long-term structural opportunities for cleaner
sanitation. There remains strong cultural attraction processes are typically overlooked in favor of short-
to traditional sanitation methods, despite evidence term corrective measures with less overall potential.

of their deleterious health effects. There is also

lack of sustainable sanitation infrastructure for
growing urban areas, able to scale-up significantly
to serve low-income populations, including both
initial capital commitment and ongoing maintenance
effort. Failure to scale faster than population growth
rates leads to rising total contamination with fecal
pathogens.

3. Water quality is impacted by
climate change

Water pollution issues will increase due to reduced
dilution of pollutants during droughts, disruption
of treatment facilities during floods and increased
loadings of sediment, nutrients and pollutants
caused by heavy rainfall. Diminishing water
availability during droughts leads to utilization of
lower quality water sources.
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SCIENTIFIC AND TECHNOLOGICAL
BREAKTHROUGHS

Clean water is essential for healthy living, but in Our analysis concludes that five technological
many regions of the world the available water is breakthroughs can lead to significant improvement
contaminated and unsuitable for use. A diverse in water quality.

range of contaminants affect water quality, including
human-caused pollutants like sewage and chemical
toxins, as well as natural minerals like salt and
arsenic.

Solutions to water quality problems will require
tackling the sources of pollution, including human
fecal waste, agricultural runoff and industrial
effluent. They will also involve creating freshwater

resources out of abundant yet under-appreciated
liquids like seawater and wastewater.

Breakthroughs:
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A low-cost system for precision
application of agricultural
inputs, ideally combining water
and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate
consequences including over-exploitation of groundwater resources and over-
application of synthetic fertilizers. In other regions like sub-Saharan Africa, the
Green Revolution has not arrived and there is under-utilization of groundwater
resources and ongoing nutrient mining of soils. There is need for a low-cost,
robust, scalable technology to precisely meter and distribute irrigation water
and fertilizer to field crops.

This would allow farmers to apply the right amounts of water and nutrients
(not too much or too little) at the right time to maximize economic returns and
reduce nutrient loss. If made affordable, precision application systems for
irrigation and fertilizers, calibrated to local crop type and soil conditions, could
be a very effective way to increase agricultural yields, while also reducing
negative impacts on the environment.

Enabling better management of the timing and formulation of irrigation and
fertilization in cropping systems would ensure that water and nutrients are
available where and when needed by the plant roots. Crop yields respond very
well with initial inputs of fertilizer, but as additional nutrients are supplied the
marginal yield increase becomes smaller.

Optimal results occur somewhere along that gradient, depending on the cost

of fertilizer and seeds, land and selling price of harvested crops. For maximum
returns, it is necessary to not just apply the right quantity of fertilizer, but to also
apply it at the right time and place for optimal nutrient uptake by the plant. This
would also protect watersheds and populations downstream from farm fields,
by greatly reducing runoff.

The efficiency of using agricultural inputs, such as fertilizer is low in
conventional farming. It is estimated that overall efficiency of applied fertilizers
is about 50 percent for nitrogen, less than 10 percent for phosphorus and about
40 percent for potassium. The rest is wasted as runoff.

The mismatched timing between availability of nitrogen and crop need for
nitrogen is likely the single greatest contributor to excess nitrogen loss in
annual cropping systems. Ideally, nutrients should be applied in multiple small
doses and when plant demand for them is greatest.

Current State
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In principle, variations of existing programmable
irrigation and fertigation systems used in
industrialized countries can be adapted to the needs
of smallholder farmers. Already, small-scale drip
and sprinkler systems—along with other methods
for increasing water usage efficiency—are beginning
to emerge in markets like India. Cultivated area
under drip irrigation in India has grown from 71
km?in 1992, to 2,460 km?in 1998, to 18,970 km?

in 2010, up to 33,700 km?in 2015. The cost of such
systems will continue to drop as scale of production
increases.

This breakthrough would be strongly leveraged

by three other breakthroughs, b Low-cost shallow
groundwater drilling technologies, 6 Affordable
solar-powered irrigation pumps, and 9 Low-cost
soil nutrient analysis device. Overall, such devices
would help farmers better predict crop nutrient
requirements, better schedule irrigation and
fertilizer applications, and avoid over-fertilization
and nutrient runoff. If complemented with adjusted
crop rotation patterns and additional biotic
complexity, it could improve the plant community’'s
ability to take up more of the available nutrients.

However, there is limited evidence to suggest that
users—farmers or otherwise—will be interested in
spending money on technologies to conserve water
when the resource itself is available free of cost.
The potential for saving fertilizer can prove to be a
positive incentive, although the current demand for
fertilizers is very low in sub-Saharan Africa.

It will face some deployment challenges that are
common to the African smallholder farmer market,
including structural barriers such as a fragmented
market of farmers, limited access to finance for
potential users, and lack of training to install,

use and maintain the technology. The difficulty of
deployment in this case would be CHALLENGING.

Breakthrough 1: Difficulty of deployment
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Current State
A very low-cost scalable
technique for desalinating
brackish water Time to market (years)

I
4-6 7-10

This breakthrough focuses on developing and enabling systems for very low-
cost, high-efficiency desalination of brackish water resources. Households, T
industries and farms can utilize such systems to provide additional freshwater Deployment: Complex

supplies for water-constrained regions. The introduction of very low-cost
desalinated water could enable sustainable irrigation in vast regions of the Associated b0BT Chapters
world that contain brackish groundwater.

Desalination is increasingly used to provide household and industrial water
in regions with scarce freshwater but abundant salt water. Most current
desalination facilities are located in the Middle East, use seawater as feedwater

and are powered by fossil fuels. The city of Chennai in southern Indian gets J
about a quarter of its municipal water from reverse osmosis seawater
desalination plants. Water Security Food Security

Conventional desalination methods typically use seawater as feed. Seawater
desalination technologies based on membranes, such as reverse osmosis,
are approaching the thermodynamic limits of efficiency and have limited SDG Alignment
opportunity for further improvement. It is unlikely that major technology
breakthroughs will fundamentally alter the seawater desalination landscape.
Additionally, desalinated seawater is too expensive to use as irrigation water for
crop production. e
In contrast, there are large potential efficiency gains by using brackish water
as feed. There are major opportunities for significant reductions in brackish
water desalination cost and energy use through innovative electrochemical
or other emerging techniques. The minimum theoretical energy requirement
for desalination varies with the salinity of the feedwater—less energy is
fundamentally needed to desalinate brackish water compared to seawater.
Electromagnetic desalination processes such as electrodialysis (ED) and Impact
capacitive deionization (CDI) are limited to low-salinity feedwater, but potentially
have much lower cost and energy than pressure or thermal technigues. They
offer many advantages when used with brackish feedwater, such as high water Increased Access to Food (# of People)
recovery and high brine concentrations.

 —_—
<M 10M+ 100M+ 1B+

They also require little or no feedwater pre-treatment and membrane New Income Generated (# of People)
fouling can be prevented by reversing the electrode polarities. However, —_—
electromagnetic processes only remove ions from the water, leaving organics <M 10M+ 100Ms 1B+
and colloids in suspension—this is a concern for household water, but less so
for irrigation water. Furthermore, the selection and configuration of membranes
is currently highly dependent on feedwater characteristics, thus must be

adapted to local conditions of feedwater composition and concentration. Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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Concerted R&D efforts can overcome current
obstacles to enable a major source of low-cost
freshwater in regions with brackish resources.
The appropriate unit scale of desalination facilities
may vary depending on the application (such as
household, irrigated farm, urban water utility).
The salinity of the product water may also vary
depending on the purity requirements of the end
uses.

Costs can be further reduced by matching the
salinity of the product water to the salinity
thresholds for different uses; in other words,
removing only enough salt to make the water
viable for its intended use. Ideally, facilities will be

powered by onsite renewable energy sources, such

as photovoltaic solar arrays, to provide reliable
and sustainable operation. Developing appropriate
business models will be essential to ensure
economic sustainability and continuing impact.

Breakthroughs

End-uses for the desalinated water will include
drinking, cooking, washing and other domestic uses
and industrial water uses. Efficient techniques for
large-scale desalination of brackish water resources
will also enable the use of desalinated water for
production of agricultural crops using efficient
irrigation techniques.

Substantial research and development work is
required and we expect that it will take seven to ten
years for this breakthrough to be ready. Deployment
challenges include access to finance and policies
regarding location and discharge streams. We rate
the difficulty of deployment, COMPLEX.

Breakthrough 2: Difficulty of deployment
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Network of low-cost distributed
monitoring sensors to measure
and map air and water quality

Discharge of pollutants into the air and water is an undesirable side effect

of conventional industrialization and development processes. Because many
environmental pollutants are invisible, tasteless and odorless, severe cases of
contamination often go undetected and unremedied. Detection of environmental
pollutants currently requires costly equipment and elaborate sampling
protocols, and provides only isolated snapshots of individual places, times and
contaminants. To fully understand and solve the problem of environmental
pollution of air and water, a more fine-grained knowledge of exposure is
required.

There is an urgent need for the development and widespread deployment of
sensors that detect the levels of the most significant pollutants affecting the

air and water, and transmit that information to a platform where it is validated
and publicly displayed. Sensors will need to identify and measure a broad range
of pollutants. Key air contaminants to be measured include particulate matter,
ozone and carbon monoxide, while essential water contaminants include E. coli,
salinity and arsenic. Though challenging, there is an important and growing
need to measure diverse chemical toxins from sources including industry,
vehicles and agriculture.

Required technological innovations include integrated sensors for the most
significant contaminants that are inexpensive enough for mass deployment, as
well as a platform for data collection, validation, analysis and dissemination.
The sensors may be hard-wired and provide continuous monitoring of particular
locations, or may be portable to conduct mobile geolocated assessments of
contamination.

Fixed sensors would likely form the basis of a sensor network, transmitting
(continuous or periodic) data to a mapping platform to show changes in
quality parameters over time. Issues of sensor performance degradation

over time will need to be addressed, to enable robust long-term monitoring. A
successful sensor technology will likely not test separately for each individual
contaminant, but would scan a sample of air or water and determine quickly
and inexpensively its multiple constituents.

For maximum effectiveness, this sensor technology would be integrated with
a web-based platform to allow collection and comparison of environmental
pollution risks over time and place.

Current State

B T
Development Stage: Engineering

Time to market (years)
—_—
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Deployment: Complex
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Impact

Lives Saved (# of People/Year)

10M+ 100M+

Health Improved (# of People)

10M+ 100M+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Emerging markets potential;
requires derisking (sustainable)
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The linking of improved sensor technology with Progress is being made rapidly in the field of
mobile communications technology would lead environmental monitoring, though there appears
to a system for real-time, spatially-explicit, multi- to be little focused effort towards the integrated
agent exposure monitoring that would create technology we envision here. A basic form of air
an unprecedented understanding of global air quality mapping using near real-time data from a
and water pollution, and pathways toward their global network of sensors can be found at http://
reduction. Once identified, areas of high risk could be agicn.org/map/world/.
assessed in more detail, and critically contaminated
locations in need of remediation can be flagged. If sufficient resources were allocated to allow the
necessary research and development efforts, we
Portable sensing by trained staff using mobile expect that it will take seven to ten years for this
devices with disposable one-time sensors could breakthrough to be ready for use. A significant
also be useful to increase the spatial density deployment challenge is the lack of consumer
of measurements. Another approach to mobile demand for environmental monitoring. Therefore,
sensing is community-based air and water quality deployment is likely to be COMPLEX.

monitoring, using low-cost portable sensors
connected to smartphones that communicate results
to the network.

This approach may face issues with data reliability
due to incorrect sampling techniques or fraud, so
would require additional validation. The initial cost

of the hardware should be modest (less than $500),
perhaps taking the form of a plug-in sensor that
leverages the computing power of an existing mobile
device. Cost of consumables should be low (less than
$1 per test), allowing ubiquitous monitoring even in
remote sites of low- and middle-income countries.

Breakthrough 3: Difficulty of deployment
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Sustainable, affordable,
household-level fecal waste
management system

A large share of the population in rural and peri-urban areas of many low-
income countries lacks access to household toilets, and is habituated to open
defecation. Many others have access to toilets, but of substandard type and
capable of contaminating groundwater. This poses serious health risks in the
form of diarrheal and other diseases. An effective household sanitation system
must provide an initial hygienic separation of the fecal waste, as well as prevent
opportunities for secondary exposure to the fecal pathogens such as surface
and groundwater contamination. Ultimately, the fecal waste must be made
harmless and definitively disposed of.

In rural and many peri-urban areas, the most appropriate sanitation system
employs household-level collection and full on-site treatment of waste
materials. Household-level sanitation is quite appropriate in rural areas,
where extensive sewage networks would be prohibitively expensive due to low
population density.

Household sanitation is also widely used in some higher density places such as
peri-urban areas, where sewer networks have not reached. A wide range of on-
site sanitation technologies have been developed, including pit latrines (single
and twin pits), pour-flush pit toilets (with septic tanks, and single and twin leach
pits), vermicomposting toilets, dry composting toilets, and anaerobic baffled
reactor toilets.

However, existing on-site sanitation methods fall short is some regards. In
some cases they do not safely contain fecal waste, instead letting it leak into
groundwater aquifers. In other cases, the waste is safely contained in storage
only temporarily, but eventually becomes full and must be emptied and can then
cause broad contamination.

Despite our long experience accumulated with sanitation practices, there is

a large gap for a sustainable, affordable, decentralized, on-site household
sanitation solution for low-income households. Of the existing household
sanitation technologies, vermicomposting toilets appear to provide relatively
high performance at low cost, largely due to enhanced decomposition of
fecal matter by earthworms, leading to less waste build-up and less frequent
emptying and thus lower maintenance costs.

Current State
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The development of improved on-site household
sanitation systems should be viewed as a long-term
solution to rural sanitation (and possibly peri-urban
sanitation) rather than an interim fix, and should

be given a high priority in resource allocation.
Sanitation facilities that are merely waste storage
repositories, such as pit latrines, must be coupled
with mechanisms for regular emptying of fecal
sludge and transporting it to appropriate sites for
processing or safe disposal. Facilities that include
on-site treatment, such as vermi-filtration, generate
smaller quantities of residue that must be disposed
of.

One potentially useful path may involve additives
that facilitate the breakdown of fecal sludge,
reducing the need to empty latrines. Researchers
are currently developing and testing several
options, including addition of higher organisms,
microorganisms and hydrolytic enzymes.

In the longer term, opportunities could include

use of fermenting organisms, development

of new enzymes or facilitation of the current
microorganisms involved in digestion. Regardless
of the specific path, each step of the sanitation
service chain is important to achieve effective waste
management, from toilet siting and construction, to
final treatment and disposal of waste.

Effective sanitation is challenging where there is

no piped water or sewerage, as household toilets
must be low-cost, have an effective method to
control odor, a system for processing and disposing
of waste, and occupy minimal space. Significant
experience has been gained on technical aspects

of sanitation, but we lack full understanding of the
important socio-cultural aspects. Initial technologies
are already on the market, but the difficulty of
deployment is CHALLENGING.

Breakthrough 4: Difficulty of deployment

Extremely
Challenging

Challenging

Complex

Feasible

Simple

Infrastructure Human

Policies
! capital

O

Moderate need to
train a limited
number of people

|

|

|

Low role of I
. . |
policy/regulations I
|

|

Requires moderate
improvements to
infrastructure

Access to
user finance

r=-
|
|
|
|
|
|
|

¢

Moderate financing
needed, viable
mechanisms identified

Behaviour Existing Market Business model
change demand fragmentation/  innovation
I Distribution
| channels

| |
| |
O : ' |
Major behaviour | d) |

change required, : :
potentially on daily | |
channels

o O O

Low demand, Deployment model(s)
needs to be built being tested

Fragmented market,
weak distribution

105




WATER QUALITY

Introduction  Core Facts Key Challenges RECELUICl]1F

Medium to large-scale sewage
treatment process with recovery
of water (and ideally nutrients
and energy)

This imperative calls for the development and deployment of novel sewage
treatment facilities that are net sources, rather than sinks, of resources.
Primarily this applies to water resources, for treating and reusing the
wastewater collected in sewer systems. Systems should enable reuse of the
treated water for secondary purposes including industrial, recreational and
agricultural applications. A secondary focus is on energy resources, where
sewage treatment facilities could operate with net zero energy inputs, and could
even have the capability to produce energy for societal use. The recovery of
nutrient resources from sewage, such as phosphorus or nitrogen, may also be
a goal. Integrated sewage treatment can be viewed as a way to harvest clean,
renewable sources of water, energy or nutrients while disposing of a waste
product.

There is a great need for a low-cost, sustainable and scalable sewage
management process for deployment in fast-growing cities in developing
regions. In India, for example, less than 38 percent of the sewage that is
generated is treated before being discharged into water bodies. The amount
of resulting sewage in the environment is contributing to the country’s health
problems, including diarrheal outbreaks among children and lifelong stunting
and wasting.

The massive organic and nutrient loading also has adverse environmental
effects and leads to the destruction of ecological productivity of water bodies.
Simultaneously, many growing cities have difficulty meeting the water needs of
households and industries, due to physical constraints to water supply manifest
as closed river basins and depleting groundwater stocks.

The quantities of wastewater generated in major cities are enormous, thus
reusing this water for other purposes is a major lever for enhancing water
security. For example, if 80 percent of the wastewater collected by urban
sewage networks in India were reused, an additional water resource of 18
cubic kilometers per year would be obtained (ITT, 2018). What is lacking is an
effective and affordable sewage treatment method that can rapidly scale up in
developing regions.

Conventional wastewater treatment methods are a major resource sink,

and should not be held as models for scalable sanitation methods for fast-
growing cities in low-income countries. In the United States, for example, about
1.3 percent of all electricity is used for sewage treatment. This is a wasted
opportunity, because raw sewage contains about six times more chemical
energy than the amount of electrical energy required to treat it.

The most appropriate method of treatment for wastewater will depend largely
on the intended use of the recycled wastewater and the scale of the treatment
facility. Major reuse applications include agriculture (food and non-food crops),
industry, and groundwater recharge, for which increasing effluent quality is
required, respectively. For agricultural purposes, nutrient removal (or partial
nitrogen removal) can be left out of the treatment process, whereas reuse in
industrial applications or groundwater recharge requires nutrient and solids
removal.

Current State
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Groundwater recharge applications may also require
removal of micro-pollutants as well as organic
carbon. In terms of costs, the higher the quality

of treated effluent, the higher the total capital and
operational costs are. Generally, larger treatment
plants have an increased efficiency, which lowers the
lifecycle costs and environmental impacts per cubic
meter of treated water.

Novel sewage treatment methods followed by
wastewater reuse is a potentially important lever
for enhancing water security. Reusing wastewater
brings two important benefits: less pollution
entering water bodies, and less need for freshwater
withdrawals. However, in the areas where it is
currently practiced, wastewater reuse is typically
considered as a temporary solution for acute needs,
instead of implemented as a long-term solution to
improve water security.

Important criteria for successful treatment
technologies include the extent of land area required,
the economic resources needed for capital and

0&M, and the quality requirements for the reused
water. Land area requirements, in particular, may

be an impediment to scale-up of some technologies.
Different technology solutions may be appropriate
for different settings as the scale increases from
household to neighborhood and metropolitan level.

There are many challenges to sanitation
infrastructure deployment, and business models
should not expect to extract high-value content from
sewage. Sanitation systems tend to have fairly high
up-front costs and require skilled labor to install
and maintain. Distribution channels are also poorly
defined. In addition, significant public investment is
likely to be still required.

Some promising technologies have entered the
market, and others should become market-ready in
the coming years. Given the lack of proven models
and the growing scale of the urban sanitation
problem, the level of difficulty for deployment is
CHALLENGING.

Breakthrough 5: Difficulty of deployment
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INTRODUCTION

Much of sub-Saharan Africa and
parts of South Asia face economic
water scarcity.

These are areas where the population cannot
access water, even though it is physically available
in abundance. Economic water scarcity affects
poor urban households, who cannot afford to

buy clean water on the market. It affects poor
rural households, who cannot invest in borewells
and pumps to access local groundwater. It also
affects entire communities and countries that lack
the necessary infrastructure, like dams, canals,
treatment facilities, pumps and distribution systems
to provide water for all.

In fast-growing, water-stressed cities in low-income
countries, reliable daily access to clean household
water is a growing challenge. Where urban water
utilities fail to deliver the precious liquid, poor
families must resort to desperate measure to obtain
it, either walking for long distances to public water
points, paying inflated prices for private water
supplies, or risking disease by using available
polluted waters.

Rural economic water scarcity is especially
prevalent in sub-Saharan Africa, where the vast
majority of smallholder farmers do not have access
to irrigation water.

Breakthroughs

While only 3.4 percent of farmland in Sub-Saharan
Africa is irrigated, the region possesses abundant
renewable groundwater that is untapped because
farmers lack the knowledge and capital to access
it. Not surprisingly then, agricultural yields in the
region are a fraction of that in other parts of the
world, and food insecurity remains problematic on
the African continent.

Despite these challenges, four technology
breakthroughs can substantially reduce the burden
of economic water scarcity:

m Breakthrough 1. A low-cost system for precision
application of agricultural inputs, ideally
combining water and fertilizer

m Breakthrough 2. A very low-cost scalable
technique for desalinating brackish water

m Breakthrough 6. Low-cost drilling technologies
for shallow groundwater, which reduce the cost to
less than $100 per farmer

m Breakthrough 7. Affordable (less than $50),
lightweight, energy-efficient, solar-powered
irrigation pumps

Economic water scarcity occurs where water is physically available locally to meet human
demands, but access to that water is limited due to the lack of human, institutional or financial

capital. Some places contain abundant water resources, but poorer segments of the local
populations face water scarcity because they cannot access it. This occurs in both urban and
rural areas, and involves drinking, household and irrigation water.
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CORE FACTS AND ANALYSIS

1. Poor households in both rural and Exhibit 1 shows this distinction across African
households, broken down by socioeconomic quintiles

urban areas lack access to clean (World Bank. 2010).

water

There is a strong relationship between
socioeconomic status and access to adequate
household water. Wealthier households tend to have
greater access to cleaner water supplies, such as
improved wells, piped water and public stand posts,
while poorer households tend to access their water
from local surface water sources and unimproved

wells.
Water source by socioeconomic guintile
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Exhibit 1: Wealthier households in Africa have greater access to municipal water supply (piped water and

public stand posts), while poorer households are more likely to access their water from local surface and

well water source. (Source: data from World Bank, 2010 on household water sources for socioeconomic
quintiles of African population)
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Globally, India has the largest number of rural people
without access to clean drinking water, totaling

more than 63 million people in 2015. During the
same year, there were 13.6 million and 11.6 million
people living without access to clean drinking water
in Bangladesh and Pakistan, respectively (WaterAid,
2017).

Breakthroughs

Exhibit 2 depicts the relationship between income
and access to improved water sources in rural
Bangladesh and Pakistan: poorer families have
lower access to safe water supplies.

Percent of rural population without improved water access
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Exhibit 2: Poor rural populations tend to have less access to improved household water sources. (Source:
data from JMP, 2017 on household water sources for socioeconomic quintiles of rural populations of
Pakistan and Bangladesh)

Rural populations are at a greater disadvantage

in gaining access to drinking water due to their
remote locations, weak infrastructure and lack of
public funds. Furthermore, a lack of awareness
often prevents people from knowing which sources
of water are safe to drink from and the health
implications of consuming contaminated water.
Without adequate economic resources, people
facing these issues cannot afford to attend school,
purchase clean drinking water or dig wells.

Analysis of household water use in a rural semi-arid
village in Nigeria showed strong seasonal variation
as well, ranging from 45 liters per capita per day

in the rainy season to a meager 26 liters per capita
per day in the dry season (Nyong & Kanaroglou,
1999). Climate change exacerbates these issues
since the poorest people bear the brunt of extreme
weather events. Many of the world's least developed
countries are extremely vulnerable to climate
change, yet least prepared to adapt to the changes
(ND-GAIN, 2017).
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While traditionally considered a problem of

rural communities, there is also a strong urban
component of economic water scarcity. Aggregated
per capita urban water supply statistics mask the
inequity between citizens, with the poorest residents
barely securing water for subsistence, while the
wealthiest residents enjoy abundant water supply
(see Exhibit 3).

Breakthroughs

Gleick (1996) recommended a minimum water
requirement of 50 liters per person per day to meet
basic domestic needs of drinking, cooking, bathing
and sanitation. WHO (2003) suggested that access
to b0 liters per person per day would result in low
level of health concern, while access to 100 liters
per person per day would result in very low level of
health concern.

Urban household water consumption in India
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Exhibit 3: Daily water use in urban Indian households varies widely, with 17 percent of households using
less than b0 liters per capita, while 14 percent of households use more than 135 liters per capita. The
average household water consumption is 92 liters per capita per day. (Source: data from Shaban & Sharma,
2007, based on survey of 7 Indian cities)

Poor households may apply a hierarchy of water
needs (similar in concept to Maslow's hierarchy of
needs) and prioritize available water for essential
uses (see Exhibit 4).

Often living in informal settlements without
connections to municipal water supply, poor urban
households end up paying elevated retail prices
for essential water delivery from private service
providers, or risk disease by using contaminated
local water sources.
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Hierarchy of household water needs

10liters Drinking Short- W’_ Medium W Long-term
) term -term lasting
20 liters Cooking survival maintaining solution
30 liters Personal washing

40 liters Washing clothes

50 liters Cleaning home Generally:

60 liters Growing food (domestic use) Increasing
quantity,
70 liters Waste disposal Decreasing
~ quality

Business (crop production, livestock)

Gardens, recreation

J

Exhibit 4: Households require access to sufficient water for numerous uses in a hierarchy of water needs.
(Source: WHO, 2013)

Private markets for drinking water are expanding Since 2004, consumption of bottled water in low-

in cities, serving the communities living in slums and medium- income countries has increased by

as well as the wealthier classes. Expensive bottled 174 percent, compared to 26 percent in high-income
water is increasingly used in developing countries, countries (Cohen & Ray, 2018).

due to the inadequate quantity and quality of piped
water supply (see Exhibit 5).

Use of hottled water is increasing rapidly in low- and middle-income countries
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Exhibit 5: Trends of bottled water consumption show that bottled water is increasingly used in low- and
medium-income countries. (Source: Cohen & Ray, 2018)
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2. Many poor farmers, particularly
in sub-Saharan Africa, lack access
to water for irrigation

Irrigation offers several critical benefits for

smallholder farmers including increased crop yields,

the possibility of cultivation during dry seasons and
droughts and the opportunity to grow high value,
high nutrition crops. Since the Green Revolution,
intensified agricultural practices in many developing
regions have led to greater adoption of irrigation.

Breakthroughs

In South Asia, for example, the share of farmland
that is irrigated increased from 24 percent in 1973
to 46 percent in 2013 (Exhibit 6). Sub-Saharan
Africa has lagged far behind, however, where only
3.4 percent of farmland is irrigated (FAO, 2016).
Where irrigation is used, both groundwater and
surface water resources are utilized (Exhibit 7).
Groundwater is more commonly used in South Asia
and North America, while surface water is used
more in other regions.

Percent of cultivated land that is irrigated
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Exhibit 6: The percentage of cultivated land that is irrigated is increasing in all regions. About half of
farmland in South Asia and East Asia is now irrigated.’ Very little farmland in sub-Saharan Africa is
irrigated. (Source: FAQ, 2016)

'The decrease in East Asian irrigation percentage between 1973 and 1993 was due to a strong increase in non-irrigated cultivated land
during that period. The area of irrigated land in East Asia also increased during that period, but at a slower rate.
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Farmland, by source of water
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Exhibit 7: Most of the world's agricultural land is rain-fed and not irrigated. Groundwater is used more for
irrigation in South Asia and North America, while surface water is used more in other regions. (Source: FAQ,

2016)
Most smallholder farmers in Africa have traditionally As a result, cereal production closely follows the
relied on rainfall as the sole source of farm water, amount of rainfall in any given year (Exhibit 8)
and continue to do so. Irrigation technologies remain (Mclntyre, et al., 2009; Molden, 2007).

largely out of their economic means.

121




ECONOMIC WATER SCARCITY

Introduction Key Challenges  Breakthroughs

Rainfall and cereal production in Burkina Faso
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Exhibit 8: Cereal production in Africa is closely linked to rainfall, as shown in this study from Burkina Faso.

(Faures,

It is important to note that South Asia and sub-
Saharan Africa face different challenges with regard
to irrigation. Much of South Asia? and Central Asia

is struggling with major long-term physical water
scarcity, which is strongly exacerbated by water
withdrawals for irrigation (illustrated in Exhibit 9,
and detailed above in the section on physical water
scarcity).
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Farmers in Sub-Saharan Africa, on the other hand,
face little physical water scarcity (see Exhibit 9), but
instead suffer from inadequate access to available

water.

2With the exception of Bangladesh and Indian states, such as Orissa and Bihar, which were not deeply involved in the Green Revolution.
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Irrigation water stress
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Exhibit 9: The Middle East and Central Asian regions face the highest water stress due to irrigation, while

sub-Saharan Africa faces very little irrigation water stress. The map shows the irrigation water stress by

major river basins, calculated as the incremental evaporation caused by irrigation as a percentage of total
generated groundwater and surface water resources. (Source: Hoogeveen, et al., 2015)

Exhibit 10 shows hydrological maps of Africa, Despite the availability of groundwater, most African
according to which there is abundant shallow smallholder farmers do not have the economic
groundwater (at a depth of 7 meters or above) wherewithal to access the water because pumps
through much of sub-Saharan Africa (MacDonald, et and other irrigation equipment are too expensive.
al,, 2012). As such, sub-Saharan Africa is considered to be a

region of economic water scarcity (FAO, 2012).
In Ethiopia, for example, it is estimated that roughly
1.9 million hectares of arable land can be irrigated
using household-level irrigation systems, which is
five times the total area currently irrigated (ATA,
2013).
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Characteristics of groundwater in Africa
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Exhibit 10: Groundwater is available at relatively shallow depths throughout much of sub-Saharan Africa
(top). The aquifers vary widely in terms of productivity (middle) and storage volume (bottom). (Source:
MacDonald, et al., 2012)
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Economic water scarcity for agricultural irrigation

is most common in Sub-Saharan Africa, among
communities using low-yielding and highly-variable
subsistence rain-fed farming methods, despite
abundant shallow groundwater. The lack of irrigation
is a critical constraint to increasing agricultural
productivity for smallholder farmers in sub-Saharan
Africa. With proper irrigation, farmers can increase
crop yields, produce more consistent harvest,
diversify their portfolio toward higher income crops
and increase the total number of harvests in a given
year.

Generally, there is a lack of demand for irrigation
among smallholder farmers in sub-Saharan Africa,
where only 3.4 percent of farmland is irrigated.
Irrigation is a relatively new practice in much of sub-
Saharan Africa, and few farmers have witnessed the
tangible economic benefits they can derive from the
practice. Most farmers in the region are subsistence
farmers, and are understandably wary of investing

their scarce resources into expensive, and seemingly

unproven, irrigation systems.

Breakthroughs

As a result, they have been less willing to change
traditional practices and still depend on rainfall as
the primary source water for their crops.

Interventions in the water sector have varying
opportunities to alleviate economic water scarcity
among farmers, depending on climate, crops,
geology and existing level of economic development.
Within Africa, the greatest opportunities are in semi-
arid regions where potential agricultural production
is relatively high and where water is sufficient in
absolute physical terms but is a limiting factor
because of seasonal and interannual variability and
lack of water control (see Exhibit 11). These regions
are priority areas for expanding food production
through interventions in irrigation, rain-fed
agriculture, rainfall harvesting and conservation of
soil moisture.

Potential impact of water sector interventions on poverty reduction

Senegal

Gm

legend
potential for poverty rediction

Exhibit 11: Water sector interventions have the greatest opportunity for poverty reduction in semi-arid
regions of Africa that have high agricultural potential but are limited in production due to significant
seasonal and interannual variability in water supply. (Source: FAQO, 2008)
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In South Asia, households and farmers commonly In general, Northeastern Indian states suffer most
experience physical water scarcity. However, in from economic water scarcity for irrigation. An
specific regions, there is abundant unutilized estimated 80 million farmers in India, cultivating
groundwater that could be sustainably drawn for roughly 30 million smallholder farms, are affected
household consumption and increasing agricultural by economic water scarcity (ITT estimates based on
production and economic prosperity. Exhibit 12 data from the Indian Ministry of Agriculture, 2015).

shows an index of economic water scarcity for Indian
farmers, combining metrics of unirrigated farmland,
smallholder farms and unutilized groundwater (ITT,
2018).

Economic water scarcity among Indian states
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Exhibit 12: Rural economic water scarcity in Indian states is estimated with an index combining unirrigated
farmland, smallholder farms and unutilized groundwater. Economic water scarcity is most prevalent in
Northeast India. (Source: ITT, 2018)
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Eliminating economic water scarcity will require
broader socio-economic interventions, though
appropriate technologies for low-cost well
drilling and water pumping can make important
contributions.

There are numerous reasons why many farmers

do not have access to irrigation systems: there is
limited awareness of irrigation value; digging wells
and drilling boreholes is prohibitively expensive;
diesel and electric pumps are currently too
expensive and supply of diesel and electricity is both
sparse and expensive; even most manual pumps are
too expensive, in addition to being very strenuous to
use (especially for women).

Breakthroughs

3. Well drilling is too expensive for
smallholder farmers

Groundwater well drilling played a major role in
the Green Revolution, and is an important part of
water supply development in South Asia. Millions
of borewells have been drilled in South Asia since
the 1960s, and many locals have developed strong
expertise in siting and drilling wells, as well as in
producing and maintaining drilling equipment. This
expertise is currently lacking in most parts of sub-
Saharan Africa, as well as in parts of South Asia
not affected by the Green Revolution. A variety of
drilling technologies are available, depending on soil
characteristics and required depth (see Table 1).

Geological conditi Percussion | Hand-auger Jetting Sludging Rotary Rotary Air lift
eological conditions drilling drilling percussion | drilling with reverse
drilling flush circulation

Gravel v? X X v? X v

Sand v? v v v v? v v

sit Unconsalidated | /9 v v v v? v v
formations

Clay v slow v ? v v slow v v

Sand with pebbles or boulders v? X X X v? X ?

Shale Low to medium v X X X v slow v X
-strength

Sandstone formations v X X X v v X

Limestone v slow X X X v v slow X
Medium to

Igneous (granite, basalt) high-strength v slow X X X v X X
formations

Metamorphic (slate, gneiss) Vv slow X X X v X X

Rocks with fractures or voids v X X X v ? X

Above water table v v ? X v v v

Below water table v X v v v v v

\/ - Suitable drilling method ‘/7 - Danger of hole collapsing ? - Possible problems x - Inappropriate method of drilling

Table 1: Various well drilling technologies have been developed, which can create borewells in different
geological conditions. (Source: adapted from WEDC, 1994)
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The difficulty and cost of digging wells is a direct
function of the water table depth.

m When groundwater is available at depths less than
4 meters, manual digging or drilling is adequate.
Shallow hand-dug wells are inexpensive, with the
primary cost being a farmer’s time.

®m When water is between 4 and 7 meters deep,
hand-dug wells can still be used but require a
robust lining of brick or concrete, for example.
Shallow borewells can be made with a human-
powered drill, especially in soft soils. In Kenya,
drilling a 7 meter well in soft soils costs about
$300 to $400 (Kickstart, 2013).

B For water tables of 7 to 20 meters, wells
become more expensive and the risk of hitting
rock increases as the well goes deeper. More
sophisticated equipment like motorized
percussion drills are often used. Borewells of this
depth cost roughly $1,000 in Kenya.

Breakthroughs

m Deeper wells much greater than 20 meters are

typically dug using truck-mounted mechanized
drilling machine, which can cost more than
$10,000. Innovative semi-mechanized techniques,
however, could reduce the cost of drilling deeper
wells.

Numerous manual drilling techniques have also
been developed, which can produce borewells
more economically and in locations that don't have
access to mechanical drilling rigs (see Exhibit 13).
These manual technigues often involve community

participation as drilling labor. Manual techniques are,

however, typically slow and limited in the geological
strata they can drill.

Manual well drilling techniques
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Exhibit 13: Numerous technigues have been developed for manual well drilling. (Source: adapted from
RWSN, 2009)
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Mechanized drilling of deeper wells is typically A case study in Ethiopia analyzed a 150-meter deep

unaffordable for subsistence farmers. This type
of drilling is typically conducted with portable

$18,000 (Exhibit 14), and found that the cost per

diesel-powered rigs, such as percussion and rotary meter is roughly $120, with about 75 percent of this

percussion methaods. cost being expense for capital equipment, fuel, and
labor.

Powered mechanical rigs are expensive (>$100,000)

and have limited mobility to reach remote areas. High competition in emerging economies like India

They are able to effectively drill through most has historically pushed down the overall costs of

geological features and are relatively quick to create drilling a well. Such competition does not yet exist

a well. The cost of drilling is largely driven by capital in Africa, hence the cost of equipment is generally

equipment, fuel and labor. higher.

US Dollars

Cost per meter of a 150-meter borehole in Ethiopia

2 128
[ ] i
: I
40 I
Capital Non-capital Fixed Labor Other variable Maintenance Total
equipment fixed costs costs

Exhibit 14: Mechanized drilling of a 150-meter borewell costs roughly $120 per meter. About 75 percent of
this is expense for capital equipment, fuel and labor. (Source: Rural Water Supply Network, 2006)

borewell (Rural Water Supply Network, 2006) costing
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Current well drilling technologies suffer from high
cost, limited portability, slow drilling rate and/or
limited geologic suitability. To expand groundwater
opportunities to rural populations facing economic
water scarcity, a drilling technology is needed that
combines the speed and capability of powered
equipment with the portability and low cost of
manual techniques.

Breakthroughs

Such a technology like the innovative air-lift reverse
circulation drill recently introduced in India by ITT,
could enable more accessible borewells in regions
(sub-Saharan Africa and northeastern India, for
instance) suffering from economic water scarcity
(Exhibit 15).

Exhibit 15: The air-lift reverse circulation drill is an example of a drilling technology that combines hand-
operated portability with mechanized productivity. (Photo source: Sai Madhavi Antharam)
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4. Water pumps are expensive to
buy and operate

There is a broad range of water pumping technology,
which can be categorized in various ways. One
important distinction is based on pumping depth:
shallow or deep. The divide occurs at a depth of
about 10 meters, which is the longest column of
water that can be drawn up a pipe. Shallow pumps
are located at the surface, and pull water up from
the well. Beyond 10 meters of depth, deep well
pumps must be used.

These pumps are inserted into a well, and push the
water up to the surface. Some form of power must
be transferred from the surface down to operate the
pump. This transfer takes the form of reciprocating
metal rods in most handpumps, rotating shafts

in line shaft pumps and electrical current in
submersible electric pumps.

Another important pump distinction is based on

the source of motive power: human muscles or
externally powered. Manual-powered pumps are
commonly used to lift water from boreholes and
shallow wells for household use in rural areas.
Technologies for shallow and deep handpumps
were significantly advanced during the International
Drinking Water Decade, 1981 to 1990.

Robust community-scale pumps, such as the India
Mark Il and the Afridev, were designed and widely
deployed, with attention not only to technical
efficiency but also user ergonomics and practical
maintenance. While marginal improvements may
be made to handpump technology, no radical
innovations are expected.

Rather, water providers can make improvements
by increasing coverage and ensuring timely
maintenance and repairs.

Breakthroughs

Another advancement in manual pumping is the
treadle pump, developed in Bangladesh during
the 1970s and 1980s. This low-cost shallow pump
is actuated by strong leg muscles, and pumps
sufficient water for irrigating smallholder farms.

Treadle suction pumps that cost between $30 and
$150 can draw water from up to a depth of 7 meters
and can irrigate 0.25 hectares per 4 hours of labor
(Kickstart, 2013; ATA, 2013). These pumps are easy
to service as the entire pumping mechanism is
above the surface.

In recent years treadle pumps have achieved some
adoption in a few regions: IDE has sold 1.4 million
treadle pumps in South Asia since 1985, and
Kickstart sells about 25,000 pumps each year in East
Africa. A portion of the Kickstart pumps are bought
by NGOs, who then handle distribution to farmers
(Kickstart, 2013; ATA, 2013).

Despite some success, treadle pumps are still
relatively expensive for smallholder farmers and
labor-intensive, especially for women.
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Most irrigation pumps are powered by an external
energy source, usually grid electricity or diesel fuel.
Electrical pump sets are common in much of India,
while diesel-powered pump sets are more common
in Pakistan, Bangladesh and eastern India (see
Exhibit 16).

A study of efficiency of electrical pump sets in
Haryana found an average efficiency of 24 percent
(World Bank, 2001), while other studies of South
Asia suggest average pump efficiencies of about
30 percent (Singh, 2009; Kaur, et al., 2016). These
efficiency levels are much lower than typical
pump set efficiencies of greater than 50 percent in

industrialized countries, and well below the practical

efficiency limit of about 85 percent.

Breakthroughs

Efficiencies can be increased by matching the size
of pumps and motors to their tasks, as most pump
sets in South Asia are oversized. Renovation of
existing pump sets may gain efficiency by replacing
foot valves and suction and delivery piping to reduce
frictional losses.

Currently, however, generous subsidies on pumping
electricity discourage the adoption of more efficient
pumping techniques or more rational irrigation
water use (Singh, 2012).

Irrigation pumps in South Asia
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~

Number of irrigation pumps (millions)
N

Pakistan

[ - Diesel pumps

Bangladesh

16
14
12
10
8
R
, s S .

Western and
Southern India

Eastern and
Northern India

I - Grid electric pumps

Exhibit 16: In South Asia, diesel powered irrigation pumps are most common in Pakistan, Bangladesh and
eastern and northern India.® Grid electric powered irrigation pumps are most common in western and
southern India.* (Source: ITT, 2018)

STEastern and northern India is here defined as Assam, West Bengal, Bihar, Odisha, Jharkhand, Uttar Pradesh and Uttarakhand states.
“Western and southern India is here defined as Andhra Pradesh, Gujarat, Haryana, Karnataka, Kerala, Madhya Pradesh, Maharashtra,

Punjab, Rajasthan and Tamil Nadu states.
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Diesel powered pumps are more often used where
grid electricity is not available, such as parts of sub-
Saharan Africa and South Asia. In markets such as
Kenya, motorized pumps that can irrigate 3 hectares
are becoming available for $150 to $200 (Kickstart,
2013; ATA, 2013). However, the cost of diesel—
roughly $120 per hectare per year in East Africa—
necessary to run these pumps, increases the overall
operating cost for farmers.

The pumps have also been prone to damage after
a few years of use. The low demand for irrigation
systems in sub-Saharan Africa has made it less
attractive for the private sector to enter markets
with suppliers and after-sale-service providers.
There are few private sector suppliers and after-
sale-service operators in sub-Saharan Africa.
This further weakens the broader ecosystem for
irrigation equipment. Without sufficient industry
competition, equipment prices in sub-Saharan Africa
are higher than in countries like India.

Solar powered electric pump sets, which use
photovoltaic (PV) arrays to convert sunlight to
electricity that then power submersible or surface-
mounted electric pumps (GIZ, 2013), are currently
under development. The number of PV pumps,

and the land area they irrigate, is still small
globally. Roughly 15,000 solar irrigation pumps
have been installed in India, mainly in the states

of Punjab, Rajasthan and Haryana (KPMG, 2014).
The technology nevertheless has the potential to
significantly scale up in future, as part of a long-term
transition toward renewable energy sources.

Direct solar pumping can be quite efficient, as all
harvested power is used for pumping and there is
no need for batteries and associated losses. Modern
positive displacement pumps have efficiencies of
up to 70 percent (GIZ, 2013). There is also potential
for solar pumping to be integrated into village-level
solar-powered mini-grid systems.

Such integration may bring advantages to the
farmer (e.g. the high capital cost of PV system is
spread across many users) as well as to the mini-
grid utility (e.g. having flexible and reliable pumping
loads). However, the economic value of pumped
irrigation water, expressed as willingness to pay by
mini-grid users, is likely to be much less than that
of competing uses of limited electrical power by
households and industry.

Breakthroughs

There are significant barriers to the scale-up of PV-
powered irrigation pumps including the high upfront
cost of PV systems, which are typically 10 times
that of conventional pumps (KPMG, 2014). This cost
difference is diminishing over time as PV system
costs decline.

Other challenges include the present lack of
maintenance skills and services, low awareness
of PV pumps among farmers and the risk of theft
(Bassi, 2018). Furthermore, since there is zero
marginal cost for additional water pumping, there
is a risk of unrestrained aquifer depletion if the
technology is scaled up in the absence of rational
water allocation systems.

Despite the very low operating costs of PV
irrigation pumps, the high capital cost leads to
long economic payback times, unless substantial
subsidies (approximately 80 percent) are offered
by government (KPMG, 2014). Economic payback
periods for solar pumping systems in South Asia
range from zero to 14 years on subsidized prices,
and from six to 25 years on non-subsidized prices
(FAO, 2018).

Experience in the India states of Bihar (GIZ, 2013)
and Rajasthan (Kishore, et al., 2014) shows that
wealthier farmers are better positioned to take
advantage of subsidies on PV pumps, suggesting
that the existing technology is more suitable for
economic development of commercial farmers,
rather than alleviation of economic water scarcity
among poor subsistence farmers.
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economic means economy.

1. Economic water scarcity affects,

Extreme economic inequity means that the poorest
of the poor have very little purchasing power. The
number of extreme poor (defined as living on less
than $1.90, based on 2011 purchasing power parity)
is decreasing for the world as a whole, but continues
to rise in sub-Saharan Africa (Exhibit 17).
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Extreme poverty is decreasing in all regions except sub-Saharan Africa

2.0

1.5

Rest of world

1.0

(billions)

0.5

Number of people living on less than $1.90 a day

0.0

1990 1995 2000

South Asia

Sub-Saharan Africa

2005 2010 2015

Exhibit 17: The number of extremely poor people, who live on less than $1.90 (2011 PPP), is decreasing in
most regions of the world. In sub-Saharan Africa, however, the absolute number of extremely poor people
continues to rise. (Source: World Bank, 2018; data on South Asia for 2015 is provisional)

2. Poor smallholder farmers in
areas with abundant groundwater
cannot afford the costs of drilling
wells and operating pumps

Current well drilling methods are either too complex
and mechanized, or too slow and labor intensive.
Water pumps, and the energy to operate them,

are beyond the reach of smallholder farmers,
considering capital and O&M costs.

3. Expanding surface water
irrigation requires centralized
coordination and budgeting

Social means to achieve consensus on potential
large-scale initiatives often remain elusive. In the
absence of collective action, decentralized decisions
are limited to the distributed resources available,
such as groundwater.
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SCIENTIFIC AND TECHNOLOGICAL
BREAKTHROUGHS

Economic water scarcity is more of a social
challenge than a technological one. It occurs where
water is locally available, but cannot be accessed
due to lack of human, institutional or financial
capital. It occurs in both urban and rural areas, and
involves drinking, household and irrigation water.

Breakthroughs:
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While primary solutions to economic water
scarcity will require innovations in social and
economic justice, our analysis concludes that four
technological breakthroughs can also contribute to
significantly reducing the economic water scarcity

that households and smallholder farms experience.
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A low-cost system for precision
application of agricultural
inputs, ideally combining water
and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate
consequences including over-exploitation of groundwater resources and over-
application of synthetic fertilizers. In other regions like sub-Saharan Africa, the
Green Revolution has not arrived and there is under-utilization of groundwater
resources and ongoing nutrient mining of soils. There is need for a low-cost,
robust, scalable technology to precisely meter and distribute irrigation water
and fertilizer to field crops.

This would allow farmers to apply the right amounts of water and nutrients
(not too much or too little) at the right time to maximize economic returns and
reduce nutrient loss. If made affordable, precision application systems for
irrigation and fertilizers, calibrated to local crop type and soil conditions, could
be a very effective way to increase agricultural yields, while also reducing
negative impacts on the environment.

Enabling better management of the timing and formulation of irrigation and
fertilization in cropping systems would ensure that water and nutrients are
available where and when needed by the plant roots. Crop yields respond very
well with initial inputs of fertilizer, but as additional nutrients are supplied the
marginal yield increase becomes smaller.

Optimal results occur somewhere along that gradient, depending on the cost

of fertilizer and seeds, land and selling price of harvested crops. For maximum
returns, it is necessary to not just apply the right quantity of fertilizer, but to also
apply it at the right time and place for optimal nutrient uptake by the plant. This
would also protect watersheds and populations downstream from farm fields,
by greatly reducing runoff.

The efficiency of using agricultural inputs, such as fertilizer is low in
conventional farming. It is estimated that overall efficiency of applied fertilizers
is about 50 percent for nitrogen, less than 10 percent for phosphorus and about
40 percent for potassium. The rest is wasted as runoff.

The mismatched timing between availability of nitrogen and crop need for
nitrogen is likely the single greatest contributor to excess nitrogen loss in
annual cropping systems. Ideally, nutrients should be applied in multiple small
doses and when plant demand for them is greatest.

Current State

e T
Development Stage: Engineering

Time to market (years)
-
4-6 7-10 10+

e
Deployment: Challenging

Associated b0BT Chapters
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Food Security Global Change

SDG Alignment

1 WO AND
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Impact

Increased Access to Food (# of People)

<1M 10M+ 100M+ 1B+

New Income Generated (# of People)

- r
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Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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In principle, variations of existing programmable
irrigation and fertigation systems used in
industrialized countries can be adapted to the needs
of smallholder farmers. Already, small-scale drip
and sprinkler systems—along with other methods
for increasing water usage efficiency—are beginning
to emerge in markets like India. Cultivated area
under drip irrigation in India has grown from 71
km?in 1992, to 2,460 km?in 1998, to 18,970 km?

in 2010, up to 33,700 km?in 2015. The cost of such
systems will continue to drop as scale of production
increases.

This breakthrough would be strongly leveraged

by three other breakthroughs, b Low-cost shallow
groundwater drilling technologies, 6 Affordable
solar-powered irrigation pumps, and 9 Low-cost
soil nutrient analysis device. Overall, such devices
would help farmers better predict crop nutrient
requirements, better schedule irrigation and
fertilizer applications, and avoid over-fertilization
and nutrient runoff. If complemented with adjusted
crop rotation patterns and additional biotic
complexity, it could improve the plant community’'s
ability to take up more of the available nutrients.

However, there is limited evidence to suggest that
users—farmers or otherwise—will be interested in
spending money on technologies to conserve water
when the resource itself is available free of cost.
The potential for saving fertilizer can prove to be a
positive incentive, although the current demand for
fertilizers is very low in sub-Saharan Africa.

It will face some deployment challenges that are
common to the African smallholder farmer market,
including structural barriers such as a fragmented
market of farmers, limited access to finance for
potential users, and lack of training to install,

use and maintain the technology. The difficulty of
deployment in this case would be CHALLENGING.

Breakthrough 1: Difficulty of deployment
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Challenging

Complex

Moderate need to
train a limited
number of people

policy/regulations
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Current State
A very low-cost scalable
technique for desalinating
brackish water Time to market (years)

I
4-6 7-10

This breakthrough focuses on developing and enabling systems for very low-
cost, high-efficiency desalination of brackish water resources. Households, T
industries and farms can utilize such systems to provide additional freshwater Deployment: Complex

supplies for water-constrained regions. The introduction of very low-cost
desalinated water could enable sustainable irrigation in vast regions of the Associated b0BT Chapters
world that contain brackish groundwater.

Desalination is increasingly used to provide household and industrial water
in regions with scarce freshwater but abundant salt water. Most current
desalination facilities are located in the Middle East, use seawater as feedwater

and are powered by fossil fuels. The city of Chennai in southern Indian gets J
about a quarter of its municipal water from reverse osmosis seawater
desalination plants. Water Security Food Security

Conventional desalination methods typically use seawater as feed. Seawater
desalination technologies based on membranes, such as reverse osmosis,
are approaching the thermodynamic limits of efficiency and have limited SDG Alignment
opportunity for further improvement. It is unlikely that major technology
breakthroughs will fundamentally alter the seawater desalination landscape.
Additionally, desalinated seawater is too expensive to use as irrigation water for
crop production. e
In contrast, there are large potential efficiency gains by using brackish water

as feed. There are major opportunities for significant reductions in brackish
water desalination cost and energy use through innovative electrochemical

or other emerging techniques. The minimum theoretical energy requirement
for desalination varies with the salinity of the feedwater—less energy is
fundamentally needed to desalinate brackish water compared to seawater.
Electromagnetic desalination processes such as electrodialysis (ED) and
capacitive deionization (CDI) are limited to low-salinity feedwater, but potentially
have much lower cost and energy than pressure or thermal technigues. They
offer many advantages when used with brackish feedwater, such as high water Increased Access to Food (# of People)
recovery and high brine concentrations. I . i

Impact

They also require little or no feedwater pre-treatment and membrane New Income Generated (# of People)
fouling can be prevented by reversing the electrode polarities. However, —_—
electromagnetic processes only remove ions from the water, leaving organics <M 10M+ 100Ms 1B+
and colloids in suspension—this is a concern for household water, but less so
for irrigation water. Furthermore, the selection and configuration of membranes
is currently highly dependent on feedwater characteristics, thus must be

adapted to local conditions of feedwater composition and concentration. Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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Concerted R&D efforts can overcome current
obstacles to enable a major source of low-cost
freshwater in regions with brackish resources.
The appropriate unit scale of desalination facilities
may vary depending on the application (such as
household, irrigated farm, urban water utility).
The salinity of the product water may also vary
depending on the purity requirements of the end
uses.

Costs can be further reduced by matching the
salinity of the product water to the salinity
thresholds for different uses; in other words,
removing only enough salt to make the water
viable for its intended use. Ideally, facilities will be

powered by onsite renewable energy sources, such

as photovoltaic solar arrays, to provide reliable
and sustainable operation. Developing appropriate
business models will be essential to ensure
economic sustainability and continuing impact.

Breakthroughs

End-uses for the desalinated water will include
drinking, cooking, washing and other domestic uses
and industrial water uses. Efficient techniques for
large-scale desalination of brackish water resources
will also enable the use of desalinated water for
production of agricultural crops using efficient
irrigation techniques.

Substantial research and development work is
required and we expect that it will take seven to ten
years for this breakthrough to be ready. Deployment
challenges include access to finance and policies
regarding location and discharge streams. We rate
the difficulty of deployment, COMPLEX.

Breakthrough 2: Difficulty of deployment
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Low cost drilling technologies
6 for shallow groundwater, which
. reduce the cost to less than
$100 per farmer

Less than 5 percent of farmland in sub-Saharan Africa is irrigated, despite the
presence of extensive, renewable, shallow (less than 10 meters) groundwater.
An important reason for this lack of irrigation is the relatively high cost of well
drilling in the region.

Mechanized drilling of wells is typically unaffordable for subsistence farmers.
This type of drilling is typically conducted with portable diesel-powered rigs,
such as percussion and rotary percussion methods. Powered mechanical rigs
are expensive (more than $100,000) and have limited mobility to reach remote
areas. High competition in emerging economies like India has historically
pushed down the overall costs of drilling a well. Such competition does not yet
exist in Africa, hence the cost of well drilling is generally higher.

Manual drilling techniques have been developed that can produce borewells
more economically and in locations that don't have access to mechanical
drilling rigs. These manual techniques often involve community participation as
drilling labor. Manual techniques are, however, typically slow and limited in the
geological strata they can drill.

Most current well drilling technologies suffer from high cost, limited portability,
slow drilling rate or limited geologic suitability. To expand groundwater
opportunities to rural populations facing economic water scarcity, a drilling
technology is needed that combines the speed and capability of powered
equipment with the portability and low cost of manual techniques. It should be
comprised of lightweight, easily transportable components, yet powered by a
portable mechanized source.

An affordable method to reach shallow groundwater will enable widespread
irrigation in sub-Saharan Africa, providing smallholder farmers with increased
crop yields, the possibility of cultivation during dry seasons and droughts and
the opportunity to grow high value, high nutrition crops.

While shallow groundwater resources are rechargeable by rain and thus
sustainable under moderate use, there is a risk of water over-extraction and
aquifer depletion. This has occurred, for example, in parts of South Asia that
practice intensive Green Revolution agriculture. Any low-cost drilling solution
will have to be accompanied by some form of community-level metering and
monitoring to ensure sustainability of available water.

Current State

—
Development Stage: In-Market Small Scale

—
Deployment: Challenging

Associated b0BT Chapters
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Currently, there is extremely low demand among
African smallholder farmers for irrigation.
Depending on the cost of the technology that is
developed, farmers may require financing to pay
for construction and usage of wells (even for
community-level wells).

Such a technology will also have to overcome many
of the typical challenges faced by products and
services in this market: fragmentation and the lack
of an ecosystem of suppliers and after-sale-service
providers.

However, based on the agricultural development
experience in South Asia and what can be seen

in areas of Africa that have access to irrigation
services, there is reason to believe that appreciation
of the benefits of irrigation can become apparent
within a short period of time. Hence, we believe such
a technology is four to six years from becoming
market-ready. Overall, we believe deployment will be
CHALLENGING.

Breakthrough 6: Difficulty of deployment
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Affordable (less than $50),
lightweight, energy-efficient,
solar-powered irrigation pumps

Irrigation is one of the most significant levers for increasing on-farm yield.
However, currently available manual irrigation pumps (for example, treadle
pumps) are quite strenuous to use and often not suited to the needs of women
farmers. Motorized pumps available on the market are even more expensive,
and the cost hurdle is compounded by the recurring cost of diesel fuel. In
remote areas, the paucity of distribution networks for diesel is an additional
constraint.

A solar powered pump that costs under $50, and pumps enough water for

a typical smallholder farm, could dramatically increase access to irrigation.
Direct-drive photovoltaic solar pumping can be quite efficient, as all harvested
power is used for pumping and there is no need for batteries and associated
losses.

Modern positive displacement pumps have efficiencies of up to 70 percent.
Nevertheless, a significant barrier to the scale-up of PV-powered irrigation
pumps is the high upfront cost of PV systems, which are typically 10 times that
of conventional pumps. Despite the very low operating costs of solar irrigation
pumps, the high capital cost leads to untenably-long economic payback times.
Strongly reducing cost, while ensuring reliable service, is thus essential.

Considering the effort being dedicated to this problem and the pace with which
this market is developing, it is likely that low-cost market-ready pumps will
become available within the next two to three years. A number of organizations
are developing solar pumps, a small number of which are already being used in
India and other developing regions.

The biggest hurdle appears to be throughput: the more the volume of water
pumped, the larger and more expensive the solar panel needs to be.

Current State
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However, even if solar pumps become available,
there are a number of deployment hurdles: the
majority of African farmers are still extremely poor,
live in remote areas and are accustomed to rain-fed
farming.

Considerable effort will be required for creating
demand and providing financing and training. A
critical lesson from the decades of agricultural
development in South Asia is that water can easily
be overused and groundwater easily depleted.

Since there is zero marginal cost for solar water
pumping, there is a risk of unrestrained aquifer
depletion if the technology is scaled up in the
absence of rational water allocation systems.
Enforcing any such system will be very challenging.

Hence, we believe that deployment will be COMPLEX.

Breakthrough 7: Difficulty of deployment
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Food insecurity is one of the most significant
problems faced by the global poor. More than 820
million people—constituting about 11 percent of the
world's population—do not have enough food to live
a healthy life (FAQ, 2018). This happens in spite of
the fact that most developing countries, especially
in sub-Saharan Africa and South Asia, have large
agrarian populations.

Over 60 percent of the people in sub-Saharan Africa
live in rural areas, more than half of whom live
below the poverty line; in South Asia too, over 60
percent of the population is rural, with one-third
living below the poverty line.

About 50 percent of the total population in these
regions is either employed in agriculture, or
dependent on local agriculture as the primary
source of food (Exhibit 1) (World Bank, 2018). Most
farmers in these regions are smallholders, typical
working plots of land one hectare or smaller in size.
Most smallholder farmers, especially in sub-Saharan
Africa, are subsistence farmers—their main source
of food is what they grow.

Population in rural areas and employed in agriculture (percent)
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Exhibit 1: Most people in sub-Saharan Africa and South Asia live in rural areas. In addition, the majority of
the labor force in these regions works in agriculture. (Source: World Bank, 2018; year 2016 data for Living
in rural areas, year 2017 data for Employed in agriculture)
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Despite the significance of local agriculture as

the primary economic base and source of food,
agricultural yields lag well behind those in other
parts of the world, particularly in sub-Saharan
Africa, and to a lesser extent in South Asia (Exhibit
2).

As a result, most countries in sub-Saharan Africa
and South Asia are net importers of food (Exhibit
3). For example, about 30 percent of cereals
consumed in sub-Saharan Africa are imported (FAO,
2014). In many developing countries, the cost of
food comprises a very large part of total household
expenditures (Exhibit 4).

In some sub-Saharan African countries, such as
Nigeria and Kenya, more than half of all household
expenditures are devoted to food (USDA, 2018). In
industrialized countries, by contrast, food costs

are a much smaller percentage of total expenses;
households in the United States and United Kingdom
spend less than ten percent of household budgets on
food.

Cereal crop yields are low in sub-Saharan Africa
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Exhibit 2: Cereal crop yield in sub-Saharan Africa is less than half that of South Asia, and a fraction of
that in other parts of the world. Yields for other agricultural commodities—cash crops, horticulture and
livestock—also lag significantly behind. (Source: data from World Bank, 2018, average of years
2013 to 2016)
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Percentage of net food imports in domestic food supply, measured in total calories

Net export (percent) Net import (percent)
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Exhibit 3: Most sub-Saharan African countries, and many Asian countries, are net importers of food
calories. (Source: year 2011 data from FAO, 2017)

Food expenses, as percent of total consumer expenses
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Exhibit 4: Food comprises a very large part of total household expenditures, in many developing countries.
In contrast, in industrialized countries food costs are a much smaller percentage of total expenses.
(Source: year 2016 data from USDA, 2018)
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In both sub-Saharan Africa and South Asia, poverty
and undernourishment are considerably higher than
in the rest of the world. These interrelated factors
have made agriculture and its role in alleviating
poverty, and improving food security and health, a
primary focus of international development.

Considering both the rates and absolute extent of
undernourishment, sub-Saharan Africa and South
Asia are the regions of greatest concern (FAQ, 2018).
About 23 percent of the population in sub-Saharan
Africa is undernourished, and that percentage has
risen in recent years after many years of gradual
decline (Exhibit 5).

In South Asia, the rate of undernourishment
continues to decline, currently standing at
about 15 percent. Globally, the total number of
undernourished people has increased in recent
years, after years of steady decline (Exhibit 6).

This is primarily a result of growing
undernourishment in sub-Saharan Africa, where
both population numbers and undernourishment
rates are rising. In sub-Saharan Africa, about 236
million people face undernourishment, of which
more than half live in East Africa. South Asia is home
to the greatest absolute number of undernourished
people (280 million), though their numbers are
slowly decreasing.
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Undernourishment rate by region, since 2005
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Exhibit 5: About 23 percent of the population in sub-Saharan Africa is undernourished, meaning they

lack regular access to enough dietary energy for a healthy, active life. The undernourished percentage

in sub-Saharan Africa has risen in recent years, after many years of steady decline. In South Asia, the
undernourished population is about 15 percent and continues to decline. (Source: FAQO, 2018)

Number of undernourished people, since 2005

800
Rest of world

700
Southeast Asia

600
East Asia

500

400

South Asia

300

Number of undernourished people
(millions)

200

100 Sub-Saharan Africa

2005 2007 2009 2011 2013 2015 2017

Exhibit 6: After years of steady decline, the global number of undernourished people has increased in
recent years. The greatest numbers of undernourished people live in South Asia, though their numbers are
slowly decreasing. The next largest group of undernourished people lives in sub-Saharan Africa, and their

numbers are increasing. (Source: FAO, 2018)
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The Green Revolution has led to a dramatic increase in food production in
South Asia, while sub-Saharan Africa has lagged behind

The Green Revolution that started in the 1950s

is considered by some to be among the most
successful large-scale programs to help alleviate
poverty and improve food security in the history of
international development (Spielman & Pandya-
Lorch, 2009) (Hazell, 2009).

Norman Borlaug, the biologist who developed the
high-yield seed varieties that launched the Green
Revolution, was awarded the Nobel Peace Prize

in 1970. By combining improved seed varieties

with intensive use of irrigation and fertilizers,
strengthening local institutions and a range of major
policy reforms, numerous countries were able to
make substantial gains in food production.

Nevertheless, increased levels of pollution from
pesticide and fertilizer run-off have accompanied
the productivity gains enjoyed in many regions.
Furthermore, there are concerns about the long-
term sustainability of high yielding agriculture due to
emerging issues such as groundwater depletion and
soil erosion.

South Asian countries, in aggregate, have tripled
their cereal yields since 1960 (Exhibit 7). During the
same period, sub-Saharan Africa— which was not

a part of those Green Revolution efforts— achieved
little in the way of increased agricultural productivity
(World Bank, 2018).

Cereal yield per hectare, since 1961
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Exhibit 7: The Green Revolution led to dramatic increases in agricultural productivity in South Asia to the
extent that South Asia is approaching agricultural self-sufficiency. On the other hand, sub-Saharan Africa
continues to lag far behind the world average. (Source: World Bank, 2018)
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Another telling measure of the Green Revolution’s During the same time, there was only a 50 percent

impact is the role agricultural intensification
has played on the amount of land used for food

increase in per hectare cereal yield in sub-Saharan
Africa, and farmers have had to increase the amount

production. As Exhibit 8 shows, the yield of cereals of land for cultivation by 140 percent (VFRC, 2012).
in South Asia increased by 160 percent between

1961 and 2009, with only a small increase in

cultivated land area.

100)

Land area (1961

Cereal production, yield and land usage in South Asia and sub-Saharan Africa, 1961 to 2009

sub-Saharan Africa
(Extensification)

240
2009 production = 359
South Asia
(Intensification)
120
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2009 production = 310

1961 production
(area x yield) = 100

100 150 260

Yield (1961=100)

Exhibit 8: In South Asian countries agricultural yield increased dramatically over the past few decades
due to intensified agricultural practices. Compared with 1961, per hectare cereal yield in South Asia has
increased by 160 percent, leading to a total output increase of 210 percent, with only a 20 percent increase
in cultivated land. During the same period in sub-Saharan Africa, there was a 140 percent increase in
cultivated land and only a 50 percent increase in per hectare yield, for a total increase in output of 259

percent. (Source: VFRC, 2012)
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Prevalent forms of agriculture have a significant environmental footprint

As described in detail in the Agricultural
Sustainability section, virtually all forms of
agriculture practiced in both industrialized and
developing countries cause significant primary
environmental damage, for example due to wildland
clearance and soil erosion.

In addition, the intensified agricultural practices
that arose from the Green Revolution have several
specific negative environmental impacts. One
important impact is water overuse, particularly in
South Asia where more than 90 percent of water
withdrawals are used for agriculture (World Bank,
2017).

Overuse, together with population growth, has led

to a 65 percent reduction in the supply of renewable
water since the early 1960s, on a per capita basis
(FAO, 2014); as a consequence, much of South Asia
is now facing severe water scarcity. In contrast,
much of sub-Saharan Africa has abundant unutilized
renewable groundwater.

Another effect of current intensive agriculture is the
runoff of excess fertilizer nutrients into waterways,
which causes overgrowths of algae that lead to
dead zones when the algae decay and the oxygen

in the water depletes. More than 400 marine dead
zones resulting from nutrient runoff are reported
worldwide, having approximately doubled each
decade since the introduction of synthetic fertilizers
in the 1960s (Diaz & Rosenberg, 2008).

Large algal blooms and hypoxia characterize the
Arabian Sea, due to massive organic and nutrient
loads entering the sea from India and Pakistan
(Gomes, et al., 2014). Nutrient runoff also causes
blooms of cyanobacteria (also known as blue-green
algae), which can produce toxic compounds that are
hazardous to humans and animals.

Mass blooms of toxic cyanobacteria occur regularly
in water subject to nutrient runoff, with the timing
and duration of the bloom season varying by
location. Sub-Saharan Africa does not suffer greatly
from water dead zones, due to their limited use of
chemical fertilizers.
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A sizable amount of food is lost or wasted because smallholder farmers do
not have appropriate storage facilities or access to markets

Most African smallholder farmers lack access to Another equally pressing problem is the lack of
ready markets for their produce. As a result of adequate refrigeration, because of which perishable
this and other factors, a large number of grain products like fruits, vegetables, dairy and meat,
producers store their own grains, as food for their cannot be preserved for long.

families until the next harvest. The storage facilities
they use—typically made with easily available local
material, like mud and straw—do not offer adequate
protection from moisture, excess heat, rodents or
pests, and a substantial portion of the grains are
spoiled (Exhibit 9).

Agricultural losses in sub-Saharan Africa across the value chain, for different types of crops
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Exhibit 9: Due to a lack of appropriate technologies for handling, storing and transporting, smallholder
farmers in sub-Saharan Africa lose a substantial portion of their produce, even before the food is ready to
be consumed. (Source: FAQ, 2011a)
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A dearth of local food processing facilities to convert
raw produce to consumable foods (such as, cocoa
beans to chocolate, milk to packaged cream or
cheese, or raw cashew nuts to consumable cashews)
means that the bulk of high value produce is
processed outside the region. While this is especially
true for export commodities (like cocoa), there are
also many food products imported into the region
(like fruit juices, chocolate and cheese) made from
raw produce that is locally available.

Exhibit 10 is an illustrative example of the gap
between overall production and available processing
facilities for cashew nuts. The lack of processing
facilities deprives the local economy of agribusiness
jobs, and smallholder farmers of higher prices for
what they produce (African Cashew Alliance, 2010).
This also drives up the costs of food and agricultural
products, making them unaffordable for low-income
populations.

Percent of overall cashew production that is locally processed in selected countries
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Exhibit 10: Cashews have to be processed before they are consumed. The dearth of cashew processing
factories means that most of the cashews grown in Africa are shipped elsewhere for processing.
(Source: African Cashew Alliance, 2010)

Women perform a significant portion of agricultural labor

Agriculture constitutes the single most significant
type of economic activity, and accounts for about 40
percent of effort, by South Asian and sub-Saharan
African women (Exhibit 11). Women perform the
majority of agricultural labor in many countries in
these regions (Exhibit 12) (World Bank, 2015, 2018).

Still, as our Gender Equity chapter discusses, most
farm implements are not engineered for use by
women—taking into account their size, weight,
strength, traditional clothing and other constraints.
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Distribution of women’s economic activities
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Exhibit 11: In South Asia and sub-Saharan Africa, agriculture constitutes the single largest type of
economic activity performed by women. (Source: FAQ, 2011b)

Share of agricultural work performed by women in selected low- and middle- income countries
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Exhibit 12: Women contribute to a substantial portion of total agricultural labor, ranging from 26 percent in
Nigeria, to 87 percent in DR Congo. (Source: year 2017 data from World Bank, 2018)
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RECENT TRENDS
DEVELOPMENT

As we examine the role of various interventions

in improving food security, the following recent
trends in agricultural development are important to
consider.

There is a growing emphasis on
the long-term sustainability of
agriculture

There has always been ongoing tension between
economic development and environmental
sustainability, in both industrialized and developing
countries.

Until recently, most developing countries (including
emerging middle-income countries like China) had
taken the posture that climate change and other
forms of environmental damage are problems
caused primarily by industrialized countries.

However, there has been a marked turnaround in
attitudes in recent years, and developing countries
are beginning to recognize the steps they can take
to reduce the environmental impact of their actions.
Sustainable agronomy is now a core component of
the global agricultural development agenda (WRI,
2018).

The need for agriculture to produce more food
without causing environmental harm, and even to
make positive contributions to natural and social
capital, has resulted in sustainable intensification
practices such as crop rotations, integrated pest
management, soil- and water-conserving tillage,
basin-level irrigation water management, animal
production systems emphasizing disease prevention
without antibiotics, and genetic improvement

of crops to resist pests and disease and to use
nutrients more efficiently (Pretty, 2018).

IN AGRICULTURAL

The central role of women in
agriculture has been acknowledged,
though truly inclusive policies have
not yet been achieved

There is finally acknowledgment of the central
role women play in agricultural development. This
recognition has manifested itself through broad
efforts to make mainstream agriculture programs
more gender inclusive, including extension,
technology development and strengthening of
farmer organizations (World Bank, 2015).

However, while there is clearly more effort made
toward greater equity, it is not yet clear whether
there has been much impact in achieving true
gender parity in agricultural development and
improved quality of life.

With increasing globalization,
agricultural value chains are
becoming disintermediated

Countries in tropical regions grow more agricultural
commodities than those in colder climates. Some
of these commaodities, such as cocoa and coffee,
have become increasingly valuable exports to
industrialized markets, with both consumption

and prices steadily growing over the past several
decades (International Coffee Organization, 2014).
As a result, large food companies are beginning to
pay more attention to the quality of raw produce and
working much more closely with farmer groups on
training and quality control.

Global climate change is projected
to negatively impact agricultural
yields

Rising temperatures and altered precipitation due

to climate change are projected to significantly
affect crop yields and food security. At lower
latitudes including tropical regions, crop productivity
is forecast to decrease with even a small rise in
average temperature. Yields of important crops, such
as wheat, rice, maize and soybean, are expected to
decline due to rising temperatures.
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Changes of average precipitation in a much warmer
world will not be uniform, with some regions
experiencing increases and others decreases or little
change. Precipitation is expected to increase in many
wet tropical areas and in high latitudes. Many mid-
latitude and subtropical arid and semi-arid regions
will likely experience less precipitation. The Asian
monsoon is expected to increase in average total
precipitation but with greater variation from year to
year.

Currently, the primary focus of
agricultural development is sub-
Saharan Africa

The Green Revolution beginning in the 1950s

led to tremendous improvements in agricultural
productivity in Latin America and Asia. Combined
with other forms of economic development, many of
these countries have reached middle-income status
and most are now self-sufficient with respect to
food. While there is still a significant concentration of
poverty and food insecurity in South Asia (especially
in areas like India’s lower Ganges plain, which were
not integral to the Green Revolution), a number

of influential funders of agricultural development
programs are dedicating much more resources to
sub-Saharan Africa than to South Asia.

This chapter focuses on the key factors that can
improve food security and smallholder farmer
incomes: increasing yield, preserving food,
improving market access, reducing workload
(especially for women) and making agriculture
more sustainable. These issues are discussed in
the following dedicated sections:

Irrigation

Soil health and plant nutrients
Biotic stresses

Post-harvest handling and storage
Extension services

Livestock

Fisheries and aquaculture
Agricultural sustainability
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INTRODUCTION

The lack of proper irrigation is a
critical constraint to increasing
agricultural productivity for
smallholder farmers in sub-
Saharan Africa.

With proper irrigation, not only can farmers improve
their crop yields, but also diversify their crop
portfolio toward higher income crops and increase
the total number of harvests in a given year.
However, smallholder agriculture in sub-Saharan
Africa is largely rain-fed, which results in a limited
window for farmers to irrigate their fields.

There are a number of reasons why African farmers
do not have access to irrigation systems: there is
limited awareness of the value of irrigation; diesel
pumps are currently too expensive and diesel
supply is both sparse and expensive; even most
manual pumps are too expensive, in addition to
being very strenuous to use (especially for women);
lastly, digging wells is also a prohibitively expensive
proposition.

Current data suggests that there is an adequate
supply of shallow groundwater (rechargeable by
rain) across much of sub-Saharan Africa. However,
the experience from intensified agriculture in South
Asia demonstrates that groundwater can easily

be depleted if not sustainably used. Our analysis
concludes that four technological breakthroughs
can lead to significant improvements in the overall
agricultural productivity of smallholder farmers in
sub-Saharan Africa.

m Breakthrough 1. A low-cost system for precision
application of agricultural inputs, ideally
combining water and fertilizer

m Breakthrough 2. A very low-cost scalable
technique for desalinating brackish water

m Breakthrough 6. Low cost drilling technologies for
shallow groundwater, which reduce the cost to
less than $100 per farmer

m Breakthrough 7. Affordable (less than $50),
lightweight, energy-efficient, solar-powered
irrigation pumps

Soil moisture, usually enabled by irrigation, is one of the key drivers of agricultural
productivity. Studies have found that irrigation can lead to substantial increases in

productivity from 50 percent to more than 100 percent. Irrigation also reduces variability in
yield from year to year, leading to more reliable harvests.
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CORE FACTS AND ANALYSIS

1. Irrigation is expanding in all
global regions except sub-Saharan
Africa

Irrigation offers several critical benefits for
smallholder farmers including increased crop yields,
the possibility of cultivation during dry seasons and
droughts and the opportunity to grow high value,
high nutrition crops. Since the Green Revolution,
intensified agricultural practices in many parts of
the developing world have led to greater adoption of
irrigation.

In South Asia, for example, the share of farmland
that is irrigated increased from 24 percentin 1973
to 46 percent in 2013 (Exhibit 1). Sub-Saharan Africa
has lagged far behind, however, where only 3.4
percent of farmland is irrigated (FAQ, 2016).

Where irrigation is used, both groundwater and
surface water are withdrawn for irrigation
(Exhibit 2).

Groundwater is more commonly used in South Asia
and North America, while surface water is used
more in other regions. Most smallholder farmers

in Africa have traditionally relied on rainfall as the
sole source of farm water, and continue to do so.
Irrigation technologies remain largely out of their
economic means.

As a result, cereal production closely follows the
amount of rainfall in any given year (Exhibit 3)
(MclIntyre, et al., 2009; Molden, 2007).

Percent of cultivated land that is irrigated
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Exhibit 1: The percentage of irrigated cultivated land is increasing in all regions. About half of farmland in
South Asia and East Asia is now irrigated.” Very little farmland in sub-Saharan Africa is irrigated. (Source:
FAO, 2016)

'The decrease in East Asian irrigation percentage between 1973 and 1993 was due to a strong increase in non-irrigated cultivated land.
The area of irrigated land in East Asia also increased during that period, but at a slower rate.
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Farmland, by source of water
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Exhibit 2: Most of the world's agricultural land is rain-fed and not irrigated. When irrigated, either
groundwater or surface water is used; groundwater is more commonly used in South Asia and North
America, while surface water is more common in other regions. (Source: FAQO, 2016)
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Exhibit 3: Cereal production in Africa is closely linked to rainfall, as shown in this study of Burkina Faso
(Faureés, et al., 2007).
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It is important to note that South Asia and sub- Farmers in Sub-Saharan Africa, on the other hand,
Saharan Africa face different challenges with regard face little physical water scarcity (see Exhibit 4), but
to irrigation. Much of south and central Asia? is instead suffer from inadequate access to available
struggling with major long-term physical water water.

scarcity, which is strongly exacerbated by water
withdrawals for irrigation (illustrated in

Exhibit 4, and described in detail above in the
chapter on Water Security).

Irrigation water stress

Percent

<5 <10 <20 <40 >40

Exhibit 4: The Middle East and Central Asian regions face the highest water stress due to irrigation, while

sub-Saharan Africa faces very little irrigation water stress. The map shows the irrigation water stress by

major river basins, calculated as the incremental evaporation caused by irrigation as a percentage of total
generated groundwater and surface water resources. (Source: Hoogeveen, et al.,, 2015)

?With the exception of Bangladesh and Indian states, such as Orissa and Bihar, which were not deeply involved in the Green Revolution.
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2. There is abundant shallow In Ethiopia, for example, it is estimated that roughly
0 - 1.9 million hectares of arable land can be irrigated

groundwater in sub-Saharan Africa using household-level irrigation systems, which is
that could be used for irrigation five times the total area currently irrigated (ATA,

2013). Despite the availability of groundwater,
Exhibit 5 shows hydrological maps of Africa, most African smallholder farmers do not have
according to which there is abundant shallow the economic wherewithal to access the water
groundwater (at a depth of 7 meters or above) because pumps and other irrigation equipment
through much of sub-Saharan Africa (MacDonald, et are too expensive. As such, sub-Saharan Africa is
al,, 2012). considered to be a region of economic water scarcity

(FAO, 2012).

Groundwater in Africa

Estimated depth to groundwater
(meters below ground level)

7-25
25-50
50-100
100-250

>250

Aquifer productivity
(liters per second)

Very High: >20

High: 5-20
Moderate: 1-5
Low-Moderate: 0.1-0.5

Low: 0.1-0.5

- Very Low: <0.1

Groundwater storage
(water depth in meters)

[ o
<1
1-10
10-25

25-50

Exhibit 5: Groundwater is available at relatively shallow depths throughout much of sub-Saharan Africa
(top). The aquifers vary widely in terms of productivity (middle) and storage volume (bottom). (Source:
MacDonald, et al., 2012)
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Economic water scarcity for agricultural irrigation

is most common in Sub-Saharan Africa, among
communities using low-yielding and highly-variable
subsistence rain-fed farming methods, despite
abundant shallow groundwater. The lack of irrigation
is a critical constraint to increasing agricultural
productivity for smallholder farmers in sub-Saharan
Africa. With proper irrigation, farmers can increase
their crop yields and make them more consistent.
They can also diversify their crop portfolio toward
higher income crops and increase the total number
of harvests in a given year.

Generally, there is a lack of demand for irrigation
among smallholder farmers in sub-Saharan Africa,
where only 3.4 percent of farmland is irrigated.
Irrigation is a relatively new practice in much of sub-
Saharan Africa, and few farmers have witnessed

the tangible economic benefits they can derive from
irrigation.

Breakthroughs

Most farmers in the region are subsistence farmers,
and are understandably wary of investing their
scarce resources into expensive, and seemingly
unproven, irrigation systems. As a result, they have
been less willing to change traditional practices and
still depend on rainfall as the primary source water
for their crops.

Interventions in the water sector have varying
opportunities to alleviate economic water scarcity
among farmers, depending on climate, crops,
geology and existing level of economic development.
Within Africa, the greatest opportunities are in semi-
arid regions where potential agricultural production
is relatively high, and where water is sufficient

in absolute physical terms but is a limiting factor
because of seasonal and interannual variability and
lack of water control (see Exhibit 6). These regions
are priority areas for expanding food production
through interventions in irrigation, rain-fed
agriculture, rainfall harvesting and conservation of
soil moisture.

Water access and poverty reduction

potential for poverty reduction

high

moderate
low
country boundaries

rivers

water bodies

Exhibit 6: Water sector interventions have the greatest opportunity for poverty reduction in semi-arid
regions of Africa that have high agricultural potential but production is limited due to significant seasonal
and interannual variability in water supply. (Source: FAO, 2008)
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3. There are many ways to drill
a well—most, however, are too
expensive for smallholder farmers

Groundwater well drilling played a major role in the
Green Revolution and is an important part of water
supply development in South Asia. Many millions
of borewells have been drilled in South Asia since
the 1960s, and strong local expertise has been
developed in siting and drilling wells, as well as in
producing and maintaining drilling equipment.

Breakthroughs

This expertise is currently lacking in most parts of
sub-Saharan Africa, as well as some parts of South
Asia not affected by the Green Revolution. A variety
of drilling technologies are available, depending on
soil characteristics and required depth (see Table 1).

; L : ; Rotary Rotary Air lift
. " Percussion | Hand-auger Jettin Sludgin
Geologlcal conditions drilling drilling e i percussion | drilling with reverse
drilling flush circulation
v? X v ?

Gravel X X v

Sand v? v v v v ? v v

Silt Unconsol.idated v ? v v v v ? V4 v4
formations

Clay v slow v ? v v slow v v

Sand with pebbles or boulders V 7 X X X V 7 x 7

Shale Low to medium v X X X v slow v X
-strength

Sandstone formations v X X X v v X

Limestone v slow X X X v v slow X
Medium to

Igneous (granite, basalt) high-strength v slow X X X v X X
formations

Metamorphic (slate, gneiss) v vslow X X X v X X

Rocks with fractures or voids V X X X V ? X

Above water table v v ? X v v v

Below water table V X V V v v v

V - Suitable drilling method V ? - Danger of hole collapsing 7 - Possible problems x - Inappropriate method of drilling

Table 1: A range of well-drilling technologies has been developed to create borewells in different geological
conditions. (Source: adapted from WEDC, 1994)

The difficulty and cost of digging wells is a direct
function of the depth of the water table.

® \When groundwater is available at depth less than
4 meters, manual digging or drilling is adequate.
Shallow hand-dug wells are inexpensive, with the
primary cost being a farmer’s time.

m \When water is between 4 and 7 meters deep,
hand-dug wells can still be used but require a
robust lining of brick, concrete or other material.
Human-powered drills, especially in soft soils,
could be utilized to make shallow borewells. In
Kenya, drilling a 7-meter well in soft soils costs
about $300 to $400 (Kickstart, 2013).

®m For water tables of 7 to 20 meters, wells
become more expensive and the risk of hitting
rock increases as the well goes deeper. More
sophisticated equipment like motorized
percussion drills are often used. Borewells of this
depth cost roughly $1,000 in Kenya.

m Deeper wells much greater than 20 meters are
typically drilled using truck-mounted mechanized
drilling machines. Such wells can, at times, cost
more than $10,000. Innovative semi-mechanized
techniques could reduce the cost of drilling deeper
wells.
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Numerous manual drilling techniques have also These manual techniques often involve community
been developed, which can produce borewells with participation as drilling labor. Manual techniques are,
less cost, and in locations that would be inaccessible however, typically slow and limited in the geological
to mechanical drilling rigs (see Exhibit 7). strata they can drill.

Manual well drilling techniques

61y 19punod

Sludging

Jetting/

Washboring

Air-lift reverse circulation

Hand Drilling
Vonder Rig

Exhibit 7: Numerous techniques have been developed for manual well drilling. (Source: adapted from
RWSN, 2009)
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Mechanized drilling of deeper wells is typically
unaffordable for subsistence farmers. This kind

of drilling is typically performed with portable
diesel-powered rigs, such as percussion and rotary
percussion methods.

Powered mechanical rigs are cost more than
$100,000 and have limited mobility to reach remote
areas. They can effectively and relatively quickly drill
through most geological features. The cost of drilling
is largely driven by capital equipment, fuel and labor.

Breakthroughs

A case study in Ethiopia analyzed a 150-meter deep
borewell (Rural Water Supply Network, 2006) costing
$18,000 (Exhibit 8), and found that the cost per
meter is roughly $120, with about 75 percent of this
cost being expense for capital equipment, fuel, and
labor.

High competition in emerging economies like India
has historically pushed down the overall costs of
drilling a bore. Such competition does not yet exist
in Africa, hence the cost of equipment is generally
higher.

Cost per meter of a 150-meter horehole in Ethiopia

21
<
°
a
v 10
©
Capital Non-capital Fuel
equipment fixed costs

21 2 128
(|
25
Labor Other Maintenance Total

variable costs

Exhibit 8: Mechanized drilling of a 150-meter borewell costs roughly $120 per meter. About 75 percent of
this is expense for capital equipment, fuel and labor. (Source: RWSN, 2006)
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Most current well drilling technologies suffer from
high cost, limited portability, slow drilling rate, or
limited geologic suitability. To expand groundwater
opportunities to rural populations facing economic
water scarcity, a drilling technology is needed that
combines the speed and capability of powered
equipment with the portability and low cost of
manual techniques.

LR PR e B

Breakthroughs

Such a technology like the innovative air-lift reverse
circulation drill recently introduced in India by ITT,
could enable more accessible borewells in regions
suffering from economic water scarcity, such as sub-
Saharan Africa and northeastern India (Exhibit 9).

Exhibit 9: The air-lift reverse circulation drill is an example of a drilling technology that combines hand-
operated portability with mechanized productivity. (Photo source: Sai Madhavi Antharam)
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4. Water pumps are expensive to
buy and operate

There is a broad range of water pumping technology,
which can be categorized in various ways. One
important distinction is based on pumping depth:
shallow or deep. The divide occurs at a depth of
about 10 meters, which is the longest column of
water that can be drawn up a pipe. Shallow pumps
are located at the surface and pull water up from the
well. Beyond 10 meters, deep well pumps must be
used. These pumps are inserted into a well and push
the water up to the surface.

Some form of power must be transferred from the
surface down to operate the pump. This transfer
takes the form of reciprocating metal rods in most
handpumps, rotating shafts in line shaft pumps and
electrical current in submersible electric pumps.

Another important pump distinction is based on the
source of motive power, whether the pump is driven
by human muscles or some external energy source
like electricity or diesel. Manual-powered pumps
are commonly used to lift water from boreholes
and shallow wells for household use in rural areas.
Technologies for shallow and deep handpumps
were significantly advanced during the International
Drinking Water Decade, from 1981 to 1990.

Robust community-scale pumps, such as the India
Mark Il and the Afridev were designed and widely
deployed, with attention not only to technical
efficiency but also to user ergonomics and practical
maintenance. While marginal improvements may

be made to handpump technology, no radical
innovations are expected. Rather, water supply could
be improved by increasing coverage and ensuring
timely maintenance and repairs.

Another advancement in manual pumping is the
treadle pump, developed in Bangladesh during the
1970s and 1980s. This low-cost, shallow pump is
actuated by strong leg muscles and pumps sufficient
water for irrigating smallholder farms. Treadle
suction pumps that cost between $30 and $150

can draw water from up to a depth of 7 meters and
irrigate 0.25 hectares per 4 hours of labor (Kickstart,
2013; ATA, 2013). These pumps are easy to service
as the entire pumping mechanism is above the
surface.

Breakthroughs

In recent years treadle pumps have achieved

some adoption in a few regions: IDE has sold 1.4
million treadle pumps in South Asia since 1985 and
Kickstart sells about 25,000 pumps each year in East
Africa. A portion of the Kickstart pumps are bought
by NGOs, who then handle distribution to farmers
(Kickstart, 2013; ATA, 2013). Despite some success,
treadle pumps are still relatively expensive for
smallholder farmers and labor-intensive, especially
for women.

Most irrigation pumps are powered by an external
energy source, usually grid electricity or diesel fuel.
Electrical pump sets are common in much of India,
while diesel-powered pump sets are more common
in Pakistan, Bangladesh and eastern India (see
Exhibit 10).

A study of efficiency of electrical pump sets in
Haryana found an average efficiency of 24 percent
(World Bank, 2001), while other studies of South
Asia suggest average pump efficiencies of about

30 percent (Singh, 2009; Kaur, et al., 2016). These
efficiency levels are much lower than typical

pump set efficiencies of at least 50 percent in
industrialized countries, and well below the practical
efficiency limit of about 85 percent.

One can increase efficiencies by matching the size
of pumps and motors to their tasks, as most pump
sets in South Asia are larger than they need to be.
Renovation of existing pump sets could increase
their efficiency by replacing foot valves and suction
and delivery piping to reduce frictional losses.

Currently, however, generous subsidies on pumping
electricity discourage the adoption of more efficient
pumping technigues or more rational irrigation
water use (Singh, 2012).
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Breakthroughs

Water pumps in South Asia, by power source

Number of irrigation pumps (millions)

o

M - Diesel pumps

Pakistan Bangladesh

Western and
Southern India

Eastern and
Northern India

- Grid electric pumps

Exhibit 10: In South Asia, diesel powered irrigation pumps are most common in Pakistan, Bangladesh and
eastern and northern India.®? Grid electric powered irrigation pumps are most common in western and
southern India.* (Source: ITT, 2018)

Diesel powered pumps are more often used where
grid electricity is not available, such as parts of
sub-Saharan Africa and South Asia. In markets like
Kenya, motorized pumps that can irrigate 3 hectares
are becoming available for $150 to $200 (Kickstart,
2013; ATA, 2013). However, the cost of diesel—
roughly $120 per hectare per year in East Africa—
necessary to run these pumps, increases the overall
operating cost for farmers.

The pumps have also been prone to damage after
a few years of use. The low demand for irrigation
systems in sub-Saharan Africa has made it less
attractive for the private sector to enter markets
with suppliers and after-sale-service providers.
There are few private sector suppliers and after-
sale-service operators in sub-Saharan Africa.
This further weakens the broader ecosystem for
irrigation equipment. Without sufficient industry
competition, equipment prices in sub-Saharan Africa
are higher than in countries like India.

Solar powered electric pump sets, which use
photovoltaic (PV) arrays to convert sunlight to
electricity that then powers submersible or surface-
mounted electric pumps, are under development
(GlIZ, 2013). The number of PV pumps and the land
area they irrigate, is still small globally.

Roughly 15,000 solar irrigation pumps have

been installed in India, mainly in the states of
Punjab, Rajasthan and Haryana (KPMG, 2014).

The technology nevertheless has the potential to
significantly scale up in the future, as part of a long-
term transition toward renewable energy sources.

SEastern and northern India is here defined as Assam, West Bengal, Bihar, Odisha, Jharkhand, Uttar Pradesh and Uttarakhand states.
“Western and southern India is here defined as Andhra Pradesh, Gujarat, Haryana, Karnataka, Kerala, Madhya Pradesh, Maharashtra,

Punjab, Rajasthan and Tamil Nadu states.
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Direct solar pumping can be quite efficient, as all
harvested power is used for pumping, and there is
no need for batteries and associated losses. Modern
positive displacement pumps have efficiencies of up
to 70 percent (GIZ, 2013).

There is also potential for solar pumping to be
integrated into village-level solar-powered mini-grid
systems. Such integration may bring advantages

to the farmer (for example. the high capital cost of
PV system is spread across many users) as well as
to the mini-grid utility (such as, having flexible and
reliable pumping loads).

However, the economic value of pumped irrigation
water, expressed as willingness to pay by mini-
grid users, is likely to be much less than that of
competing uses of limited electrical power by
households and industry.

There are significant barriers to the scale-up of PV-
powered irrigation pumps including the high upfront
cost of PV systems, which are typically 10 times
that of conventional pumps (KPMG, 2014). This cost
difference is diminishing over time as PV system
costs decline.

Other challenges include the present lack of
maintenance skills and services, low awareness
of PV pumps among farmers and the risk of theft
(Bassi, 2018). Furthermore, since there is zero
marginal cost for additional water pumping, there
is a risk of unrestrained aquifer depletion if the
technology is scaled up in the absence of rational
water allocation systems.

Breakthroughs

Despite the very low operating costs of PV
irrigation pumps, the high capital cost leads to

long economic payback times, unless substantial
subsidies (approximately 80 percent) are offered by
government (KPMG, 2014).

Economic payback periods for solar pumping
systems in South Asia range from zero to 14 years
on subsidized prices, and from six to 25 years on
non-subsidized prices (FAO, 2018).

Experience in the India states of Bihar (GIZ, 2013)
and Rajasthan (Kishore, et al., 2014) shows that
wealthier farmers are better positioned to take
advantage of subsidies on PV pumps, suggesting
that the existing technology is more suitable for
economic development of commercial farmers,
rather than alleviation of economic water scarcity
among poor subsistence farmers.
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KEY CHALLENGES

In developed agricultural ecosystems, water is
captured either by a dam or deep boreholes. Lift
is achieved with large electric or diesel pumps
and water is then stored in large reservoirs, and/
or distributed directly to the points of usage via
extensive canal networks.

Finally, it is applied to the crops via large pivot
sprinklers for broad application on large farms,
or intricate drip systems for more targeted
application. Such irrigation infrastructure and
technologies are neither available nor affordable
for smallholder African farmers. The following are
some of the major hurdles.
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1. There is a lack of demand
for irrigation among African
smallholder farmers

Irrigation is a relatively new practice in much

of sub-Saharan Africa, and few farmers have
witnessed the tangible economic benefits they can
derive from irrigation. Most farmers in the region
are subsistence farmers and are understandably
wary of investing their already scarce resources
into expensive, and seemingly unproven, irrigation
systems.

As a result, they have been unwilling to change
traditional practices and still depend on rainfall

as the primary source water for their crops. While
irrigation system costs could theoretically be shared
among farmers within a community, such models
have not yet shown the ability to scale.

2.0

Rest of world

(billions)
=

0.5

Number of people living on less than $1.90 a day

0.0

1990 1995 2000

2. Drilling wells is unaffordable for
subsistence farmers in sub-Saharan
Africa

The cost of drilling is driven by capital equipment,
fuel and labor. High competition in emerging
economies like India has historically pushed down
the overall costs of well drilling. Such competition
does not exist in Africa, and hence the cost of
equipment is generally higher.

Meanwhile, extreme economic inequity means that
the poorest of the poor have very little purchasing
power. While the number of extreme poor (defined
as living on less than $1.90 per day, based on 2011
purchasing power parity) is decreasing for the world
as a whole, it continues to rise in sub-Saharan Africa
(Exhibit 11). Most potential solutions involve costs
(both capital and operational) that are unaffordable
for these households not firmly engaged in the
market economy.

South Asia

Sub-Saharan Africa

2005 2010 2015

Exhibit 11: The number of extremely poor people who live on less than $1.90 per day (2011 PPP), is
decreasing in most regions of the world. In sub-Saharan Africa, however, the absolute number of extremely
poor people continues to rise. (Source: World Bank, 2018; data on South Asia for 2015 is provisional)
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3. Pumps available on the market
today are too expensive for
smallholder farmers

Once a well is dug, the type of pump required to lift
water varies in cost and functionality, depending

on water depth. Treadle suction pumps that cost
between $30 and $150 can draw water from up to a
depth of 7 meters and can irrigate 0.25 hectares per
4 hours of labor (Kickstart, 2013) (ATA, 2013).

These pumps are easy to service as the entire
pumping mechanism is above the surface. In

recent years treadle pumps have achieved some
adoption in a few regions, which indicates this core
technology is feasible. IDE has sold 1.4 million
treadle pumps in South Asia since 1985, and
Kickstart sells about 25,000 pumps each year in East
Africa.

A portion of the Kickstart pumps is bought by NGOs,
who then handle distribution to farmers (Kickstart,
2013) (ATA, 2013). Despite some success, treadle
pumps are still relatively expensive for smallholder
farmers and labor-intensive, especially for women.

Manual rope pulleys that cost around $100 can

draw water from up to 18 meters below surface and
irrigate roughly 0.1 hectare per 4 hours of labor (ATA,
2013) (Kickstart, 2013). Hand pumps, on the other
hand, cost upwards of $500 (McKenzie & Ray, 2009).
Like treadle pumps, hand pumps are manual but are
more laborious to operate since they use only the
arm muscles, not use the stronger leg muscles used
by treadle pumps.

The cost of motorized pumps ranges from $100

to $3,000 and depends on the mechanism they

use: suction (drawing water up from 7 meters

or shallower depths), displacement or pressure
(pushing water up from 12 meter depth or more).
Motorized pumps can irrigate 3 hectares per hour on
average (Kickstart, 2013) (ATA, 2013).

While some types of motorized pumps are now
becoming available in markets such as Kenya for
as little as $150 to $200, they have been prone to
damage after two to three years of use. Moreover,
the cost of diesel—roughly $120 per hectare per
year in East Africa—necessary to run these pumps,
increases the overall operating cost for farmers.

4. There are few methods for
storing rainwater for long periods

There are almost no highly efficient structures for
holding large volumes of rainwater. Typical storage
ponds used to capture and store rainwater tend to
have high losses due to evaporation and seepage.
These are also costly to construct. As a result, there
is little storage of water for anything more than a
few weeks or months. So far, structures that can
store water efficiently and can be built at a low cost
do not exist.

5. There are few private sector
suppliers and after-sale-service
operators in sub-Saharan Africa

A major challenge with any irrigation system is
maintenance. Pumps, in particular, are prone

to breakdown. The low demand for irrigation
systems has made it unattractive for the private
sector to enter markets with suppliers and after-
sale-service providers. This further weakens the
broader ecosystem for irrigation equipment. Without
sufficient industry competition, equipment prices in
sub-Saharan Africa are higher than in countries like
India.
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SCIENTIFIC AND TECHNOLOGICAL
BREAKTHROUGHS

Making irrigation affordable, desirable and Under this assumption, there are four potential
sustainable will require a combination of breakthrough technologies that can drive the
technologies, along with innovative business models adoption of irrigation across sub-Saharan Africa.
for sales, distribution and maintenance.

A core assumption about the irrigation context in
sub-Saharan Africa is that there is an abundant
supply of shallow groundwater that can be
sustainably tapped without endangering long-term
water security.

Breakthroughs:
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A low-cost system for precision
application of agricultural
inputs, ideally combining water
and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate
consequences including over-exploitation of groundwater resources and over-
application of synthetic fertilizers. In other regions like sub-Saharan Africa, the
Green Revolution has not arrived and there is under-utilization of groundwater
resources and ongoing nutrient mining of soils. There is need for a low-cost,
robust, scalable technology to precisely meter and distribute irrigation water
and fertilizer to field crops. This would allow farmers to apply the right amounts
of water and nutrients (not too much or too little) at the right time to maximize
economic returns and reduce nutrient loss. If made affordable, precision
application systems for irrigation and fertilizers, calibrated to local crop type
and soil conditions, could be a very effective way to increase agricultural yields,
while also reducing negative impacts on the environment.

Enabling better management of the timing and formulation of irrigation and
fertilization in cropping systems would ensure that water and nutrients are
available where and when needed by the plant roots. Crop yields respond very
well with initial inputs of fertilizer, but as additional nutrients are supplied the
marginal yield increase becomes smaller. Optimal results occur somewhere
along that gradient, depending on the cost of fertilizer and seeds, land and
selling price of harvested crops. For maximum returns, it is necessary to not
just apply the right quantity of fertilizer, but to also apply it at the right time
and place for optimal nutrient uptake by the plant. This would also protect
watersheds and populations downstream from farm fields, by greatly reducing
runoff.

The efficiency of using agricultural inputs, such as fertilizer is low in
conventional farming. It is estimated that overall efficiency of applied fertilizers
is about 50 percent for nitrogen, less than 10 percent for phosphorus and about
40 percent for potassium. The rest is wasted as runoff. The mismatched timing
between availability of nitrogen and crop need for nitrogen is likely the single
greatest contributor to excess nitrogen loss in annual cropping systems. Ideally,
nutrients should be applied in multiple small doses and when plant demand for
them is greatest.

Current State

-
Development Stage: Engineering

Time to market (years)
—
4-6 7-10 10+

—
Deployment: Challenging

Associated b0BT Chapters

Q)

Food Security Global Change

SDG Alignment

1 WORK AND
EROWTH

Impact

Increased Access to Food (# of People)

<M 10M+ 100M+ 1B+

New Income Generated (# of People)

-
<1M 10M+ 100M+ 1B+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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In principle, variations of existing programmable
irrigation and fertigation systems used in
industrialized countries can be adapted to the needs
of smallholder farmers. Already, small-scale drip
and sprinkler systems—along with other methods
for increasing water usage efficiency—are beginning
to emerge in markets like India.

Cultivated area under drip irrigation in India has
grown from 71 km?in 1992, to 2,460 km? in 1998, to
18,970 km?in 2010, up to 33,700 km?in 2015. The
cost of such systems will continue to drop as scale
of production increases.

This breakthrough would be strongly leveraged

by three other breakthroughs, 5 Low-cost shallow
groundwater drilling technologies, 6 Affordable
solar-powered irrigation pumps, and 9 Low-cost soil
nutrient analysis device.

Overall, such devices would help farmers better
predict crop nutrient requirements, better schedule
irrigation and fertilizer applications, and avoid over-
fertilization and nutrient runoff. If complemented
with adjusted crop rotation patterns and additional
biotic complexity, it could improve the plant
community’s ability to take up more of the available
nutrients.

However, there is limited evidence to suggest that
users—farmers or otherwise—will be interested in
spending money on technologies to conserve water
when the resource itself is available free of cost.
The potential for saving fertilizer can prove to be a
positive incentive, although the current demand for
fertilizers is very low in sub-Saharan Africa.

It will face some deployment challenges that are
common to the African smallholder farmer market,
including structural barriers such as a fragmented
market of farmers, limited access to finance for
potential users, and lack of training to install,

use and maintain the technology. The difficulty of
deployment in this case would be CHALLENGING.

Breakthrough 1: Difficulty of deployment
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Challenging
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Current State
A very low-cost scalable
technique for desalinating e —
brackish water Time to market (years)

—_—
4-6 7-10

This breakthrough focuses on developing and enabling systems for very low-
cost, high-efficiency desalination of brackish water resources. Households, ——
industries and farms can utilize such systems to provide additional freshwater Deployment: Complex

supplies for water-constrained regions. The introduction of very low-cost
desalinated water could enable sustainable irrigation in vast regions of the Associated b0BT Chapters
world that contain brackish groundwater.

Desalination is increasingly used to provide household and industrial water
in regions with scarce freshwater but abundant salt water. Most current
desalination facilities are located in the Middle East, use seawater as feedwater

and are powered by fossil fuels. The city of Chennai in southern Indian gets J,
about a quarter of its municipal water from reverse osmosis seawater
desalination plantS. Water Security Food Security

Conventional desalination methods typically use seawater as feed. Seawater
desalination technologies based on membranes, such as reverse osmosis,
are approaching the thermodynamic limits of efficiency and have limited SDG Alignment
opportunity for further improvement. It is unlikely that major technology
breakthroughs will fundamentally alter the seawater desalination landscape.
Additionally, desalinated seawater is too expensive to use as irrigation water for
crop production.

D SANTATION
In contrast, there are large potential efficiency gains by using brackish water
as feed. There are major opportunities for significant reductions in brackish
water desalination cost and energy use through innovative electrochemical
or other emerging technigues. The minimum theoretical energy requirement
for desalination varies with the salinity of the feedwater—less energy is
fundamentally needed to desalinate brackish water compared to seawater.

Impact

Electromagnetic desalination processes such as electrodialysis (ED) and

capacitive deionization (CDI) are limited to low-salinity feedwater, but potentially
have much lower cost and energy than pressure or thermal technigues. They Increased Access to Food (# of People)
offer many advantages when used with brackish feedwater, such as high water
recovery and high brine concentrations. They also require little or no feedwater
pre-treatment and membrane fouling can be prevented by reversing the New Income Generated ( of People)

electrode polarities. W
<M 10M+ 100M+ 1B+

—_—
<M 10M+ 100M+ 1B+

However, electromagnetic processes only remove ions from the water, leaving
organics and colloids in suspension—this is a concern for household water,
but less so for irrigation water. Furthermore, the selection and configuration
of membranes is currently highly dependent on feedwater characteristics,
thus must be adapted to local conditions of feedwater composition and
concentration.

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)

183




IRRIGATION

Introduction

Concerted R&D efforts can overcome current
obstacles to enable a major source of low-cost
freshwater in regions with brackish resources.

Core Facts Key Challenges REEELIgeINe]akS

Substantial research and development work is
required and we expect that it will take seven to ten
years for this breakthrough to be ready. Deployment

The appropriate unit scale of desalination facilities challenges include access to finance and policies

may vary depending on the application (such as
household, irrigated farm, urban water utility).

regarding location and discharge streams. We rate
the difficulty of deployment, COMPLEX.

The salinity of the product water may also vary
depending on the purity requirements of the end

USESE

Costs can be further reduced by matching the
salinity of the product water to the salinity
thresholds for different uses; in other words,
removing only enough salt to make the water
viable for its intended use. Ideally, facilities will be
powered by onsite renewable energy sources, such
as photovoltaic solar arrays, to provide reliable
and sustainable operation. Developing appropriate
business models will be essential to ensure
economic sustainability and continuing impact.

End-uses for the desalinated water will include
drinking, cooking, washing and other domestic uses
and industrial water uses. Efficient techniques for
large-scale desalination of brackish water resources
will also enable the use of desalinated water for
production of agricultural crops using efficient
irrigation techniques.

Extremely
Challenging

Challenging

Breakthrough 2: Difficulty of deployment

Feasible
Simple
Policies Infrastructure Human Access to Behaviour Existing Market Business model
: I capital user finance change demand fragmentation/  innovation
SR S 1 : : Distribution '
| | channels

Regulated market
with supportive

policies

Requires some
improvements to
existing infrastructure

|

|

| |

|

Minimal behaviour é |
change required :
|

Moderate need to
train a limited
number of people

Fairly concentrated
market and/or well
defined channels

O O O

Significant financing Strong existing Deployment model(s)
required, limited demand being tested
mechanisms available
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Low cost drilling technologies
6 for shallow groundwater, which
. reduce the cost to less than
$100 per farmer

Less than 5 percent of farmland in sub-Saharan Africa is irrigated, despite the
presence of extensive, renewable, shallow (less than 10 meters) groundwater.
An important reason for this lack of irrigation is the relatively high cost of well
drilling in the region.

Mechanized drilling of wells is typically unaffordable for subsistence farmers.
This type of drilling is typically conducted with portable diesel-powered rigs,
such as percussion and rotary percussion methods. Powered mechanical rigs
are expensive (more than $100,000) and have limited mobility to reach remote
areas. High competition in emerging economies like India has historically
pushed down the overall costs of drilling a well. Such competition does not yet
exist in Africa, hence the cost of well drilling is generally higher.

Manual drilling techniques have been developed that can produce borewells
more economically and in locations that don't have access to mechanical
drilling rigs. These manual techniques often involve community participation as
drilling labor. Manual techniques are, however, typically slow and limited in the
geological strata they can drill.

Most current well drilling technologies suffer from high cost, limited portability,
slow drilling rate or limited geologic suitability. To expand groundwater
opportunities to rural populations facing economic water scarcity, a drilling
technology is needed that combines the speed and capability of powered
equipment with the portability and low cost of manual techniques. It should be
comprised of lightweight, easily transportable components, yet powered by a
portable mechanized source.

An affordable method to reach shallow groundwater will enable widespread
irrigation in sub-Saharan Africa, providing smallholder farmers with increased
crop yields, the possibility of cultivation during dry seasons and droughts and
the opportunity to grow high value, high nutrition crops.

While shallow groundwater resources are rechargeable by rain and thus
sustainable under moderate use, there is a risk of water over-extraction and
aquifer depletion. This has occurred, for example, in parts of South Asia that
practice intensive Green Revolution agriculture. Any low-cost drilling solution
will have to be accompanied by some form of community-level metering and
monitoring to ensure sustainability of available water.

Current State

—
Development Stage: In-Market Small Scale

—
Deployment: Challenging

Associated b0BT Chapters

Water Security Food Security

SDG Alignment

AND SAMITATYN

Impact

Increased Access to Food (# of People)

 ——
<M 10M+ 100M+ 1B+

New Income Generated (# of People)

-
<M 10M+ 100M+ 1B+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Attractive for emerging
markets (lower profits)

Non-commercial
(unprofitable)
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Currently, there is extremely low demand among
African smallholder farmers for irrigation.
Depending on the cost of the technology that is
developed, farmers may require financing to pay
for construction and usage of wells (even for
community-level wells).

Such a technology will also have to overcome many
of the typical challenges faced by products and
services in this market: fragmentation and the lack
of an ecosystem of suppliers and after-sale-service
providers.

However, based on the agricultural development
experience in South Asia and what can be seen

in areas of Africa that have access to irrigation
services, there is reason to believe that appreciation
of the benefits of irrigation can become apparent
within a short period of time. Hence, we believe such
a technology is four to six years from becoming
market-ready. Overall, we believe deployment will be
CHALLENGING.

Breakthrough 6: Difficulty of deployment

Extremely
Challenging

Challenging

Complex

Feasible

Simple

Human
capital

Infrastructure

Policies

O

Moderate need to
train a limited
number of people

|

|

Low role of :
policy/regulations |
|

|

Requires some
improvements to
existing infrastructure

Access to
user finance

[=-
|
|
|
|
|
|
|

o)

Moderate financing
needed, viable
mechanisms identified

Behaviour Existing Market Business model
change demand fragmentation/  innovation
I Distribution .
| channels

Major behaviour
change required,
potentially on daily

basis b

Low demand,
needs to be built

Fragmented market,
weak distribution
channels

S .

being tested

Deployment model(s)
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Affordable (less than $50),
'7 lightweight, energy-efficient,
solar-powered irrigation pumps

Irrigation is one of the most significant levers for increasing on-farm yield.
However, currently available manual irrigation pumps (for example, treadle
pumps) are quite strenuous to use and often not suited to the needs of women
farmers. Motorized pumps available on the market are even more expensive,
and the cost hurdle is compounded by the recurring cost of diesel fuel. In
remote areas, the paucity of distribution networks for diesel is an additional
constraint.

A solar powered pump that costs under $50, and pumps enough water for

a typical smallholder farm, could dramatically increase access to irrigation.
Direct-drive photovoltaic solar pumping can be quite efficient, as all harvested
power is used for pumping and there is no need for batteries and associated
losses.

Modern positive displacement pumps have efficiencies of up to 70 percent.
Nevertheless, a significant barrier to the scale-up of PV-powered irrigation
pumps is the high upfront cost of PV systems, which are typically 10 times that
of conventional pumps. Despite the very low operating costs of solar irrigation
pumps, the high capital cost leads to untenably-long economic payback times.
Strongly reducing cost, while ensuring reliable service, is thus essential.

Considering the effort being dedicated to this problem and the pace with which
this market is developing, it is likely that low-cost market-ready pumps will
become available within the next two to three years. A number of organizations
are developing solar pumps, a small number of which are already being used in
India and other developing regions.

The biggest hurdle appears to be throughput: the more the volume of water
pumped, the larger and more expensive the solar panel needs to be.

Current State

e T
Development Stage: Engineering

Time to market (years)
- 1
5-7 7-10 10+

e E———
Deployment: Complex

Associated b0BT Chapters

Water Security Food Security

SDG Alignment

AND SAMITATION

Impact

Increased Access to Food (# of People)

—_—
<M 10M+ 100M+ 1B+

New Income Generated (# of People)

- 1
<M 10M+ 100M+ 1B+

Commercial Attractiveness

Attractive for industrialized
markets (high profits)

Emerging markets potential;
requires derisking (sustainable)

Non-commercial
(unprofitable)
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However, even if solar pumps become available,
there are a number of deployment hurdles: the
majority of African farmers are still extremely poor,
live in remote areas and are accustomed to rain-fed
farming.

Considerable effort will be required for creating
demand and providing financing and training. A
critical lesson from the decades of agricultural
development in South Asia is that water can easily
be overused and groundwater easily depleted.

Since there is zero marginal cost for solar water
pumping, there is a risk of unrestrained aquifer
depletion if the technology is scaled up in the
absence of rational water allocation systems.
Enforcing any such system will be very challenging.

Hence, we believe that deployment will be COMPLEX.

Breakthrough 7: Difficulty of deployment

Extremely
Challenging

Challenging
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Simple
Policies Infrastructure Human
: : capital
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SOIL HEALTH AND PLANT NUTRIENTS

[ligefe[V[ailelyW Core Facts Key Challenges

INTRODUCTION

Soil fertility management has been
among the most significant drivers
of increases in food production over
the past few decades.

Whereas the pace of natural plant growth depends
on whatever underlying nutrients the soil has to
offer, the growth and harvest cycles in agriculture
require that the soil be regularly enriched, to
compensated for nutrients exported in the harvested
biomass. A variety of nutrients are needed for crop
growth, including nitrogen, phosphorus, potassium
and a host of micronutrients needed in small
guantities. Nutrients are applied to farmland by
fertilization, either by biological pathways such as
manure, or chemical pathways such as synthetic
fertilizers.

Agricultural yields in Africa have historically been
too low to ensure broad food security, and soil
nutrients are being mined and not replenished

in many areas. Beyond overall agricultural yield,
another outcome of low rates of fertilization in some
countries is deforestation. Soil loses nutrient content
with every crop cycle and farmers in Africa have

had to continuously extensify to more fertile land to
maintain their total agricultural output.

Unlike South Asia, there is very low demand for
fertilizers among African smallholder farmers. This
is compounded by the fact that there are no fertilizer
factories in sub-Saharan Africa (outside of South
Africa). Fertilizer has to be imported from other
countries and the cost of distribution can exceed

the cost of production, driving up end user costs.
Almost all of the fertilizer used today is produced
with methods that are extremely capital-intensive,
location-sensitive and environmentally damaging.
While phosphorus and potassium are usually mined,
nitrogen is extracted from the air using the Haber-
Bosch process.

Breakthroughs

Factories that produce fertilizers using this process
cost hundreds of millions of dollars and need to be
located near sources of natural gas.

There is also a flip side to fertilizer use. Where
fertilizer is easily available, overuse causes
significant damage to the environment. Excess
fertilizer finds its way into waterways through
runoffs and leads to excessive growth of algae and
cyanobacteria, in turn, creating marine dead zones
where fish and other animals cannot survive.

There is a long tradition and continuing interest to
convert biological residues from plants, animals and
humans into fertilizer, but such approaches face a
number of problems: nutrient content and release
can be highly variable; human waste contains many
harmful pathogens and improper handling can
cause major health problems; and fertilizer made
from human waste is unlikely to be easily accepted
by the market.

We believe three technological breakthroughs can
address these problems.

® Breakthrough 1. A low-cost system for precision
application of agricultural inputs, ideally
combining water and fertilizer

m Breakthrough 8. New processes of nitrogen
fixation that are less capital intensive than current
(Haber-Bosch) processes

® Breakthrough 9. A low-cost, point-of-use device
to evaluate soil nutrient content and recommend
tailored use of fertilizers for specific crops

Synthetic fertilizers—those made in factories using chemical processes—have been one
of the most significant contributors to global food production over the last 50 years. By
some measures, synthetic nitrogen fertilizer enables food production for 40 percent of the
world’s population (Smil, 2002). Since the widespread adoption of intensive agricultural

processes in the 1960s, global production of cereals and the global consumption of nitrogen,
potassium and phosphorus (the three major ingredients in fertilizer) have tripled. Conversely,
where fertilizers have been available, they have often been overused, leading to runoff into
waterways and significant environmental damage. Indeed, the process of producing fertilizer,

itself, leaves a substantial environmental footprint.
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CORE FACTS AND ANALYSIS

1. Soil health and plant nutrient Effective long-term agricultural production requires

ilabilit tial f an understanding and appreciation of the many
avaitability are essential for physical, chemical and biological processes

sustainable agriculture continually occurring in farm soils (Amundson, et al.,
2015).

Soil is the foundation in which farming activities are

conducted. Healthy soil is a mixture of organic and

inorganic materials containing a variety of micro-

organisms and macro-organisms (Exhibit 1).

The soil food weh

Exhibit 1: The soil is host to a diverse range of micro-organisms and macro-organisms that create
conditions favorable to crop growth. (Source: USDA, 2018)
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Growing plants require numerous essential
elements from soil. Three elements, termed
macronutrients, are typically needed in the
largest amounts: nitrogen (N), phosphorus (P)
and potassium (K) (Silva & Uchida, 2000). There
are numerous soil micronutrients that also affect
crop production, such as iron, copper, zinc, boron,
chromium, chlorine, manganese, selenium and
molybdenum. In natural systems, each of these
nutrients enters the soil through different processes
(Exhibit 2).

Breakthroughs

Nitrogen is abundant in the air, but is relatively inert
in that form. To be absorbed by plants, it needs to
be converted into more usable forms like ammonia
(NH,) or nitrate (NO,). This conversion—nitrogen
fixation—occurs naturally through bacteria (and to
a much smaller extent, by lightning). Phosphorus
is found in soil through the gradual breakdown of
various inorganic (phosphate rocks) and organic
compounds (plant residue and animal waste).
Potassium is a core part of particular types of soil,
especially those with high clay content.

Sources of 3 key soil nutrients, and how they are lost

Sources

Nitrogen

® Abundant in the air,
but fixation required to
convert to usable form

Phosphorus
® Found in soil as inorganic

and organic compounds
which gradually break
down over time

Potassium

® Release from clay mineral

B Limited amounts released
from organic residue

Losses

Nitrogen

® Mainly through crop harvest

®m | eaching during periods of
heavy rain or over-irrigation

Phosphorus
® Mainly through soil erosion

= Some loss through harvest

Potassium
B Primarily through crop harvest
® Some loss through leaching

Exhibit 2: Three nutrients, all of which occur naturally, are essential for agriculture. However, intensive
agricultural cycles cause rapid depletion of these nutrients from the soil (Source: Silva & Uchida, 2000).

In the natural cycle of plant growth, decay and
rebirth, key nutrients are replenished slowly through
biogeochemical processes. That replenishment rate
determines, in large part, the pace of plant growth.
Compared to natural ecosystems, agricultural
systems typically have a more rapid flow of soil
nutrients and nutrients are more likely to deplete
faster than they can be naturally restored.

Nitrogen and potassium are primarily lost through
harvesting of crops. Nitrogen can also be leached
from the soil during periods of heavy rain or over
irrigation.

Phosphorus is mainly lost due to soil erosion,

and to a lesser extent through harvesting. The
replenishment of depleted nutrients is now largely
based on synthetically produced fertilizers, in much
of the world outside of sub-Saharan Africa.
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A small number of plants, such as legumes, are
able to fix nitrogen naturally, because they contain
symbiotic rhizobia bacteria in their root systems.
Such plants have been used for crop rotation—

in traditional agronomy, as well as in newer
sustainable farming systems in many parts of the
world—to organically enrich soil.

The essential idea in crop rotation is to alternate
between the main food crops (like maize or wheat)
and nitrogen-fixing crops, so that the need for
synthetic fertilizers is diminished.

Unfortunately, crop rotation is not widely practiced
in sub-Saharan Africa, because of pressures to
maximize utilization of farmland to meet minimum
food requirements. As a result, farmers have
prioritized the immediate need to increase the total
output of main food crops over the long-term health

of the soil.

2. Loss of fertile agricultural soil
due to erosion has significant
impacts on farm yields and food
security

Soil erosion is the removal of soil from the land
surface, typically carried away by rain or wind. Some
level of soil erosion is natural and over geologic time
spans has shaped the river valleys and deltas of

our landscape. Soil erosion under native vegetation
occurs at roughly the same rate at which new soil

is produced through natural geomorphological
processes.

Breakthroughs

However, agricultural practices, such as tillage and
heavy grazing, remove vegetative cover and expose
the soil surface to rain and wind. Soil erosion in
agricultural fields occurs at rates 10 to 100 times
greater than erosion from natural land surfaces
(Pimentel, 2006; Montgomery, 2007).

Such soil displacement and degradation is
widespread: Moderate to severe erosion affects
about 80 percent of global agricultural land
(Pimentel & Burgess, 2013). Erosion is much greater
on sloping land, where flowing water carries away
soil particles downhill. Wind can also carry soil
particles over long distances.

Soil erosion by water is the most serious cause

of soil degradation globally and heavy rainfall and
extreme weather events aggravated by climate
change increase soil erosion (Panagos, et al., 2017).
Exhibit 3 shows a global map of estimated soil
erosion (Borrelli, et al., 2017). A global total of 36
billion tons of soil is estimated to erode each year.

The continent of Africa has the highest average
erosion rate, with 3.9 tons of soil eroded per hectare
per year. South America has the next highest erosion
rate at 3.8 tons per hectare per year, followed by
Asia at 3.5 tons per hectare per year.

Global hot spots with soil erosion exceeding 20 tons
per hectare per year include China (6.3 percent

of the country), Brazil (4.6 percent of the country),
equatorial region of Africa (3.2 percent of the region),
India (7.5 percent of the country) and the United
States (1.9 percent of the country).
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Breakthroughs

Global soil erosion

R-factor
(tons per hectare per year)
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Exhibit 3: Soil erosion varies widely by region, depending on rainfall amount and timing, soil properties,
land use, vegetation cover and other factors. Total global erosion is estimated at 36 billion tons of soil per
year. (Source: Borrelli et al,, 2017; JRC, 2017)

Soil erosion affects global development by reducing
food security. Loss of fertile, nutrient-rich cropland

soil reduces the productive capacity of the land and
causes lower harvest yields.

This is a major problem for poor rural populations
living on marginal land with low soil quality and
steep topography. As the productivity of agricultural
fields goes down, farmers are compelled to apply
fertilizers to maintain yields (Lal, 2009).

Eventually, when enough productive soil is lost, the
land is not worth using and is abandoned. According
to FAO (2012), about 3 million hectares of cropland
worldwide are abandoned annually because of
productivity declines due to severe land degradation.

A related issue is desertification, or the gradual
degradation of drylands to become infertile. While
traditionally ascribed to overgrazing, it is now known
that many factors—including soil erosion, climate
change, soil nutrient management and water cycle
changes—affect desertification (D'Odorico, et al.,
2013).

Underlying driving forces consist of demographic,
economic, technological, institutional, socio-cultural
and meteorological factors.

Land degradation and desertification is caused by
interactions between natural processes, such as
weather variability including droughts and floods
and human actions of unsustainable land use
practices on fragile resources.

External forces are also key drivers, including
inadequate governance mechanisms, ineffective
land tenure and global economic forces. Locally, this
leads to decreased land productivity, overexploitation
and a worsening spiral of land degradation, poverty
and food insecurity.

3. Nutrient mining has highly
degraded agricultural soil in Africa

Decades of cultivation, combined with minimal
application of soil nutrients, have degraded
agricultural soil across sub-Saharan Africa

(Exhibit 4 and Exhibit 5). This process of depleting
soil nutrients through crop harvesting, without
ongoing replenishment, is known as nutrient mining.

Studies of nutrient mining among smallholder
farmers in Africa found that 85 percent of African
farmland has nutrient mining rates of more than 30
kg per hectare per year and 40 percent had rates
greater than 60 kg per hectare per year (Henao &
Baanante, 2006; Vitousek, et al., 2009).
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This compares with a global average of 37 kg per Quantifying the impact of nutrient mining is difficult,

hectare per year, meaning that arable land in Africa but a 2005 synthesis of studies in Ethiopia found

is losing nutrients and productivity faster than farms that land degradation was reducing agricultural

in other parts of the world. productivity by 2 to 3 percent per year (Yesuf, et al.,
2005).

Nitrogen balances in maize farming systems in different parts of the world
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Exhibit 4: Soil nutrient losses in Africa are higher compared with most other parts of the world where
much more fertilizer is used to replenish nutrient-depleted soil during crop growth and post-harvest.
(Source: Vitousek, et al., 2009)

Soil nutrient losses in Africa
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Exhibit 5: The problem of nutrient mining is common across sub-Saharan Africa; 85 percent of African
farmland has nutrient mining rates of more than 30 kilograms per hectare per year and 40 percent has
rates greater than 60 kilograms per hectare per year. (Source: Henao & Baanante, 2006)
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4. Improving soil nutrient quality
through fertilizers will significantly
increase overall food production
across sub-Saharan Africa

Agricultural yield increases with initial fertilizer
application and gradually plateaus with additional
application (Exhibit 6). Studies have shown that
yield can increase by more than 50 percent with low
levels of application and more than 80 percent with
sufficient application (Pandey, et al., 2000). There are
diminishing returns beyond a certain point (Roberts,
2007), but it is estimated that addressing soil
nutrient deficiencies with fertilizers can close yield
gaps in sub-Saharan Africa to almost 50 percent of
maximum attainable yields (Mueller, et al., 2012).

Breakthroughs

Smallholder farmers in sub-Saharan Africa have
historically never used much fertilizer and that trend
continues to this day. For example, fertilizer use for
maize, the most widely-grown staple crop on the
continent, averages 40 kilogram per hectare in sub-
Saharan Africa, compared with the world average of
153 kilogram per hectare, 70 kilogram per hectare
in India, 210 kilogram per hectare in China, and 270
kilogram per hectare in the United States (Exhibit 7).

Fertilizer use in Africa is even lower for other
staple crops like rice. As described later, there are a
number of reasons behind this low usage: high cost,
limited availability and a broad lack of awareness of
the benefits of fertilizer.

Economic costs and henefits of fertilization
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200

150

100

Cost or Return (US$ per hectare)

(8]
o

0 50 100

Gross Return

Net Return

4— Economically optimal fertilization rate

Fertilizer Cost

150 200 250

Rate of fertilization (kilogram per hectare)

Exhibit 6: Fertilizer application leads to an initial strong yield increase, which tapers off as application
continues. Fertilizer cost increases linearly, thus there is an optimal application rate and diminishing return
after a certain point. The figure is illustrative, as the optimal rate will depend on local fertilizer cost, local
crop prices and soil type, among others. (Source: adapted from Robertson & Vitousek, 2009)
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Fertilizer use is low in sub-Saharan Africa

Kilograms per hectare

270

World
average: 153

Maize

B -sub-Saharan Africa B

World
average: 155

250

Rice

B -China B -USA

Exhibit 7: Fertilizer use in sub-Saharan Africa is a fraction of that in other parts of the world (Source: FAO,

The Green Revolution is considered by some to

be among the most significant achievements in

the history of global development (Spielman &
Pandya-Lorch, 2009; Hazell, 2009). Building on

the work of Nobel laureate Norman Borlaug, the
Green Revolution led to the practice of intensified
agriculture for smallholder farmers across much of
Asia and Latin America.

One of the key elements of the Green Revolution is
the use of synthetic fertilizer. A telling measure of
the impact of intensified agriculture is a comparison
of yields between South Asia and sub-Saharan
Africa, from the 1960s (when the Green Revolution
was launched) to now.

As Exhibit 8 shows, between 1961 and 2009, yield

of cereals in South Asia increased by 160 percent
from the same amount of cultivated land. There

was no similar intervention in sub-Saharan Africa,
as a result of which farmers did not have access

to synthetic fertilizers and soil fertility diminished.
Between 1961 and 2009, there was only a 50 percent
increase in per hectare cereal yield in sub-Saharan
Africa and farmers have had to increase the amount
of land for cultivation by 140 percent (VFRC, 2012).
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Cereal production, yield and land usage in South Asia and sub-Saharan Africa, 1961 to 2009

sub-Saharan Africa
(Extensification)

240

2009 production = 359

South Asia
(Intensification)

120

100

2009 production = 310

1961 production
(area x yield) = 100

100 150 260

Yield (1961=100)

Exhibit 8: In South Asian countries agricultural yield increased dramatically over the past few decades
due to intensified agricultural practices. Compared with 1961, per hectare cereal yield in South Asia has
increased by 160 percent, leading to a total output increase of 210 percent, with only a 20 percent increase
in cultivated land. During the same period in sub-Saharan Africa, there was a 140 percent increase in
cultivated land and only a 50 percent increase in per hectare yield, for a total increase in output of 259

percent. (Source: VFRC, 2012)
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5. Almost all the fertilizer in the
world today is produced using
capital-intensive methods with a
heavy environmental footprint

The three main nutrients in fertilizers, nitrogen,
phosphorus and potassium, depend on
environmentally costly extraction processes.
Nitrogen is extracted from the air and is converted to
compounds that can be used by plants by chemical
combination with hydrogen—mainly in the form of
ammonia, urea or ammonium nitrate.

The only industrial scale nitrogen fixation process
used today (the Haber-Bosch process®) requires
fossil fuels both as a feedstock and an energy
source. Approximately 2 percent of global energy
use is dedicated to the manufacture of nitrogen
fertilizer through the Haber-Bosch process (Sutton,
et al., 2013). Currently, natural gas comprises 85 to
90 percent of operating costs for ammonia plants,
making production feasible only at a large scale and
near sources of natural gas (VFRC, 2012).

Furthermore, the chemical plants used to produce
such compounds cost hundreds of millions of dollars
due to the use of large-scale industrial chemical
catalytic processes conducted at high pressures

and temperatures. As a result, there is currently

no synthetic ammonia production in sub-Saharan
Africa.

Phosphorus on the other hand is typically extracted
from mines as phosphate rock, which can take more
than $1 billion in investment and several years to
commission. Two-thirds of the world’'s phosphate
rock is concentrated in China, the United States and
Morocco, and none is extracted or exported from
sub-Saharan Africa. Potassium, typically extracted in
the form of potash salts, also comes from mines that
can take several billion dollars and several years to
commission.

There are no major potash mines anywhere in Africa,
though in recent years there has been increased
interest in potash mining in the Danakil Depression
in Ethiopia and Eritrea and along the Atlantic coast
of the Republic of Congo (Pedley, et al., 2016).

Breakthroughs

With the steady rise in global demand for fertilizer
over the decades, the process has become
commoditized and fertilizer is relatively affordable to
farmers in countries where it is produced. However,
with less than 0.1 percent of industry sales spent

on R&D, there has been little effort to improve the
production processes or make them less capital-
intensive.

These factors, together with the extremely
underdeveloped nature of the smallholder farmer
market in Africa, have led to a state in which sub-
Saharan Africa (excluding South Africa) accounts for
less than 0.2 percent of global fertilizer production
capacity (World Bank, 2006; FAO, 2017) (Exhibit 9).

As a consequence, whatever little fertilizer is used
in sub-Saharan Africa is imported and the cost of
distributing fertilizer exceeds the cost of producing
it. By some estimates (World Bank, 2007), fertilizers
cost the typical farmer in sub-Saharan Africa 50
percent more than a farmer in the United States
(Exhibit 10).

5The Haber-Bosch process is named for the two German scientists who invented it, Fritz Haber and Carl Bosch, both of whom were

awarded the Nobel Prize in Chemistry for this achievement.
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Fertilizer production capacity: Global versus Africa

Global (Percent) Africa (Percent)

B - North Africa B - South Africa

- sub-Saharan Africa (excl. South Africa)
B -Asia B - Americas M - Europe

B -Oceania WM - Africa

Exhibit 9: Less than 0.2 percent of the world’s fertilizer production capacity is in sub-Saharan Africa
(excluding South Africa). All of Africa accounts for 6 percent of global capacity, most of which is in North
Africa, with South Africa accounting for most of the remaining. (Source: FAQ, 2017; World Bank, 2007;
production capacity includes sum of ammonia, phosphate and potash capacities measured in annual tons
of N, PO, and K,0)

End user cost of fertilizer in the USA versus in sub-Saharan Africa

US Dollar per metric ton, 2003 $828

- Materials
- Wholesaler margin

- Dealer margin

- Shipping (to country),
$336 $333 import and port fees

M - Transportation &
storage (within country)

$227

USA Nigeria Malawi Zambia Angola

Exhibit 10: The high cost of shipping (to an African country) and transportation (within the country) has for
the most part led to a significantly higher market price of fertilizer in Africa than markets like the United
States. The market price also somewhat varies between different African countries. (Source: World Bank,

2007)
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Fertilizer overuse is a source of
significant environmental pollution

Most farmers who can comfortably afford fertilizer,
tend to overuse it. While heavy overuse can cause
major damage to the crops, the typical amount

of overuse can harm the environment without
necessarily hurting the crops. Runoff of nitrogen and
phosphorus from farmland constitute a significant
source of water contamination in many parts of the
world (Conijn, et al., 2013).

Just as fertilizing agricultural fields can stimulate
crop growth, increasing nutrient levels in water
bodies can cause excessive growth of algae and
other aquatic plants. This causes hypoxia (or
depletion of oxygen in the water), which then

causes the death of fish and other aquatic animals.
In addition, the growth of cyanobacteria can also
produce toxic compounds hazardous to humans and
domesticated animals.

Breakthroughs

More than 400 marine dead zones resulting

from nutrient runoff now exist worldwide, having
approximately doubled in number each decade
since the 1960s (Diaz & Rosenberg, 2008). Exhibit
11 shows that many of the prolific food producing
regions of the world face the problem of excess
fertilizer runoff (MEA, 2005).

On global average, about 80 percent of nitrogen
fertilizer and 25 to 75 percent of phosphorus
fertilizer, where not temporarily stored in
agricultural soils, is lost to the environment through
leaching, erosion and other mechanisms (Sutton, et
al,, 2013). Areas with the greatest fertilizer overuse
have the highest concentrations of marine dead
zones.

Increase in reactive nitrogen flows in river systems since 1750

Nitrogen Transport
to River Mouth

<1
1-50
50-75
75-300

300-500

>500

Exhibit 11: Reactive nitrogen flows in many river systems have increased dramatically in recent decades—
primarily due to fertilizer runoff from agricultural lands—especially evident in Europe, Asia and North
America. This has led to waterway dead zones. (Source: MEA, 2005)
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7. Biological fertilizers are an
alternative to synthetic fertilizer,
but face a number of challenges

Biological fertilizers increase the total organic
matter in soil and release nutrients gradually,
sometimes over the course of several years,
depending on the specific source. This can be
beneficial for the soil in the long run, providing not
only a rich source of nutrients but also reducing
erosion. In addition, since biological fertilizers can be
made from household and farm waste, the farmer
does not need to purchase more expensive synthetic
fertilizers (World Bank, 2007).

There have been promising cases of composting
plant and animal waste into potent biological
fertilizer. For example, farmers can convert coffee
cherry pulp (usually discarded otherwise) into
organic fertilizer using a variety of decomposition
methods (such as vermicomposting, and use of
sprays containing enzymes). It may also be possible
to integrate nitrogen-fixing microbial associations,
such as those found in legumes, into cereal crops
(Deynze, et al., 2018). Several biotech firms, such as
Pivot Bio and Azotic Technologies, are developing
compounds to coat seeds prior to planting, which
will fix atmospheric nitrogen for use by the growing
crop.

Unlike in biological variants, nutrients in synthetic
fertilizer are released quickly, enabling accelerated
crop lifecycles. Because of this rapid release,
nutrient flow can potentially be controlled and
synchronized with the high nutrition need windows
of a plant’s life cycle, ensuring optimal growth.

These high-growth phases when a plant needs
maximum nutrition for maximum yield vary from
crop to crop. While these recent biological fertilizer
trials mentioned above hold promise, large-scale
production and distribution of biological fertilizers
faces a number of challenges.

Breakthroughs

First, the nutrient content in biological sources

of fertilizer is highly variable, depending on, for
example, the nature of the food consumed by the
animals whose manure is being used. Nutrient
content also tends to be more diverse and present in
smaller volumes.

Thus, while certain biological fertilizers have shown
tremendous promise with cash crops and fruits

and vegetables, their potential with cereals (which
require high volumes of macronutrients) remains

to be seen. More importantly, the timing of nutrient
release in biological fertilizers is dependent on the
rate of decomposition and is difficult to control. This
means that, in the short run, the optimum amount of
nutrients is usually not available to the plant when it
needs them most.

Second, as opposed to being abundantly available
like air is for nitrogen fixation through the Haber-
Bosch process, the supply is less reliable and more
susceptible to corruption during the conversion
process. Biological fertilizers would likely be
produced near the source of raw material, and
most successful trials have been at the micro level,
for example, a vermicomposting site near a coffee
cherry pulping station.

Without the benefits that come with economies

of scale, production of more complex forms of
biological fertilizer is more labor intensive, a
significant barrier to adoption. Currently, biological
fertilizer is most prevalent in the form of waste
produced by livestock and only available in small
guantities.

Third, most biological waste in sub-Saharan Africa
is already used for other purposes, such as building
materials (for rudimentary construction in villages),
food for animals and fuel for cooking and heating.
Therefore, while there may not be a cash cost to
biological fertilizer, there might be an opportunity
cost to the farmer.
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8. Human waste is unlikely to be a
major source of fertilizer, but could
provide some benefits

Recovering and reusing nutrients from human
waste is one potential source for biological fertilizer,
particularly for locations with high cropland density,
nutrient-intensive crops and compact urban area
(Trimmer & Guest, 2018). A number of organizations,
such as SOIL in Haiti and Sanergy in Kenya, have
launched sanitation programs to collect human
waste and compost it into fertilizer. Converting
human waste to fertilizer can have the added benefit
of providing a financially sustainable model for
sanitation.?

While some studies in Europe have demonstrated
that the average adult human excretes enough
waste (5.7 kilograms of nitrogen, 0.6 kilograms of
phosphorus and 1.2 kilograms of potassium from
500 kilogram of urine and 50 kilogram of feces
each year) to produce the fertilizer required to
grow enough cereal for one adult human’ (250 kg)
(Heinonen-Tanski & van Wijk-Sjibesma, 2005), the
nutritional content of human waste depends heavily
on food intake. Therefore, it is likely to produce
less rich fertilizer in Africa, where the quality and
quantity of food intake tends to be lower (WHO,
2013).

Our analysis shows that the waste (feces and urine)

from three Kenyan adults, if appropriately processed,

can be used to provide a modest 14 percent boost
for the typical Kenyan 1-hectare maize farm (from
1.6 tons to 1.9 tons)® (Exhibit 12). At a larger scale,
if the waste from a much larger population in
Kenya (including both farming and non-farming
populations) were converted to fertilizer, food
production could be increased by much more.

Breakthroughs

However, human waste is unlikely to be a major
source of fertilizer in a developing country. As
Exhibit 13 shows, if 100 percent of the feces and
urine from 100 percent of the adults in Kenya were
converted to fertilizer, assuming some natural losses
of nutrients during composting, it could lead to a 40
percent increase in the production of cereal in the
country.

Collecting even 1 percent of the total waste, which
in the case of Kenya would be the equivalent of
collecting all the waste generated by more than
220,000 adults, is extremely difficult due to the

lack of sanitation infrastructure. It is highly unlikely
that enough human waste can be collected and
processed to produce large quantities of fertilizer
to boost cereal yields significantly. However, it is
important to note that converting human waste into
fertilizer can:

®m help make sanitation solutions in developing
countries financially sustainable (through the sale
of the fertilizer),

m increase food production at a smaller scale,
including for high nutrition crops (such as,
vegetables),

® be a significant part of the solution to replace
synthetic fertilizers in industrialized countries,
where sanitation infrastructures are much more
advanced and centralized.

®As described in the Global Health chapter, the lack of adequate sanitation is a significant driver of diarrheal disease, which is among the

leading causes of childhood mortality in developing countries.

"Waste produced by children is not as useful for plants, since growing children absorb a much greater portion of the nutrients they ingest.
80ur analysis assumes that the waste in the typical adult in Kenya has two-thirds the nutrients cited in the European study (Heinonen-
Tanski & van Wijk-Sjibesma, 2005), based on World Health Organization’s estimates of the typical caloric intake in Sub-Saharan Africa vs.
industrialized countries (WHO, 2013). We also assume that 50 percent of the nutrients are lost during the fertilizer conversion process and

during nutrient uptake by the plants.

205




SOIL HEALTH AND PLANT NUTRIENTS

Introduction Key Challenges  Breakthroughs

Potential yield increase on a 1 hectare maize farm in Kenya from using fertilizer made from
human waste

Yield (tons per year) 0.23 1.87

Current yield Potential yield increase Total
from family waste

Exhibit 12: If appropriately processed, the fertilizer made from the waste (feces and urine) of three adults in
a smallholder farming family can provide a modest boost to total crop yield; it can potentially increase yield
on a 1-hectare maize farm in Kenya by 14 percent (from 1.6 tons to 1.9 tons). Higher and better-quality food
intake by the adults producing the waste, reduction in nutrient loss during processing, and higher nutrient
uptake efficiency of the fertilizer can increase this yield boost. (Source: ITT analysis)
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Potential increase in cereal production versus percent of adult human waste utilized as fertilizer

*(Percentage of current cereal production in Kenya, 4.5 million tons)
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Exhibit 13: If 100 percent of the human waste in Kenya were composted and used as fertilizer, it could
increase cereal production by about 35 percent. Given the poor sanitation infrastructure in a country
like Kenya, it is unlikely to be a major source of fertilizer there. However, it can be a promising source of
fertilizer in industrialized countries where sanitation infrastructure is well developed. (Source: ITT analysis)

Using human waste as feedstock for fertilizer faces
a number of challenges.

® Human waste is unpleasant. Unsurprisingly, there
is taboo in many societies against handling human
waste and even more so on applying it towards

m Human waste carries very harmful pathogens food production.

including bacteria, viruses and helminths. It

must be carefully handled and processed for
several weeks, depending on the environmental
conditions, to fully eliminate health risks. Without
appropriate mechanisms for safe collection and
processing, human waste can increase the spread
of disease.

The process of converting human waste to
fertilizer is relatively complicated. For example,

it requires a carbon-to-nitrogen ratio (C:N) of
30:1, rather than 5:1 or 10:1, which is normal in
human fecal matter. In addition, high-temperature
treatment is required to kill the pathogens (SOIL,
2011). Both these steps require additional soil
amendments. This means that specific training
and, in most cases, a dedicated processing facility
are required, for collection, storage, processing
and quality control.

Nutrient release from human waste is slow and
unpredictable. As with other biological fertilizers,
the challenge of slow nutrient release rates, as
well as the variable amount of nutrients in the raw
material, still remain.
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KEY CHALLENGES

The crop nutrient challenge can be thought of

as three separate issues, based on the state of
economic and agricultural development in different
parts of the world. Industrialized countries have
stable fertilizer markets and there is limited
economic incentive to migrate away from synthetic
fertilizers, despite the environmental damage
caused by overuse.

On the other hand, the robust sanitation
infrastructures in these countries, combined with
the amount of food waste and systems for collecting
the waste, offer an opportunity to develop biological
fertilizers at scale in a commercially sustainable
manner. Green Revolution countries—like
industrialized countries—have access to synthetic
fertilizers and suffer from overuse.

However, they do not have robust infrastructures
for sanitation or waste collection, nor do they have
economic incentives for investing in alternatives to
synthetic fertilizers.

Unlike either of the above-mentioned scenarios,
sub-Saharan Africa has scant access to synthetic
fertilizers and the current economics of the fertilizer
industry suggest that local production in the
foreseeable future is improbable.

The absence of fertilizers is continuing to deplete
soil of nutrients, which, in turn, is leading to an
increasing amount of land being used for agriculture.
At the same time, the poor sanitation infrastructure,
combined with the limited amount of food waste
(and the lack of mechanisms to collect what food

is wasted), make it difficult to develop biological
fertilizers at any scale.

When it comes to using fertilizers for improving
agricultural yields, smallholder farmers in sub-
Saharan Africa face four specific challenges.
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1. Synthetic fertilizer is very
expensive for farmers in Africa

The core processes for manufacturing fertilizer,

the Haber-Bosch process for nitrogen fixation and
mining for phosphorus and potassium, are extremely
capital-intensive. These production methods have
not evolved or improved much in decades (VFRC,
2012). Poor transportation infrastructure in Africa
increases the cost of distributing imported fertilizer
to farmers. For most African countries, shipping (to
the port), transport (within the country) and related
costs add an extra 40 percent to the per-ton cost of
fertilizer. Landlocked countries have to pay another
20 to 40 percent (World Bank, 2007).

2. There is limited demand
for fertilizer among African
smallholder farmers

There is a broad lack of fertilizer benefit awareness
among smallholder farmers. Their limited economic
means make them highly risk-averse too. Farm-gate
prices for cereals in Africa are much more volatile
than in other regions; maize prices have historically
been twice as volatile in Africa than in Asia.

In addition, because most African farming is rain-fed,
there can also be heavy weather-related fluctuation
in yield. Even when fertilizer is used, the lack of
knowledge about appropriate usage has resulted

in very low nutrient uptake efficiency (NUE), which

is 25 to 30 percent among smallholder farmers in
Africa compared with 50 to 60 percent in developed
agricultural systems.

Finally, the majority of sub-Saharan African
countries utilize less than 25,000 tons of fertilizer
each year; the volume at which fertilizer can be
imported cost effectively (World Bank, 2006; 2007).
All this has discouraged investment in fertilizers

or other yield-enhancing inputs. Consequently,
Africa accounts for less than 1 percent of the global
fertilizer market.

3. The private sector supply chain
for fertilizer in Africa is very weak

In addition to the low demand, there are other
hurdles to private sector investment in the African
fertilizer market. The lack of access to financing
discourages local dealers, who typically need to
build up large inventories since demand tends

to be seasonal and agriculture largely rain-fed.
Unfavorable business environments and uncertain
political environments have made international firms
reluctant to enter African markets. The little private
sector activity that exists is limited to small dealer
networks concentrated near urban centers, serving
peri-urban or larger farmers rather than rural
smallholder farmers (World Bank, 2007).

4. Biological fertilizers are not yet a
feasible large-scale alternative to
synthetic fertilizers

As discussed earlier, animal and plant waste are
traditionally used for other purposes (energy and
animal food, respectively) and several hurdles
currently prevent large-scale conversion of
biological waste into fertilizer.
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SCIENTIFIC AND TECHNOLOGICAL
BREAKTHROUGHS

Those working on new breakthroughs in is in the realm of chemistry and chemical

plant nutrients will have to explore multiple engineering; how plants utilize nutrients falls
avenues, including production systems that are in the field of crops sciences; and the broader
significantly less capital intensive than current qguestion of soil health is in soil science. Developing
methods, manufacturing processes that are more breakthrough solutions to concurrently address
environmentally sustainable, greater efficiencies food security and environmental protection will

in application to prevent losses and runoffs, and require cross-disciplinary research. Unfortunately,
significantly higher uptake efficiencies so that crops there appears to be very little cross-disciplinary
can maximize growth. These approaches are at the work underway today. There are three technology
intersection of multiple scientific disciplines: the breakthroughs to address the challenge of
Haber-Bosch process and the production of the affordable, sustainable plant nutrients.

other reactive compounds

Breakthroughs:
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A low-cost system for precision
application of agricultural
inputs, ideally combining water
and fertilizer

In some regions like South Asia, the Green Revolution has brought unfortunate
consequences including over-exploitation of groundwater resources and over-
application of synthetic fertilizers. In other regions like sub-Saharan Africa, the
Green Revolution has not arrived and there is under-utilization of groundwater
resources and ongoing nutrient mining of soils. There is need for a low-cost,
robust, scalable technology to precisely meter and distribute irrigation water
and fertilizer to field crops.

This would allow farmers to apply the right amounts of water and nutrients
(not too much or too little) at the right time to maximize economic returns and
reduce nutrient loss. If made affordable, precision application systems for
irrigation and fertilizers, calibrated to local crop type and soil conditions, could
be a very effective way to increase agricultural yields, while also reducing
negative impacts on the environment.

Enabling better management of the timing and formulation of irrigation and
fertilization in cropping systems would ensure that water and nutrients are
available where and when needed by the plant roots. Crop yields respond very
well with initial inputs of fertilizer, but as additional nutrients are supplied the
marginal yield increase becomes smaller.

Optimal results occur somewhere along that gradient, depending on the cost

of fertilizer and seeds, land and selling price of harvested crops. For maximum
returns, it is necessary to not just apply the right quantity of fertilizer, but to also
apply it at the right time and place for optimal nutrient uptake by the plant. This
would also protect watersheds and populations downstream from farm fields,
by greatly reducing runoff.

The efficiency of using agricultural inputs, such as fertilizer is low in
conventional farming. It is estimated that overall efficiency of applied fertilizers
is about 50 percent for nitrogen, less than 10 percent for phosphorus and about
40 percent for potassium. The rest is wasted as runoff. The mismatched timing
between availability of nitrogen and crop need for nitrogen is likely the single
greatest contributor to excess nitrogen loss in annual cropping systems. Ideally,
nutrients should be applied in multiple small doses and when plant demand for
them is greatest.

Current State

-
Development Stage: Engineering

Time to market (years)
—
4-6 7-10 10+

—
Deployment: Challenging

Associated b0BT Chapters

Q)

Food Security Global Change

SDG Alignment

1 WORK AND
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Impact

Increased Access to Food (# of People)
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markets (high profits)
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In principle, variations of existing programmable
irrigation and fertigation systems used in
industrialized countries can be adapted to the needs
of smallholder farmers.

Already, small-scale drip and sprinkler systems—
along with other methods for increasing water usage
efficiency—are beginning to emerge in markets

like India. Cultivated area under drip irrigation in
India has grown from 71 km?in 1992, to 2,460 km?
in 1998, t0 18,970 km? in 2010, up to 33,700 km? in
2015. The cost of such systems will continue to drop
as scale of production increases.

This breakthrough would be strongly leveraged

by three other breakthroughs, 5 Low-cost shallow
groundwater drilling technologies, 6 Affordable
solar-powered irrigation pumps, and 9 Low-cost soil
nutrient analysis device.

Overall, such devices would help farmers better
predict crop nutrient requirements, better schedule
irrigation and fertilizer applications, and avoid over-
fertilization and nutrient runoff. If complemented
with adjusted crop rotation patterns and additional
biotic complexity, it could improve the plant
community’s ability to take up more of the available
nutrients.

However, there is limited evidence to suggest that
users—farmers or otherwise—will be interested in
spending money on technologies to conserve water
when the resource itself is available free of cost.
The potential for saving fertilizer can prove to be a
positive incentive, although the current demand for
fertilizers is very low in sub-Saharan Africa.

It will face some deployment challenges that are
common to the African smallholder farmer market,
including structural barriers such as a fr