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Abstract

The environmental engineering discipline has focused much of its historical efforts in developing regions of the
world on advancing environmental sustainability through improving provision of water, sanitation, and hygiene
(WASH) services. However, the skills and expertise that reside within the discipline of environmental engi-
neering are fundamental to achieve a much broader range of sustainable development goals, including those
related to health, climate, water, energy, and food security; economic development; and reduction of social
inequalities. Accordingly, this article critically reviews several focus areas where environmental engineering
should assume a more active presence in the global community that seeks to achieve sustainability in devel-
oping regions of the world. The 10 environmental engineering Grand Challenges for the developing world
covered are: (1) understand the historical perspective of the discipline’s connection with public health as the
field transitions forward; (2) integrate the differences encountered when operating over rural to urban locations;
(3) address emissions of greenhouse gases and other important carbon-containing pollutants; (4) understand the
link between development and health to better connect health outcomes and reduction in risk with ecosystem
management and other development interventions; (5) address the complex interactions of water energy
systems; (6) integrate the synergy inherent in development/sustainability goals of WASH, food security, and
resource recovery; (7) transition to a green economy; (8) advance monitoring, evaluation, and assessment
activities that include life cycle assessment, (9) integrate culture, perception, and behavior with advances in
science and technology, and (10) educate globally competent engineers. Our hope is that this discussion leads to
a better world through monumental improvements in the environment and human well-being and drives new
innovations and opportunities in research, education, practice, and service.
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of global disease burden is attributed to environmental fac-
tors, and for children under 14 years, this burden is as high as
36% (Prijss-Ustiin and Corvalan, 2006). In addition, the
global population living in poverty makes extensive use of
goods and services provided from a common pool of terres-
trial and aquatic natural resources. Natural resources are also
known to support an important social safety net during times
of economic downturn and constrained food supplies (WRI,
2005).

There is strong synergy between discipline expertise found
in the field of environmental engineering and global efforts to
ensure prosperity in developing regions. For example, the
eight Millennium Development Goals (MDGs) guided in-
ternational development efforts for the past decade and a half.
Environmental engineering had identified most closely with
MDG 7—ensuring environmental sustainability and espe-
cially topics related to water and health.

Accordingly, many environmental engineers have fo-
cused efforts in developing regions on the provision and
study of water, sanitation, and hygiene (WASH) services
that include (1) identifying environmental and governance
barriers to achieve sanitation coverage (Fry et al., 2008),
(2) determining costs to meet global coverage for safe
water and sanitation (Hutton and Bartram, 2008), (3) as-
sessing factors that lead to changes in hand washing be-
havior (Naughton et al., 2015a), (4) assessing water quality
during household water transport (Harris et al, 2013),
household water storage (Schafer and Mihelcic, 2012), and
self-supply groundwater systems (Akers et al., 2015), (5)
improving our understanding of the design and operation
of conventional and resource recovery-based sanitation
systems (Mehl et al., 2011; Verbyla et al., 2013a; Exley
et al., 2015), and (6) improving the design and manage-
ment of hand pumps and point-of-use treatment technol-
ogies (Clasen et al., 2004; Schweitzer et al., 2013; Marks
et al., 2014).

Research has also addressed quantifying global use of solid
fuels (Rehfuess et al., 2006), related biodiversity conserva-
tion to poverty (Adams et al., 2004), and covered broader
issues such as estimating the economic requirements to fi-
nance the MDGs (Lee et al., 2004), reviewing the role of
nanotechnology in meeting the MDGs (Salamanca-Buentello
et al., 2005), and discussing how to meet the MDGs in urban
environments (Hasan et al., 2005). There is also much re-
search that interconnects health and MDGs (Acharya, 2007,
Fry et al., 2013).

Great progress has been made toward achieving MDGs; in
fact, 147 countries have met the 2015 target for access to
improved water and 77 countries have met the 2015 target for
improved sanitation (UN, 2015). Unfortunately, 663 million
people still live without improved water, 2.4 billion do not
have improved sanitation, 946 million practice open defe-
cation (UN, 2015), and 1.5 billion use sewer collection sys-
tems without treatment (Baum ef al., 2013). Furthermore, the
disease burden associated with lack of WASH services is still
high, with estimates of 502,000 diarrhea deaths due to in-
adequate drinking water, 280,000 diarrhea deaths from lack
of sanitation, and 297,000 diarrhea deaths from lack of hand
hygiene (Priiss-Ustiin et al., 2014). Moreover, outdoor air
pollution annually causes 3.7 million premature deaths and
indoor air pollution results in 4.3 million premature deaths
(WHO, 2015).

On September 25, 2015, the United Nations General As-
sembly unanimously adopted an agenda to pursue a sus-
tainable future by 2030, thus replacing MDGs with
Sustainable Development Goals (SDGs) (UN, 2016). The
SDGs include 17 goals and 169 targets, and while environ-
mental engineering is linked to all goals, the following three
goals are examples that can drive innovation and research in
the discipline: (1) Goal 6: Ensure availability and sustainable
management of water and sanitation for all, (2) Goal 11:
Make cities and human settlements inclusive, safe, resilient,
and sustainable, and (3) Goal 13: Take urgent action to
combat climate change and its impacts (UN, 2016).

As was stated previously, until now, environmental engi-
neers have focused most efforts in the developing regions on
improving environmental sustainability. However, the skills
and expertise that reside within the environmental engi-
neering community are fundamental to achieve a much
broader range of SDGs, including those related to health;
water, energy, and food security; economic development; and
reduction of poverty and social inequalities.

One factor that must be considered when addressing en-
vironmental engineering challenges is the issue of an in-
creasingly affluent and global population, which has now
exceeded 7.2 billion; 53% who live in urban settings (Po-
pulation Reference Bureau, 2014). Of this total, ~6 billion
live in developing regions (~ 4.6 billion with exclusion of
China) (Population Reference Bureau, 2014). Future popu-
lation growth is expected to be concentrated in less developed
regions; in fact, 48 countries with the lowest incomes and
highest vulnerability are experiencing population increases
of 2.4% per year (Population Reference Bureau, 2014).

Environmental engineering has always played a critical
role to assure environmental sustainability. However, today’s
environmental challenges are increasingly subtle and com-
plex and solutions must now consider global change (Ana-
stas, 2012). Environmental engineering must continue to
adapt to current and future grand challenges and work with
existing and new partner disciplines. Staying connected to the
historical origins of environmental engineering can help
provide perspective through this transition. Accordingly, the
goal of this review is to critically examine the many roles that
the environmental engineering discipline can and should be
playing as we seek to achieve sustainability in developing
regions of the world. Our hope is that this discussion will
drive new innovations and opportunities in research, educa-
tion, practice, and service that support the emerging post-
2015 development agenda (including the SDGs) and lead to
a better world through monumental improvements in the
environment and human well-being.

The 10 environmental engineering Grand Challenges to
achieve sustainability in the world’s developing regions are
shown in Fig. 1. They can be briefly summarized as follows:
(1) understand the historical perspective of the discipline’s
connection with public health as the field transitions forward;
(2) integrate the differences encountered when operating over
rural to urban locations; (3) address emissions of greenhouse
gases (GHGs) and other important carbon-containing
pollutants; (4) understand the link between development and
health to better connect health outcomes and reduction in risk
with ecosystem management and other development inter-
ventions; (5) address the complex interactions of water—
energy systems; (6) integrate the synergy inherent in
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Nine UNEP Emerging
Global Environmental
Issues
(UNEP, 2014a)

FIG. 1. The 10 environmental
engineering Grand Challenges to
achieve sustainability in the world’s
developing regions that integrate the
United Nations Sustainable Develop-
ment Goals (UN, 2016) and other
environmental issues and challenges
(NAE, 2004; Mo and Rheingans,
2006; UNEP, 2014a).

Five Global Challenges in
Providing Safe Water and
Sanitation
(Mo and Rheingans, 2006)

Environmental Engineering Grand

- T Seventeen UN
Challenges in Developing Regions Gatalabla
1. Understand the Importance of Historical Development Goals
Perspective of our Connection with Public (UN, 2016)

Health as the Field Transitions Forward

2. Integrate Rural to Urban Differences

3. Address Carbon and Climate

4. Understand the Link between Development
and Health

5. Address the Complex Interactions of Water-
Energy Systems

6. integrate the Inherent Synergy in
Development/Sustainability Goals of Water,
Sanitation, Hygiene (WASH), Food Security,
and Resource Recovery

7. Transition to a Green Economy

8. Advance Monitoring, Evaluation, and
Assessment Activities

9. Integrate Culture, Perception, and Behavior
with Advances in Science and Technology

10. Educate Globally Competent Engineers

Fourteen National
Academy of Engineering
Grand Challenges
(NAE, 2004)

development/sustainability goals of WASH, food security,
and resource recovery; (7) transition to a green economy; (8)
advance monitoring, evaluation, and assessment activities
that include life cycle assessment (LCA), (9) integrate cul-
ture, perception, and behavior with advances in science and
technology, and (10) develop the global competency of early
career engineers. Supplementary Table S1 breaks these 10
Grand Challenges into individual objectives discussed in
more detail in this article.

The 10 Grand Challenges identified here help to integrate
the aforementioned SDGs as well as other issues and chal-
lenges specific to environmental engineers in the developing
world context (Fig. 1). For example, the United Nations
Environment Programme (UNEP) recently identified nine
emerging global environmental issues: (1) excess nitrogen in
the environment, (2) emergence of infectious disease, fish,
and shellfish farming in marine ecosystems, (3) illegal trade
in wildlife, (4) methane from hydrates, (5) realizing the po-
tential of citizen science, (6) air pollution, (7) plastic debris in
the ocean, (8) securing soil carbon benefits, and (9) rapid
change in the Arctic (UNEP, 2014a). Furthermore, Mo and
Rheingans (2006) reviewed five global challenges in the area
of providing sanitation and safe water and several of the
National Academy of Engineering (NAE) Grand Challenges
are immediately important to developing regions; for exam-
ple, make solar energy economical, manage the nitrogen
cycle, provide access to clean water, restore and improve
urban infrastructure, advance health informatics, and engi-
neer better medicines. This points to the need for environ-
mental engineering to innovate beyond what is discussed in
this article as the discipline charts a path forward to achieve
the goal of sustainability, which should be our true north
(Anastas, 2010) and our true south.

Grand Challenge 1: Understand the Importance
of Historical Perspective as We Transition Forward

Environmental engineering had its origins in the latter half
of the 1800s, beginning first in the United Kingdom and soon
after in the United States. The Great Sanitary Awakening
occurred during this period, where sanitary sewers were
constructed in cities to eliminate nuisances and protect the
public from overloaded cesspools and privy vaults (Fair et al.,

1966). The term sanitary engineer was introduced to describe
the branch of civil engineering that focused on wastewater
collection to protect public health; it later expanded into the
art and science of applying the forces of nature in the plan-
ning and construction of works pertaining to public health
(Gerhard, 1909).

However, while the introduction of sanitary sewers im-
proved well-being in cities, it exacerbated the problem of
downstream surface water pollution. Furthermore, mortality
rates of water-transmitted diseases were high in U.S. cities for
the first 25 years of the 20th century, being finally lowered
with the introduction of filtration and chlorination to water
treatment (Fair et al., 1966; Tarr et al., 1980; Cutler and
Miller, 2005). The term public health engineer appeared
around this time and the American Public Health Associa-
tion established a public health engineering section in 1921.

Up to the 1970s, the profession of sanitary/public health
engineering thus had a long interdisciplinary tradition that
was integrated with health professionals; in fact, many of its
well-known practitioners and professors held positions in
public health departments and even medical schools. Fur-
thermore, from the 1950s to 1970s, it was common for san-
itary and public health engineering professors to work
internationally with organizations such as the World Health
Organization (WHO) (publishing several well-known works
at the time that include Gotass, 1956; Gloyna, 1971; Okun
and Ponghis, 1975) and the U.S. Agency for International
Development (USAID) to train professionals at institutions
of higher education (USAID, 1966-68).°

Today, environmental engineering is defined as that
branch of engineering concerned with the application of
scientific and engineering principles for (1) protection of
human populations from the effects of adverse environmental
factors; (2) protection of environments, both local and global,
from the potentially deleterious effects of natural and human
activities; and (3) improvement of environmental quality
(AAEE, 2009). Many environmental scientists support sim-
ilar outcomes. Specific areas of focus include air quality and

The term “sanitary engineer” is still used in many parts of the
world (including much of Latin America) and in some locations
conveys higher status than environmental engineer.
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pollution control, water quality and pollution control, occu-
pational health, stormwater management, and solid and
hazardous waste management (AAEE, 2009).

Over time, the discipline evolved to cover additional
concerns (e.g., fate and transport of pollutants), but impor-
tantly, grew to encompass regional and global concerns
(e.g., ozone, climate change). Environmental engineering
also evolved from primarily embracing treatment as the
preferred method of waste management to integrating more
preferred concepts of pollution prevention, industrial ecol-
ogy, and green engineering that seek to address prevention
of pollution and its impact at a waste’s earlier life stage
(Mihelcic et al., 2003).

While the historical tradition of close alliance between
sanitary engineering and health professions gradually
disappeared in the United States with the creation of
environmental engineering and its focus on large-scale
environmental issues, the public health problems that en-
gineers addressed in the early 1900s have not. This his-
torical tradition is still predominant in many parts of the
world; for example, in the United Kingdom with works
such as Feachem er al. (1983), Cairncross and Feachem
(1993), and Mara (1996, 2004) paralleling historical works
of Phelps (1948), Salvato (1958), and Gloyna (1971), with
the important exception that the newer texts focus on in-
ternational public health and sanitation.

It is also worth noting that the sanitary revolution that
resulted in treated drinking water and adequate excreta dis-
posal has been recognized as the most important medical
milestone since 1840 (Ferriman, 2007), and two detailed
studies written by health economists, epidemiologists, and
public health professionals concluded that the combination of
improved sanitation, personal hygiene, and provision of po-
table water was the principal intervention responsible for
U.S. health advances from 1900 to 1930 (Cutler and Miller,
2005; Aiello et al., 2008). This experience offers a valuable
model for improving the well-being of developing regions if
an adequate public health infrastructure could be developed
with the assistance of environmental engineering. We em-
phasize that this critically important connection between
engineering and public health, lost over the past several de-
cades by many educators, researchers, and practitioners in the
United States, needs to be reestablished.

Grand Challenge 2: Integrate Rural to Urban Differences

Knowledge of environmental engineering is not only
needed in the wide range of geographical and cultural con-
texts found between developed and developing regions but
also in innovating appropriate solutions over the range of
rural to urban locations. The types and magnitudes of envi-
ronmental health burdens change with increasing affluence,
which may differ in these settings. For example, while local
urban environmental health burdens can be lessened by
provision of improved WASH, new local health burdens may
arise from increases in production and affluence (e.g., dia-
betes, cancer). Furthermore, as an urban population becomes
more affluent, the environmental risk may shift from local
concerns (e.g., indoor air pollution) to regional concerns
(e.g., ambient air pollution) and global environmental bur-
dens (e.g., impact from GHG emissions) (McGranahan et al.,
2001).

Urban means more than just megacities

There appears to be an overemphasis in applying discipline
knowledge to problems of large megacities without appropriate
consideration of how the context of the problem differs as one
moves along the spectrum of rural to largely urban environ-
ments. Currently, megacities (population >5-10 million) are
viewed by many as the new frontier (especially in regard to more
sustainable energy management). In fact, more than half of urban
populations in developing regions live in cities with <500,000
people (UN, 2011), and cities with <200,000 inhabitants make
up 12-48% of some countries’ total populations (Oakley and
Jimenez, 2012). Even though megacities will continue to expe-
rience increased population growth, most future urban popula-
tion growth is expected to occur in cities of <500,000 people
(Cohen, 2006). There are many important areas to study in these
contexts. For example, within an urban environment, social,
gender, and spatial inequalities serve as barriers for residents to
access the numerous social, environmental, and economic ben-
efits provided by green space (Wright Wendel et al., 2011, 2012)
and much of this green space is also associated with engineering
infrastructure. Therefore, engineers have opportunities to col-
laborate with other disciplines to address these inequalities and
ensure equitable opportunities that result in sharing of benefits.

Moreover, small cities are also underserved in areas of
government support for environmental services and suffer
from financial, institutional, and technology constraints (UN-
Habitat, 2006). In terms of nutrient flows, populations in
small cities in developing regions are clearly linked by ge-
ography, watersheds, and many social-economic factors to
surrounding agricultural zones that provide opportunities for
reclaiming water and embedded nutrients found in domestic
wastewater (Verbyla et al., 2013b). Additionally, the envi-
ronmental needs in informal urban settlements (i.e., urban
slums®), often located within larger cities, are equally chal-
lenging and may differ from the needs of small cities. Access
to environmental services is remarkably lower in these in-
formal settlements, which currently house 860-880 million
of the world’s urban population (UN, 2015; UN-Habitat,
2015). These informal urban settings also often have serious
problems with violence, safety, and personal security, mak-
ing them extremely challenging work environments.

Rural area considerations

Rural areas are important: almost half of the world’s popu-
lation still resides in rural communities and the provision of
services in these areas is often neglected. For example, access to
improved water and sanitation has consistently lagged in rural
areas and 9 of 10 open defecators reside there (WHO and
UNICEEF, 2014). Furthermore, rural residents are known to de-
pend more on the environment for their economic livelihood
than their urban colleagues (WRI, 2005). Rural areas also present
a different set of challenges when compared with urban or
periurban areas. For example, while management of environ-
mental services in urban locations may be overseen by parastatal
corporations or private enterprises, the rural community is often

“Urban slums are contiguous and neglected settlements that have
characteristics such as (1) inadequate access to safe water, (2) in-
adequate access to sanitation and infrastructure, (3) poor structural
quality of housing, (4) overcrowding, and (5) insecure residential
status (UN-Habitat, 2003).
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IsSUES TO CONSIDER WHEN ENVIRONMENTAL ENGINEERING AND SCIENCE DISCIPLINES

WORK IN DIFFERENT RURAL AND URBAN ENVIRONMENTS

Challenges

Opportunities

Rural areas

Small cities (<500,000)

Urban slums

High vulnerability to water scarcity and other
climate change impacts because of strong
reliance on ecosystem services for their
livelihood

Challenges of a globalizing economy,
biopatenting of endogenous and
indigenous knowledge

Lack of economies of scale and access to
basic services (e.g., improved water and
sanitation facilities)

Low availability of spare parts and low
capacity of the private sector to participate
in the provision of basic services

Much of the infrastructure is managed and
serviced by local committees that are not
provided support from outside entities

Demographic shift, including out-migration
and aging of rural population, resulting in
loss of community leaders to larger cities
and increased costs for supporting elderly
residents

Lack of financial and institutional capacity
and the availability and affordability of
technology.

Need for geographically, culturally, and
economically appropriate on-site treatment
and disposal options

Rapid population growth

Unplanned development and urbanization

Loss of key community leaders and
innovators to larger cities

Rise of new environmental health burdens
(e.g., diabetes, cancer) with increased
affluence (i.e., epidemiological shift)

Violence, insecurity, crime

Economic stagnation in a globalizing world

Growth and liberalization of international
trade that includes privatization of goods
and services

Land tenure and land rights issues

Reduction of public welfare expenditure and
reform of regulation

Many environmental externalities related to
transportation, industrial pollution, earth
movement, flooding, and solid waste

Urban and development planning that does
not consider population growth, both
natural and growth from migration from
rural areas

Political and social marginalization of the
populations

Inability of market to provide adequate and
secure housing at affordable prices

Increasing availability of telecommunication
technologies to facilitate the provision of
essential services (e.g., mobile health).

Increasing access to microfinance (i.e.,
financial services such as savings, loans,
insurance, money transfer services) to
small businesses and entrepreneurs, as well
as impoverished clients

Increased global attention to urban resilience,
development, socioeconomic and gender
equity, and governance structures as key
determinants of adaptive capacity

Integrated and sustainable management of
natural resources and ecosystems that take
mitigation and adaptation action in
keeping with the principle of common, but
differentiated responsibilities

Opportunities for different development
trajectories (i.e., leapfrog old technologies
and strategies)

Close proximity to agriculture zones can lead
to reclaiming water and embedded
nutrients found in domestic wastewater

More open land area that can be incorporated
into infrastructure and community well-
being

Infrastructure improvement should address
the livelihood of slum dwellers

Large pool of early adopter and
entrepreneurs with high willingness to take
risks for opportunities

Increased focus on disaster risk reduction and
resilience

Increasing availability of telecommunication
technologies to facilitate the provision of
essential services

Increasing access to microfinance (i.e.,
financial services such as savings, loans,
insurance, money transfer services) to
small businesses and entrepreneurs, as well
as impoverished clients

(continued)
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TABLE 1. (CONTINUED)

Challenges

Opportunities

Megacities (>5—10 million)
wages

Complexity increases as cities grow
Changing demographic profiles and
economic and social dynamics
Advancements in technology and trends
toward environmental deterioration
Rise of new environmental health burdens
(e.g., diabetes, cancer) with increased

affluence

Density-related costs result in lost economic

Attention to urban resilience, development,
socioeconomic and gender equity, and
governance structures as key determinants
of adaptive capacity

Alternative energy production

Water reuse and nutrient recovery

Advancements in technology and resulting
efficiency gains

Building level gains that lower
environmental burdens

Congestion costs result in decreased air
quality and lost economic opportunities
Maintaining ecosystem services when large

areas of land are under private ownership
Shift to more regional concerns and global

environmental burdens

Sources include UN-Habitat, 2003; Ahrens and Mihelcic, 2006.

left to manage its own systems in developing regions
(Schweitzer and Mihelcic, 2012). Table 1 summarizes these and
other important issues to consider when working in vastly dif-
ferent contexts that span the rural to urban environment. The
information in this table demonstrates that despite the numerous
challenges that each of these areas present, there are numerous
opportunities to innovate.

Grand Challenge 3: Address Carbon and Climate
GHGs and climate change

There is an important and expanding role for the skills of
environmental engineers that can be applied to developing re-
gion issues related to carbon and climate. However, this first
requires an understanding of the differences in regional contri-
butions and ambient concentrations of pollutants and their im-
pact. For example, the GHG emission intensity (i.e., level of
GHG emissions per unit of economic output) is higher in de-
veloping countries than it is in more industrialized countries. The
emission profiles for major GHGs are also documented to differ
with a country’s development status (Table 2). However, his-
torical contributions to global GHG emissions from 36 countries
with developed or emerging economies (e.g., United States,
China, European Union, Russia, India, Japan, Brazil, Canada,
and S. Korea) account for ~70% of GHG emissions, while there
are 173 other countries that account for only 20% of the total
global emissions (Baumert ef al., 2005). Looking to the future,
extrapolating trends from individual country pledges to reduce
GHG emissions out to 2030 will still lead to an emissions gap
between developed and developing regions of 14-17 Gt COe
(UNEP, 2014b).

These differences point to regional- and country-specific
opportunities to develop solutions to mitigate GHG emis-
sions and adapt to the changing climate in developing re-
gions. Least developed countries and small island developing
states have negligible GHG emissions and reduction of these
is probably not critical for global mitigation efforts; however,
the impact of climate change on their health and social and
economic well-being is potentially large and catastrophic.
Global climate change currently represents a relatively lower

risk to human health compared with other environmental
burdens; however, the mortality impacts of climate change-
sensitive health outcomes point to increases in mortality
caused by heat, coastal flooding, diarrheal disease, malaria,
dengue, and undernutrition (WHO, 2014). Furthermore, im-
pacts of climate change are projected to be greatest for those
living in small island developing states and other coastal
regions, megacities, and mountainous and polar regions. The
impact is also expected to be significant on child health by the
2030s (WHO, 2014).

Climate change is also expected to disproportionately
impact communities that rely on snowmelt for their water
supply. It also may increase water quality problems associ-
ated with algal blooms or surface water runoff from tem-
perature increases and extreme weather events, and the
resiliency of water, energy, and food infrastructure will be
challenged from more intense cyclone activities (IPCC,
2014). In addition, the access to WASH services, food, and
energy infrastructure and the resulting impact on human
health and the environment will differ for populations living

TABLE 2. EMISSION PROFILES (PERCENT OF TOTAL)
BY GREENHOUSE GAS AND SOURCE

Least
Developed Developing developed
countries  countries countries®
CO, from Fossil Fuels 81 41 5
CO, from land use wk 33 62
change and forestry
CH,4 11 16 21
N,O 6 10 12
Fluorinated Gases (i.e., 2 0 0

SFs, HECs, PFCs)

Data from Baumert et al., 2005.

*Least developed countries are defined as a subset of developing
countries.

**Land use change and forestry are believed to be net absorbers
of CO, in developed countries.
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in small island developing states (UNEP, 2014c) compared
with those residing in dry high-altitude Andean regions of
South America (Vergara et al., 2011). There is also currently
less effort placed in investigating anthropogenic changes to
the hydrologic cycle in most developing regions. As one
example, the estimated impacts from climate change were
found to be greater than agricultural expansion and associ-
ated land use in a wetter and lower altitude region of the
Andes, which were found to potentially result in insufficient
recharge for springs that provide WASH services to rural
developing communities (Fry et al., 2012). There is thus a
large role for environmental engineering in understanding
how adaptation applies to a country’s or development re-
gion’s unique geographical and socioeconomic setting.

Environmental engineers are well positioned to work in
the top five global sectors that contribute to GHG emissions:
(1) electricity and heat, (2) transportation, (3) industry, (4)
land use changes, and (5) agriculture (WRI, 2005). A dis-
cussion on particular levels of GHG emission reduction
potential in these five sectors, including co-benefits, barri-
ers, and coverage by national actions and international co-
operative initiatives, is provided elsewhere (UNEP, 2014b).
Importantly, less carbon-intensive infrastructure and the
adaption of existing infrastructure to a lower GHG emission
trajectory are possible for all five of these sectors. Research
is needed to assess and innovate ways to establish low-cost
and functional transportation systems that balance the
benefits and environmental and social costs of travel (Bruun
and Givoni, 2015). In addition, developing regions are ur-
banizing rapidly and the rate of new building construction is
higher than in developed regions. Cities also account for
70% of energy use and up to half of GHG emissions (Seto
et al., 2014).

There will be a need to develop and implement re-
newable energy technologies and energy efficiency strat-
egies; however, these must be appropriate, that is, they
should use materials and technology that are culturally,
economically, and socially suitable to the area in which
they are implemented (Mihelcic et al., 2009). For exam-
ple, one challenge to advancing renewable energy in small
island developing states is determining the most appro-
priate implementation scale of waste-to-energy conversion
technologies (UNEP, 2014c¢). It will also be important to
understand how rapid increases in population and afflu-
ence in developing regions will impact the contribution
and composition of global GHG emissions.

Moreover, a lot of urban energy use is associated with
space heating and cooling and hot water provision, which can
account for half of building energy consumption (UNEP,
2015). Researching ways to overcome technological and
socioeconomic barriers in the implementation of urban dis-
trict energy systems will be important for expanding and
newly created cities to follow a development trajectory with
lower carbon intensity. For example, district energy systems
are appropriate because they are more climate resilient, more
resource efficient, and have lower carbon intensity. They
combine energy efficiency improvements with renewable
energy integration; integrate the production and supply of
heat and cooling with the provision of hot water and elec-
tricity; and emphasize the use of local resources and optimize
energy efficiency (UNEP, 2015). Furthermore, energy effi-
ciency measures are known to contribute to economic
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growth, social development, and improved public health.
However, improved understanding is needed to determine the
magnitude of these positive outcomes, their cultural accept-
ability, and how they are interrelated while also demon-
strating how action on climate change will assist efforts to
achieve goals of economic growth and sustainable develop-
ment (UNEP, 2011; AfDB, 2012; World Bank, 2012).

Other carbon-containing air pollutants

In addition to carbon dioxide, combustion of fossil fuels
results in the emission of other carbon-containing air pol-
lutants, including particulate matter, carbon monoxide, and
hazardous air pollutants. Concentrations of particulate matter
are higher in countries with lower levels of development, and
health burdens associated with ambient and indoor exposure
to air pollutants are well documented (Smith, 1993; Bruce
etal., 2000). In fact, the world’s average PM | concentrations
range from 26 to 208 ug/m> by development region, with the
higher values of this range reported in the Americas,
sub-Saharan Africa, and Asia (WHO, 2015).

There is still, however, a lack of data on reported PM (or
PM, 5) concentrations in many remote locations, especially
sub-Saharan Africa (as well as other conventional air pol-
lutants). Traditional fuel use and cultural preferences re-
lated to cooking, heating, and gender allocation of work
are known to disproportionately expose women to indoor
air with high levels of particulate matter, carbon monox-
ide, and hazardous air pollutants (Bruce et al., 2000).
Furthermore, air emissions and the efficiency of traditional
and new generations of household cookstove technology
have been assessed (Jetter and Kariher, 2009); however,
there is a need to better understand stove performance
during the use phase and their overall contribution to cli-
mate change (Anenberg et al., 2013).

The energy ladder theory (Smith, 1993) predicts that
household fuel type will improve as a household’s social and
economic statuses increase, resulting in less exposure to
particulate matter. However, some families will use their
newly acquired economic resources for other household
needs instead of purchasing better fuel. Furthermore, as was
discussed previously in the Integrate Rural to Urban Differ-
ences section, transitioning to different fuels may just redis-
tribute the environmental risk from local populations to
regional and global populations.

Grand Challenge 4: Understand the Link Between
Development and Health

Measuring disease burden: risk assessment
and disability-adjusted life years

Environmental health risks are the product of hazard and
culturally influenced exposure. Historically, development
and infrastructure improvements have altered ecosystems
and created new industrial processes, resulting in the emer-
gence of chemical and microbial hazards. Environmental
professionals responded to this in the 1970s and 1980s by
developing a risk assessment framework (NRC, 1983) and
used it to establish regulations for reducing exposure to
pollutants in the environment. For example, risk assessment
was used in the United States to determine maximum con-
taminant levels (MCLs) for pollutants in drinking water.
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FIG. 2. Contribution of communicable and infectious
diseases to the overall disease burden in different global
regions in 1990 and 2010 (includes neglected tropical dis-
eases, diarrhea, lower respiratory infections, malaria, tu-
berculosis, HIV/AIDS, nutritional deficiencies, as well as
neonatal and maternal disorders; does not include any other
noncommunicable diseases; data from Murray et al., 2012).
Note that the increases observed in Eastern Europe and
Southern sub-Saharan Africa are primarily due to tubercu-
losis and/or HIV/AIDs.

Many of these MCLs were determined based on a tolerable
maximum probability of 1:10,000 to 1:1,000,000 that
chronically exposed individuals would develop cancer in
their lifetime; probabilities that were orders of magnitude
lower than the background incidence of cancer in the United
States at the time (Munro and Travis, 1986; Mara et al.,
2010). However, many MCLs were developed in a post-
industrialized setting with relatively low rates of communi-
cable diseases and also during a time when society was
developing concern about cancers caused by exposure to
chemical pollutants.

Many developing countries have adopted an environ-
mental risk management approach that is based on ap-
proaches that were developed for the United States or Europe
(e.g., the use of MCLs for managing risk in drinking water).
However, the overall health situation varies drastically for
different geographical and cultural settings. In the 1990s, the
WHO proposed a new measure for disease burden: the
disability-adjusted life year (DALY), which incorporates
the number of years of life lost due to early death and illness
(Murray and Lopez, 1996). This measure helps visualize the
extent to which a disease contributes to a region’s overall
health burden.

Figure 2 shows that in less developed regions, the com-
position of the disease burden is much different than it is in
developed regions. Neglected tropical diseases, diarrheal
diseases, malaria, tuberculosis, respiratory infections, and

other communicable diseases cause a greater disease burden in
developing regions than noncommunicable diseases (e.g.,
cancer, cardiovascular diseases, diabetes, endocrine diseases);
the opposite is true for higher-income countries (Murray ef al.,
2012). In fact, lower respiratory infections and diarrheal dis-
eases continue to cause the highest and second highest burdens
of all diseases in the world, with >80% of this disease burden
concentrated in low-income countries (WHO, 2008).

The composition of the disease burden in developing and
transitioning regions is also changing rapidly. As shown in
Fig. 2, between 1990 and 2010, transitioning regions in
Asia, North Africa, the Middle East, and Latin America
have seen dramatic shifts in the composition of the overall
disease burden. For example, in 1990, nearly half of the
disease burden in these regions resulted from communicable
diseases. By 2010, musculoskeletal disorders, injuries,
mental and behavioral disorders, cancer, and cardiovascular
diseases comprised a greater percentage of the overall
health burden (Murray et al., 2012). This shift was not ob-
served in less developed regions such as South Asia,
Oceania, and sub-Saharan Africa, where the majority of the
disease burden continues to originate from communicable
diseases, neonatal disorders, and nutritional deficiencies
(Murray et al., 2012).

Connecting development interventions with health
outcomes

Environmental engineering is uniquely positioned to bridge
the gap between sustainable development and health. How-
ever, while much previous effort has focused on controlling
the adverse effects of environmental factors, protecting the
environment from human activities, removing contaminants
from air and water, managing waste, and preventing pollution
(Mihelcic et al., 2003; AAEE, 2009), the outcomes of this
work have not always been directly correlated with culturally
appropriate and specific health outcomes. As the discipline
transitions forward, environmental engineering will need to
bridge this gap and evaluate health outcomes as was discussed
for Grand Challenge 1. This has already been done on a broad
scale; for example, WASH improvements have been associ-
ated with global health impacts (Priiss-Ustiin et al., 2014).
However, links between technology or culturally appropriate
behavior-driven development interventions and health are not
as well studied.

In one example, researchers estimated that implementing
rainwater harvesting could reduce DALY by 9% for urban
dwellers in 37 West African cities, and if combined with
point-of-use water treatment, the reduction could increase to
16% (Fry et al., 2010). In another example, despite the
demonstrated effectiveness of solar water disinfection in the
laboratory, researchers were unable to find strong evidence
that the use of solar water disinfection in rural Bolivia sig-
nificantly reduced rates of gastrointestinal illness (Méausezahl
et al.,2009). A third example from Malawi demonstrated that
the increased prevalence of schistosomiasis resulted from
changes in fishing techniques to increase yield, which drove
snail-feeding fish into deeper waters, causing increased
abundance of disease vector snails (Stauffer et al., 20006).

Finally, environmental enteropathy, an inflammation in
the intestines that prevents the absorption of nutrients, can
lead to child mortality, chronic malnutrition, and reduced
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cognitive development. It can occur in an infant or young
child because of inadequate sanitation or hygiene that leads to
pathogen exposure from the domestic environment, care-
taker’s body, drinking water, eating utensils, or even toys
(Humphrey, 2009). Environmental enteropathy can be prevented

TABLE 3.
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by appropriate interventions in WASH, but further research on
the causes and treatments of environmental enteropathy is still
required (Humphrey, 2009). This type of research, which links
technological and behavioral interventions with specific health
outcomes, requires the integration of expertise across multiple

MECHANISMS OF MICROBIAL DISEASE EMERGENCE IN HUMAN MODIFIED ECOSYSTEMS

Mechanisms of
disease emergence

Industrialized food and
energy production systems

Natural ecosystems (dryland,
tropical, coastal)

Urban systems

Habitat alteration

Niche invasion,
host transfer

Environmental
contamination

Human-driven
genetic
changes

Biodiversity
change

Causes:

Construction of dams or
irrigation systems that create new
expanded habitats for disease
vectors (e.g., snails, mosquitoes)

Examples of diseases:
Schistosomiasis, Japanese
encephalitis, Malaria

Causes:

Intensive food production
practices, especially those that
encroach upon forests

(e.g., concentrated animal
operations, adding ground-up
animal remains to feed, wet
markets)

Examples of diseases:
Nipah virus, Mad cow disease,
SARS, Influenza

Causes:

Concentrated animal feeding
operations and improper
management

of animal waste

Examples of diseases:
Cryptosporidiosis, Leptospirosis

Causes:

Overuse and improper use of
antibiotics for human use and for
agricultural uses

Examples of diseases:

Multiple drug-resistant
tuberculosis, Methicillin-
resistant Staphylococcus aureus
(MRSA)

Causes:

Fragmentation of animal
habitats, elimination of predators
to host animals, encroachment by
humans into natural animal
habitats, causing the extinction
of species and the loss of
biodiversity, deforestation

Examples of diseases:
Lyme disease, Leishmaniasis,
Onchocerciasis, Rabies

Causes:

Changes in land use and water
management (e.g., deforestation,
algal blooms caused by land
development in coastal regions)

Examples of diseases:
Hantavirus, Rift Valley fever,
Meningitis, Malaria,
Arboviruses, Onchocerciasis,
Cholera

Causes:

Close contact between humans
and other wild animals,
especially primates (e.g.,
ecotourism, consumption of
bushmeat)

Examples of diseases:
HIV, Ebola, Monkeypox,
Cryptosporidiosis, Giardiasis

Causes:

Discharge of human waste into
coastal zones and other
recreational waters

Examples of diseases:
Diarrheal diseases

Causes:

Overuse of insecticides to
control insect species that serves
as hosts for human disease
agents

Examples of diseases:
Chagas disease

Causes:

Fragmentation of animal
habitats, elimination of
predators to host animals,
encroachment by humans into
natural animal habitats, causing
the extinction of species and the
loss of biodiversity,
deforestation

Examples of diseases:
Lyme disease, Leishmaniasis,
Onchocerciasis, Rabies

Causes:

Lack of waste management in
cities, creating standing water
and breeding sites for mosquitoes

Examples of diseases:
Lymphatic filariasis, Dengue
fever, Malaria

Causes:

Changes in temperature, rainfall,
and humidity caused by
urbanization or the creation of
human settlements on the
outskirts of urban areas that are
located near sandflies’ habitat

Examples of diseases:
Leishmaniasis

Causes:

Lack of wastewater collection
and lack of solid waste
management in urban areas,
spreading human pathogens and
attracting domestic rats and other
pests/disease vectors

Examples of diseases:
Leptospirosis, diarrheal diseases

Causes:

Overuse of insecticides to control
insect species that serves as hosts
for human disease agents

Examples of diseases:
Chagas disease

Causes:

Fragmentation of animal
habitats, elimination of predators
to host animals, encroachment by
humans into natural animal
habitats, causing the extinction
of species and the loss of
biodiversity, deforestation

Examples of diseases:
Lyme disease, Leishmaniasis,
Onchocerciasis, Rabies

Based on Patz and Confalonieri (2005). Copyright © 2005 Millennium Ecosystem Assessment. Reproduced by permission of Island
Press, Washington, DC.
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disciplines, in this case, public health and social and environ-
mental sciences.

Preventing the emergence of microbial hazards
through ecosystem/infrastructure management

The strategies for controlling microbial hazards in devel-
oping regions can be quite complex. Many infectious dis-
eases have emerged or spread as a result of structural
anthropogenic changes made to ecosystems that have been
facilitated or assessed by engineers (Table 3). For example,
habitats have been altered to develop hydroelectricity and
irrigated agriculture; however, this practice resulted in in-
creased habitats for snail vectors of schistosomiasis in sub-
Saharan Africa (Steinmann et al., 2006). Intensive food
production and animal-feeding operations (intended to in-
crease food security) have enabled pathogens to transfer hosts
(from animals to humans) and created strains with increased
antibiotic resistance (Graham et al., 2008).

In fact, many of the disease emergence mechanisms sum-
marized in Table 3 are, in part, a result of development prac-
tices originally intended to increase food security and/or to
eliminate poverty. This information points to a challenge of
health consequences of environmental contamination, chang-
ing land use, infrastructure construction, habitat fragmentation,
urbanization, and addressing demand for water, energy, and
food, particularly when the cultural practices of those people
most effected are not considered. Also important to consider is
the role environmental engineering has in managing disease
associated with pandemic viruses that may be found in the
urban and agricultural water cycles (Wigginton et al., 2015).

Preventing the emergence of chemical hazards

Many chemical hazards have recently been introduced into
developing regions due to globalization of the world econ-
omy (Faber, 2008). While the shifting disease burden in these
transitional regions is partly explained by WASH improve-
ments, increased affluence, and the fact that people are living
longer, the emergence of new chemical contaminants may
also be partially responsible for the shift in disease burden
from one centered on microbial hazards and communicable
diseases to one that is more centered on emerging chemical
hazards. This may be partially responsible for the increased
incidence of some cancers and endocrine diseases (Soto and
Sonnenschein, 2010). The transition to a green economy
(Grand Challenge 7) will require application of the principles
of green chemistry (Anastas and Warner, 1998) to eliminate
or reduce chemical hazards in developing regions.

Improving approaches to manage disease

Risk management approaches for developing regions should
assess disease burdens and cultural constraints, not simply the
probability of diseases. Collaborations with social scientists are
needed to understand the distribution and stratification of dis-
ease burdens (e.g., how diseases affect genders or cultural/
socioeconomic groups in different ways) and the ways in which
history and traditions shape disease patterns. Risk management
must also address gaps that may exist between risk perception
and reality, understanding that community perceptions about
disease may be strongly tied to cultural traditions and that there
may be social and environmental consequences of the discon-

nects between perception and reality (Cairns, 2015; Whiteford
and Vindrola, 2015b; Whiteford et al., 2016).

New molecular tools and techniques can help better un-
derstand the relationship between exposure and disease. For
example, multiplex, lab-on-chip molecular assays allow for
simultaneous detection of multiple pathogens (Tan et al.,
2014) and multiplex immunoassays can detect antibodies in
saliva (Griffin et al., 2011). These tools will enable re-
searchers to understand which hazards people may have been
recently exposed to, providing unique insights into the etio-
logic agents and vectors associated with disease transmis-
sion. Developments in this field could have important
impacts, especially in developing regions and with respect to
global outbreaks of infectious diseases (e.g., cholera, Ebola
virus, Chagas, malaria). These new tools and techniques may
allow for future validation of existing risk assessment models
(a task that has been difficult in the past due to limitations of
traditional epidemiology).

Grand Challenge 5: Address the Complex Interactions
of Water-Energy Systems

Water and energy are two of the most important resources
for advancing social and economic well-being. Recognizing
their importance, the theme of the UN-coordinated 2014
World Water Day was water and energy. However, nearly
half of the world’s population will still experience high water
stress by 2030 (WWAP, 2012) and energy consumption in
some parts of the world, such as China and India, will double
in the next 40 years (World Energy Council, 2010).

One challenge in addressing the water—energy nexus is that
the components are recognized to be complex, nonlinear, and
interconnected (U.S. DOE, 2014). We addressed some issues
of energy and climate in a previous grand challenge (3); water
issues of governance and natural disasters are also important
topics to address in any global water management program
(UN Water, 2015a). In fact, flooding and drought are cur-
rently considered higher priority threats to water resource
management than climate change. However, although the
impact of climate change in managing water is viewed as
increasingly important for most countries, it is still a lower
threat identified by countries with a low human development
index (HDI) compared with other issues (UNEP, 2012).

To provide water and wastewater services in the developed
world, a large amount of energy is used to move raw water
from its source, treat it to a regulatory standard, pump it to end
users, and treat it after its use. On the other hand, most energy
production is heavily dependent on water (U.S. DOE, 2014),
requiring about 8% of all freshwater withdrawals worldwide
(World Economic Forum, 2011). In developing regions,
water supply and treatment must not only remain affordable
(and thus appropriate for local circumstances) but there are also
currently modest financial returns associated with food pro-
duction. Thus, it will probably not pay to transport water over
long distances for agriculture. Furthermore, only 20% of the
wastewater in the world receives proper treatment (reported in
WWAP, 2012) and of this, only 8% is treated in lower-income
countries (Sato et al., 2013). Therefore, the existing structure of
water management employed in the developed regions may not
be applicable to developing regions.

Interactions between water and energy systems have been
identified using system archetypes (Zhuang and Zhang, 2015)
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FIG. 3. Reinforcing growth of water and energy demands.
The positive sign represents a reinforcing causal relation-
ship. R represents a reinforcing loop (adapted from Zhuang,
2014, with permission).

and development of these for developing contexts is needed.
A system archetype is a well-defined structure, which de-
scribes the common behavior of a system over time. One
fundamental archetype of water and energy systems is re-
inforcing growth, depicted in Fig. 3. The conventional system
is one where the water supply increases with total water de-
mand and leads to the increase in energy demand in water and
wastewater treatment and delivery. The increase of energy
demand in the water sector leads to increase of total energy
demand, which requires more energy supply. This results in
the increase in water demand in energy production, especially
cooling water for power generation, leading to increase of total
water demand [e.g., by 2030, ~31% of industrial water use in
China will be for power plant-cooling water (2030 Water
Resources Group, 2009)]. This archetype will reinforce the
continuous unsustainable increase in water and energy demand
over time, exhibiting an exponential growth.

Quantification of water—energy nexus

Many studies have quantified the energy profile for large
water and wastewater utilities in developed world settings
(EPRI, 2002; U.S. DOE, 2006; Carlson and Walburger, 2007)
or water demand for energy production (U.S. DOE, 2006; Pate
etal., 2007; Tidwell et al., 2009). Fewer studies have explored
these relationships in developing regions. As one example, the
material and human energy required to produce, install, and
operate four household-level and four community water
source-level interventions was determined in Mali (Held ez al.,
2013). The systematic analysis of water—energy nexus is also
lacking, especially in developing regions that will face more
challenges in securing energy for water or water for energy. For
example, the expansion of coal power plants in China and India
has been determined unfeasible because greater than 50% are
located in areas facing water scarcity (Rodriguez et al., 2013).

In the United States, ~4% of electricity consumption is
used for providing water and wastewater services (U.S. DOE,
2006; Stillwell et al., 2011) and about 41% of the total
freshwater withdrawals are used for thermoelectric genera-
tion (Kenny et al., 2009). In Latin America, 30—40% of op-
erational costs associated with water supply are from energy
use (Rosas, 2011). This is thought to be from inefficient
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system design and operation, poor condition of the assets, low
level of metering, reliance on groundwater, and complex
topography that may serve low population density areas of
service (WWAP, 2014). However, about one half of all
countries in the world regard managing water resources for
energy production as a low to medium priority.

In contrast, only about one third of low HDI countries value
the use of water for energy production as a low to medium
priority. The use of water resources for domestic water supply
and agriculture is still ranked as the highest priority by ma-
jority of countries in the world and managing water resources
for ecosystems and the environment is rated as a priority pri-
marily by countries with very high HDI (UNEP, 2012).

Quantifying the water—energy nexus, however, is highly
dependent on technologies, scale of implementation, and
geographical context. For example, energy consumption for
water treatment in developed regions ranges from 0.2 to 1.5
kWh/m® water depending on technologies, and wastewater
reuse is known to require less energy than more advanced
technologies (Cornejo et al., 2014). Furthermore, it is chal-
lenging to define energy use by water sector; for example, the
energy used for water distribution is estimated to account for
17% and 29% of the total electricity in small-scale and large-
scale systems, respectively (Kumar and Karney, 2007) (similar
difficulties exist to define water use by the energy sector).

Natural waste stabilization pond systems used for waste-
water treatment throughout the world require negligible en-
ergy inputs (Cornejo et al., 2013) compared with 0.3—1.4 kWh/
m”~ water required for a typical activated sludge with nitrifi-
cation process now employed in some developed regions
(Lazarova et al., 2012). In contrast, household and small-scale
water systems using principles of self-supply (Sutton, 2004;
MacCarthy et al., 2013) and natural wastewater management
technologies that take advantage of photosynthesis, gravity,
solar disinfection, and natural assimilation/filtration capa-
cities of land minimize energy use associated with mechan-
ical energy and material inputs (Muga and Mihelcic, 2008).

Regarding the transportation fuels sector, much of the
developed world has moved to more water-intensive fuels
associated with hydraulic fracturing, biofuels, and hydro-
electricity (WWAP, 2014), but it is unknown how this will
progress in developing regions.

Integrated water and energy management

Water and energy management still operates primarily
within individual sectors in most countries. The effectiveness
of water management options to improve resource use effi-
ciency and reduce environmental impacts is typically only
examined on the water side. For example, water and waste-
water utilities in developed regions typically consider energy
management within the water sector (Table 4). However,
energy professionals are not actively involved in water re-
source management in most global locations (Bowles and
Henderson, 2012; Weinzierl and Schilling, 2013; Olmstead,
2014). As such, water and energy tend to be regulated sep-
arately in most contexts (Hussey and Pittock, 2012).

Due to the segmental management of water and energy,
several issues have surfaced. Strategies in energy planning
have resulted in some unintended consequences in water and
food systems that need not be repeated as developing regions
expand energy production. For example, biofuels can relieve
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TABLE 4. ENERGY MANAGEMENT APPROACHES IN WATER AND WASTEWATER SECTOR
(LAZAROVA ET AL., 2012; MO AND ZHANG, 2013)

Approach

Contribution to energy efficiency

Energy conservation
Heat recovery
energy use
Anaerobic treatment
source
Thermal treatment
production
Effluent hydropower
conduits
On-site wind and solar power

Directly reduced energy requirements by reducing energy needed for specific tasks
Heat recovered directly from water stream reduces residential and commercial

Stabilizes biodegradable organic matter by conversion to biogas, produces energy
Combustion of organic matter produces heat to be used directly or for energy
Generates electricity from effluent water by using turbines or other devices installed in

Produces electricity from wind and/or solar energy by taking advantage of the large

land area of the wastewater treatment plants

Bioelectrochemical systems

Direct conversion of organic matter in wastewater to electricity

the stress of fossil fuel demand, but they require a large
amount of water in feedstock cultivation (e.g., 9,000—
100,000 L/GJ for corn) and conversion process (e.g., 47-50
L/GJ for ethanol) while competing with domestic water use
(World Economic Forum, 2011).

Even more importantly, biofuel production places pressure
on food security because of its demand for food commodity
feed stocks (i.e., corn, sugarcane, soy, canola, sunflower,
palm oil). Land and water have also been competing priorities
for measuring crop production efficiency; land has been the
primary focus in agricultural sectors, although future priori-
ties amid water scarcity may require a shift to water-based
measures of efficiency (Davies et al., 2011). Furthermore,
there is an alignment of food and energy prices because of
their overdependence on fossil fuels (UNEP, 2011). Other
linkages with food security occur because even though ag-
riculture accounts for 70% of global water withdrawals, food
production and its associated supply chain account for only
30% of global energy consumption (WWAP, 2014).

On the other hand, the options to address water shortages such
as water transfer and seawater desalination require a consider-
able amount of energy that places stressors on the energy system
and may not be applicable to all developing settings. Due to
uncoordinated management, the solutions to one resource sys-
tem may cause unintended consequences to another system. For
example, some locations in Hunan province in China received
electricity only every third day in March 2011 because of a
rationing strategy in response to power shortages (Olsson, 2012).
This caused the interruption of water services because treatment
plants and pumping stations were also denied energy.

One analysis of integrated water management identified
that data sharing across sectors is called for, but generally
will not work without policy support to resolve administra-
tive obstacles such as who will maintain the database, who
will pay for it, and who will have access to the shared data
(McDonnel, 2008). For example, water management models
are typically applied to specific watersheds, requiring a high
level of hydrological detail; however, the energy planning
models typically deal with political boundaries and are con-
cerned with siting and cost requirements. Reconciling the
differences between water management and energy planning
models will allow integrated water—energy policy analysis
and address the shared needs of different stakeholders in both
resource systems. Such a modeling framework should be
flexible to allow tailored analyses with different levels of data

requirements, different geographical and climatic conditions,
and different political contexts so that it can be applied to
developing regions.

Research is also needed on how reductions in water demand
can be achieved by improvements in energy efficiency (and vice
versa), especially in the geographical context of different regions
and rural versus urban scales (Grand Challenge 2). There is also a
need to develop nontechnological solutions that are applicable to
the unique socioeconomic circumstances of developing com-
munities and cities. Furthermore, it is critical to recognize the
importance of the two distinctly different political economies of
water and energy, especially because energy makes up a sig-
nificantly larger global economic sector compared to water,
which is more localized and smaller in terms of its economic
impact. In addition, the rate at which new markets, technologies,
and mechanisms of governance develop will differ between the
two sectors. There is also a great need to develop pricing models
that are not solely based on the market but also consider social,
cultural, and distributional impacts (WWAP, 2014).

Immense opportunities also exist to study conflict and res-
olution as they relate to the water—energy nexus because in
many developing regions, energy is currently viewed as a
commodity, while water is viewed as a human right. With
regard to gender inequities, in most parts of the world, women
and girls are responsible for most of the daily work effort as-
sociated with managing water and energy (from obtaining
water to collecting firewood for cooking). In fact, Held et al.
(2013) found that women performed over 99% of the labor
associated with seven of eight water supply and household
treatment interventions. This discussion also points to oppor-
tunities to understand how gender is integrated into a wide
variety of development initiatives (e.g., how women use and
value the space around a water source, Van Houweling, 2015).

Grand Challenge 6: Integrate the Inherent Synergy
Between Development Goals of WASH, Food Security,
and Resource Recovery

The potential to incorporate new technology and strategies
in an integrative approach to provide WASH, food security,
and recover valuable resources provides an opportunity to
utilize knowledge embedded in environmental engineering.
Degraded water quality is obviously a major problem in
many developing regions. For example, loadings of bio-
chemical oxygen demand and nitrogen from household and



28

TABLE 5. GLOBAL ACCESS TO SEWER CONNECTION
AND TREATMENT BY COUNTRY INCOME GROUP

Percent of
Percent of population
population with access to sewer
Country income with access to connection and
level sewer connection treatment
Low income 3.6 0.02
Lower middle 12.7 2.0
income
Upper middle 53.6 13.8
income
High income 86.8 78.9

Based on 2010 data from Baum et al., 2013.

agricultural sources are much higher in developing regions
(WWAP, 2003) that lack sanitation and also suffer from food
and energy insecurity. Thus, there are opportunities to ensure
access to improved water and sanitation while integrating
traditional waste management goals to protect human health
and the environment and resource recovery goals (Guest
et al., 2009). For example, a large source of the total phos-
phorus available in excreted human waste (~3.4 million
metric tons) is produced in developing regions such as Africa
and Asia that have large populations currently unserved by
improved sanitation (Mihelcic et al., 2011). Furthermore, it is
estimated that recovering this valuable nutrient could meet
22% of global phosphorus demand (Mihelcic et al., 2011).
Table 5 shows that a significant percent of the world’s
population not only does not have access to a sewer connec-
tion but also does not see any significant level of centralized
treatment or resource recovery of the generated waste. Thus,
the integration of on-site sanitation provision with sustain-
ability goals of resource recovery must recognize that an on-
site sanitation service chain is prevalent in many parts of the
world (or even some combination of on-site and centralized
management combined with open defecation). Additionally,
this on-site service chain includes not only containment but
additional steps of complexity that cover the overall function
of the system, that is, waste emptying/removal, transport,
treatment, and reuse/disposal (UN Water, 2015b). Each of
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these steps in the service chain not only provides different
opportunities for introducing technology or a behavioral
change that leads to recovery of water, energy/heat, and/or
nutrients but may also result in different health risks.

However, an added shift in the new way to perceive waste
is needed to develop a better understanding about the inter-
connectedness of problems and solutions to the additional
challenges of improving health outcomes with the synergy
between WASH, food security, and renewable energy. This
synergy is depicted in Fig. 4. Included in this figure is envi-
ronmental enteropathy (as discussed in Grand Challenge 4),
which can be prevented by appropriate interventions in
WASH, interventions that can also provide a mechanism to
recover critical resources to improve food security and as-
sociated positive health outcomes.

Anaerobic digester technology

Domestic and agricultural waste can also be an important
source of energy. For example, ~ 35 million household-scale
digesters are estimated to be in service throughout the world
(UNEP, 2010; Bruun et al., 2014), and China plans to install up
to 80 million digesters by 2020 (NDC, 2007). Biogas is an
alternative energy source to burning biomass, which is still
used for 90% of household energy consumption in developing
regions, causing environmental damage through deforestation
and health risks from indoor air pollution (IEA, 2006; Surendra
et al., 2014). A variety of common wastes can be used to
produce biogas through anaerobic digestion: animal wastes,
wastewater biosolids, latrine pit contents, and industrial wastes
(Venkateswara Rao et al., 2010; Galvin, 2013; Kinyua et al.,
2016). Nutrient and organic material associated with the di-
gestate can be recovered and used as a fertilizer or soil
amendment. In addition, anaerobic digestion can reduce the
amount of GHG emissions that would otherwise be released
from the disposal and burning of biomass for fuels and from
chemical fertilizer production (Surendra et al., 2014).

However, many of these digesters are small (ranging from
2 to 10m?) and single stage, being operated under semi-
continuous loadings at mesophilic temperatures (between
20°C and 35°C) and under different feeding frequencies
(Manser et al., 2015a), conditions that are not necessarily
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TABLE 6. EXAMPLE B10GAS RESEARCH NEEDS IN DEVELOPING REGIONS OF THE WORLD

Increase efficiency of biogas digesters in colder climates

Design more affordable and durable biogas digestion systems

Assess efficient digestion of alternative substrates such as straw, kitchen waste, and other biomass
Innovate use of affordable fuel cells in biogas digestion systems to produce electricity

Determine reliability of biogas digester energy supply

Develop better methods of predicting biogas production and consumption

Assess efficient and affordable biogas distribution systems

Evaluate the potential of other available agricultural and food wastes (e.g., straw) that lack chemical properties for efficient

fermentation (including codigestion)

Assess health risks associated with reuse of carbon, nitrogen, phosphorus, and other nutrients found in the digestate

Chen et al., 2010; Bond and Templeton, 2011; Bruun ez al., 2014; Manser et al., 2015b.

destructive to all human pathogens (Manser et al., 2015b).
This has major implications for the safe reuse of potential
resources found in the digestate and, importantly, points to the
need to better understand the life cycle and fate of geograph-
ically relevant pathogens in resource recovery technologies
integrated with on-site sanitation (Mehl et al., 2011), anaero-
bic digestion (Manser et al., 2015b), and wastewater treatment
(Verbyla et al., 2013b; Verbyla and Mihelcic, 2015).

There are other nonhealth-related constraints of anaerobic
digestion technologies that must be addressed to improve their
efficiency, sustainability, and distribution in developing re-
gions (Table 6). For example, it is estimated that only 60% of
digesters in China were operating efficiently (Chen et al.,
2010) with even lower values in other countries where biogas
digesters are less common, such as sub-Saharan Africa (Bond
and Templeton, 2011). Many of these digesters are distributed
in a decentralized manner and operated by households and
small farms. This provides challenges in understanding local
cultures so that energy production can be matched to local
demand as well as transfer of a technology that requires so-
phisticated training.

In addition, although biogas digesters can reduce GHG
emissions when properly functioning, it is estimated that up to
40% of methane (CH,4) from biogas digesters may be lost due to
leaks and direct releases (Bruun et al., 2014). Because methane
is a powerful GHG, with a global warming potential 25 times
greater than carbon dioxide, improperly operated biogas di-
gesters may be contributing 1% of global GHG emissions, with
a projected increase to 2% by 2020 (Bruun et al., 2014). Future
emphasis on biogas technology should thus include improved
maintenance of existing systems rather than construction (Chen
et al., 2010), so the technology helps mitigate and not exacer-
bate GHG emissions (Bruun et al., 2014). A key component of
this will be less expensive gas storage and better distribution to
more effectively match gas production with demand because
the largest contributor to biogas digester GHG emissions is
thought to be the intentional release of excess biogas.

The high cost of anaerobic digestion systems is another
major limiting factor in adoption. Environmental engineers
also need to identify more affordable ways to recover
methane from various wastes using low-cost, but durable,
anaerobic digestion systems such as polyethylene tubular
systems (Venkateswara Rao et al., 2010; Kinyua et al., 2016).

Reclaiming water

In addition to energy and nutrients, a great resource de-
rived from wastewater is water. Reclaimed water, after site-

specific treatment to minimize risk, could be better employed
to irrigate and fertilize crops and thus contribute to food se-
curity in developing regions. This is important because 20—45
million hectares in the world are now irrigated with reclaimed
wastewater (Sato et al., 2013) and approximately three-
quarters of the world’s irrigated area (192 million hectares) is
located in developing regions. Complexing this issue is the
unavailability of treatment capacity in many of these loca-
tions; that is, 1.5 billion people utilize wastewater collection
systems that are not served by any treatment (Baum et al.,
2013). Integrating wastewater collection and treatment with
water and nutrient recovery, even in small community-
managed systems (serving <1,000 residents), can signifi-
cantly reduce eutrophication potential, embodied energy, and
carbon footprint (Cornejo et al., 2013). Further issues to
consider are that 87% of small farms are located in Asia and
8% in Africa and 90% of agriculture production in Africa
occurs on farms of two hectares or less (UNEP, 2011).
There are also major gains to be made in the overall effi-
ciency of water used for agriculture, which accounts for 70%
of the world’s water consumption (FAQO, 2002). Particularly, it
will be important to improve water efficiency of crop pro-
duction (FAO, 2002). In fact, the future 30 years of im-
provements in crop production are expected to be from the
blue revolution that will utilize new technologies and strate-
gies (FAQO, 2002), which may be more appropriate for a vast
number of farms that currently depend on rain-fed agriculture.
Environmental engineers may want to focus on improving
yields of rain-fed agriculture, which accounts for 60% of the
world’s food and 95% of Africa’s cropland (FAO, 2002).
Another important component of food security will be the role
that urban agriculture plays to improve food security as the
shift of populations becomes even further urbanized. Finally,
water scarcity will also impact our design and selection of
sanitation technology. This is because there may not be suf-
ficient water to operate sanitation technologies that convey
waste in sewers and flush toilets, particularly for the 46 million
people who live in areas of water scarcity (Fry et al., 2008).

Hygiene and nutrition

In addition to preventing the spread of infectious diseases,
the provision of WASH services can also help ensure nutrient
absorption from food, particularly in developing regions,
where 791 million of the 805 million people estimated to be
chronically undernourished reside (FAO, 2014). Of the four
Food and Agriculture Organization (FAO) food security in-
dicators, utilization (of nutrients), which includes access to
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improved water and sanitation, is thought to be the greatest
challenge (FAO, 2014). However, existing health impact
modeling used to estimate the impact of climate change on
undernutrition does not account for nutrient utilization, but
instead covers only crop productivity and access (WHO,
2014). Although much progress has been made toward
achieving the first MDG of halving those suffering from
hunger, incidences of stunting, micronutrient deficiencies,
and underweight children remain high throughout developing
regions, which may be attributed to diarrheal disease and
environmental enteropathy (FAO, 2014; Ngure et al., 2014).
It is thus not enough to provide adequate and nutritious food,
but importantly sufficient WASH is also required so that food
can be properly adsorbed by the human body, particularly in
children <2 years of age.

For example, the promotion of handwashing (Naughton
et al., 2015a) and the use of improved sanitation for those
practicing open defecation have been recommended to prevent
environmental enteropathy and diarrheal disease, although
there is growing concern over children’s exposure to fecal
contaminants from animals and humans in their play areas
(Ngure et al., 2014; Whiteford and Vindrola Padros, 2015a).
Thus, environmental engineers, in collaboration with social
scientists, will be needed to research the effectiveness of hy-
giene and sanitation interventions on health burdens caused
not only by diarrheal disease but also by stunting and defi-
ciencies in early childhood development. In fact, the concept
of baby WASH has been proposed to address the concerns of
environmental enteropathy and infectious diseases as an ad-
dition to early childhood development programs. This would
provide barriers to the key animal and human fecal—oral vec-
tors of hands and hand-to-mouth activity (Ngure et al., 2014).

Grand Challenge 7: Transition to a Green Economy

There are many opportunities for the discipline of envi-
ronmental engineering that will emerge as developing re-
gions transition to a green economy. UNEP (2011) envisions
the green economy as low in carbon, resource efficient, and
socially inclusive. Table 7 provides some characteristics of
the green economy. Infrastructures related to providing
transportation, shelter, water, and sanitation are seen as key
factors for growing the green economy (World Bank, 2012).
However, because of inefficiencies in existing infrastruc-
tures, there are many opportunities to optimize resource ef-
ficiency and productivity gains (AfDB, 2012). Fortunately,

TABLE 7.

MIHELCIC ET AL.

repairing, reconditioning, remanufacturing, and recycling are
already embedded in the economic structure in developing
regions because they require small investments of capital and
are relatively labor intensive.

One challenge to achieving a low-carbon economy in de-
veloping regions such as Africa will be the presence of pro-
ven or probable oil and gas reserves (applicable to 45 of 54
African countries) (AfDB, 2012). Additionally, at this point
in time, renewable energy sources, such as hydropower,
geothermal, solar, and wind, make up only 1.5% of the
world’s primary energy supply (IEA, 2012). Furthermore, in
sub-Saharan Africa, the contribution to GDP from mining
and quarrying is much larger than economic sectors more
familiar to environmental engineering, such as agriculture,
manufacturing, transport, construction, electricity, and gas
and water (World Bank, 2012).

Solid waste management

The global waste market is currently worth U.S. $410
billion/year (includes collection to recycling), excluding
the informal sector (UNEP, 2011). The informal sector, if
supported to end exploitation, can create economic well-
being, conserve materials, and reduce pollution (Medina,
2000). Sorting and recycling solid waste also generate 10
times more jobs than landfilling or incineration on a per
weight basis (UNEP, 2011). However, generation rates,
discard rates, and waste composition differ greatly between
rural and urban locations and between developed and de-
veloping regions (e.g., there is a greater percent of organics
in developing waste streams) (Troschinetz and Mihelcic,
2009).

Also, waste composition is expected to change as a country
develops or urbanizes, just as health burdens are expected to
change. Furthermore, developing communities may seek
options to manage waste at smaller scales. For example,
factors designated as incentives to advance waste reduction
already exist at the household level in some developing
communities, specifically in regard to waste reduction and
segregation practices, whereas some barriers exist at the na-
tional or regional levels, namely government policies and
finances (Post and Mihelcic, 2010; Owens et al., 2011).
Furthermore, development and demonstration of appropriate
methods to safely dispose of municipal solid waste are des-
perately needed for small cities and towns (Oakley and
Jimenez, 2012).

SOME CHARACTERISTICS OF THE GREEN Economy (FRoM UNEP, 2011)

Low or zero carbon emitting

Green energy and material inputs replace brown energy and material inputs in manufacturing

Opportunities to reduce waste and inefficiencies,
Develop renewable energy and waste recovery systems

Improve recovery and recycling of scarce resources such as metal ores and water

Closed cycle manufacturing,
Less polluting raw material selection and processing
Integration of by-products into production value chain

Life cycle thinking that leads to extended life of manufacturing products

Self-contained aquaculture systems

Forests are recognized to provide ecosystems, services that include watershed services related to flow regulation, flood
protection, and water treatment, and serve as a source of genetic materials, and cultural services.

Inequities in water provision are removed because it is recognized that they result in social costs and economic
inefficiencies because of time spent collecting water and/or disposable income devoted to purchase of water
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Grand Challenge 8: Advance Monitoring, Evaluation,
and Assessment

Opportunities and challenges in data collection

Inherent to advancing sustainable development are tasks
related to monitoring, evaluation, and assessment of inter-
vention effectiveness and improvements in health and
environmental protection, as well as social and economic
well-being. There are large opportunities to use satellite re-
mote sensing and geographical information systems to assess
and predict ecosystem responses to environmental change
and support development activities in developing regions
(Pettorelli et al., 2014; Naughton et al., 2015b).

Recent trends in monitoring, evaluation, and assessment
have been toward the use of smart systems that leverage the
near ubiquity of telecommunications. Remote sensing and
mobile communication technologies are allowing individuals
in developing regions to capture and analyze data in real time.
In fact, the application of mobile communication technolo-
gies to research in developing regions has opened up many
research opportunities; for example, determining how pay-
ment of water bills with mobile-enabled payment schemes
impacts local corruption (Krolikowski, 2014) and how this
technology may influence governance of water resources
(Mongi et al., 2015). In addition to this machine-to-machine
monitoring, there is also increased ability to capture and
utilize information from the public through crowd sourcing.
These technologies have increased the amount and detail of
available data, which in turn lead to better learning and more
informed decision-making.

Those working in this area need to partner with govern-
ments and other stakeholders to prioritize their objectives
with regard to monitoring and evaluation. More importantly,
environmental engineers should continue to develop new
technologies so that the availability and easy adaption of off-
the-shelf systems will allow countries to roll out national
monitoring platforms at a lower overall cost. The savings
from the development of these systems will allow govern-
ments to reallocate funds toward other activities and re-
sponsibilities that are often underfunded or do not receive any
funding. These include activities related to regulation, gov-
ernance, and capacity building of local government entities.

Even with advances in data-gathering techniques, one
continuing challenge is the lack of sufficient and reliable
data. For example, greater than 50% of countries with a low
and medium HDI do not have a management system in place
for assessing their water resources (UNEP, 2012). In terms of
monitoring systems, countries also report problems with
monitoring, often associated with inappropriate technology
or the total absence of monitoring networks (UNEP, 2012).
Water meters, which have been shown to be an effective
economic instrument to change behavior, are still not used in
most countries (UNEP, 2012). A survey of 181 countries also
revealed that 126 did not have data on wastewater generation,
treatment, and use (Sato et al., 2013).

The challenge also remains that monitoring data that are
collected and analyzed (along with findings and recommen-
dations) need to be accessible and presented in a format that is
easy for all stakeholders to understand. Furthermore, a survey
of the indicators currently used at the country level for
monitoring and measuring the performance of water re-
sources management suggested that development status does

not constrain progress in improving water management.
While countries reported having available up to 13 indicators
to manage their water resource, they use a smaller number of
indicators that would allow for more integrated management
(e.g., governance [only 2 indicators], risk assessment [only 3
indicators], human health [only 4 indicators], food, agricul-
ture, and rural livelihoods [only 4 indicators], and ecosystems
[only 5 indicators]) (UNEP, 2012). There is also need for
indicators that address on-the-ground cultural practices that
influence demand and use of water and energy (Whiteford
and Vindrola Padros, 2015b). Regarding the study of the
water—energy nexus discussed previously (Grand Challenge
5), more aggregated data are available on energy than on
water provision (WWAP, 2014).

With the passage of the SDGs, organizations and institu-
tions are recognizing the importance of monitoring systems
and the value added through coordinated monitoring efforts.
In the field of water, wastewater, and ecosystem resources,
the WHO and UNICEF created the Joint Monitoring Pro-
gramme for Water Supply and Sanitation (JMP) and the
Global Analysis and Assessment of Sanitation and Drinking
Water (GLAAS). UN-Habitat will be developing a comple-
mentary tool that will capture data on ambient water quality,
expanding on similar data captured under FAO’s AQUA-
STAT. Overall, this GEMI initiative seeks to integrate ex-
isting efforts to ensure more harmonized monitoring of the
entire water cycle (UN Water, 2016).

Life cycle assessment

In terms of assessing the environmental sustainability of
new technologies or strategies, UNEP and Society of En-
vironmental Toxicology and Chemistry (SETAC) have made
the mission of their third phase of the Life Cycle Initiative
(2015) to enable the global use of credible life cycle
knowledge for more sustainable societies. However, there is
still much research and knowledge dissemination required for
application of LCA in developing regions.

LCA has been used only to a limited extent in developing
regions; for example, in developing a tool to assess the sus-
tainability of WASH projects (McConville and Mihelcic,
2007). It has also been used to determine the embodied ma-
terial (and sometimes the embodied human energy) of com-
munity water supply and household treatment (Held et al.,
2013), wastewater treatment integrated with resource re-
covery (Cornejo et al., 2014), types of household latrines
(Galvin, 2013), and traditional and improved methods that
support food and economic security (e.g., through the pro-
duction of shea butter) production (Adams, 2015; Naughton,
2016).Thus, there are many research opportunities and ap-
plications to sustainable development particularly in envi-
ronmental engineering to utilize LCA in developing regions.

Two major reasons LCA is used less in developing settings
are because of the lack of both inventory and environmental
measurement data as well as lack of institutional knowledge and
expertise in LCA (Ahmed, 2012; Bjorn et al., 2013). For ex-
ample, of 100 LCA networks identified by Bjorn et al. (2013),
there were only two in Africa, including the African Life Cycle
Assessment Network (ALCANET, 2011). Furthermore, none
of the 13 life cycle impact assessments of timber products
reviewed by Eshun er al. (2011) were developed for tropical
areas such as Africa, but rather for developed regions where



32

populations interact differently with their environment. In ad-
dition, an environmental impact quantified by LCA such as
eutrophication may have a different meaning in a developing
region, depending on the access to policy and technology
strategies used or nutrient management.

Grand Challenge 9: Integrate Culture, Perception, and
Behavior with Advances in Science and Technology

Benefits of engineering will not be realized through simple
technology transfer from developed to developing regions
(Lowe et al., 2013). For example, during the Green Re-
volution of the 1970s, Western development agencies em-
ployed teams of social scientists (often after the initial design
and intervention) to facilitate the application of agricultural
technologies that promised to increase crop yields for re-
ducing poverty and famine. The replacement of traditional
farming methods with these new technologies (and their as-
sociated costs), however, turned otherwise cooperative
farmers into competitors for profit, generating wealth for a
few, while exacerbating poverty for many (Michie, 1973;
Cohen, 1975). The new technologies were not sustainable in
this case because culture and tradition were seen as obstacles
to progress and therefore as external to processes of institu-
tional change (Pingali, 2012) instead of being embedded in it
(Tucker, 2014).

Complexity of intersecting socioeconomic
and environmental factors

Subsequent research has convincingly demonstrated that
factors such as political interests, economic inequalities, so-
cial disparities, environmental legacies, and other structural
dynamics both enable and constrain community agency
(Welker, 2012). These factors combine in complex ways to
condition the adoption and sustainability of new technologies
(Wells et al., 2016). Moreover, the legitimate involvement of
all stakeholders in decision-making processes is known to
positively impact the successful implementation of sustain-
able solutions (Whiteford and Vindrola Padros, 2015a). Un-
fortunately, most countries, especially those with medium
and low HDIs, are making slow progress in engaging stake-
holders by providing them access to information, access to
decision-making processes, or engaging the public in water
resources management (Whiteford et al., 2016).

Africais particularly notable for falling behind other regions
in this regard (UNEP, 2012). Furthermore, Manser et al.
(2015b) and Mehl et al. (2011) have demonstrated how en-
gineered technologies now promoted for resource recovery
objectives in developed regions in the northern hemisphere
may not be sufficient to destroy harmful pathogens common to
tropical locations. Users may also adopt such green technology
for reasons that are not related to their environmental sus-
tainability (Wilbur, 2014; Trimmer et al., 2016) (e.g., nuisance
smells or the issue of flooding in a coastal area may be the
drivers in adopting a composting or urine-diverting latrine).
There is thus a need to build capacity for community agency to
select context-sensitive adaptation strategies and culturally/
geographically appropriate technologies with attention to the
structural relationships surrounding communities.

One approach to understanding the complexity of inter-
secting socioeconomic and environmental factors that inform
and are informed by local knowledge is to use complex
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systems modeling and simulation (Winz et al., 2009; Mirchi
et al., 2012; Sharawat et al., 2014). However, some of these
approaches have been criticized because they rely on cost—
benefit (or trade-off) analyses that are based on the principle
of maximizing efficiency (Cote and Nightingale, 2012; An-
drei and Kennedy, 2013). In developed regions, for example,
technology is embedded in the marketplace, which favors
efficiency to reduce costs (and wastes) and increase benefits
(and profits). Such ideals have influenced Western notions of
sustainability, especially in the engineering sector (Bell et al.,
2011; Grant et al., 2012; Wan Alwi et al., 2014).

However, in many developing regions, technological
systems are often not driven by market forces alone, but in-
stead are embedded in social institutions that operate on
different values and principles (Jackson, 2006). For example,
in some communities, the operation of water and sanitation
systems may be organized through kinship relationships
(Fleuret, 1985) or religious institutions (Lansing, 1987),
neither of which necessarily makes decisions based on ra-
tional notions of efficiency (Orlove and Caton, 2010).

Importance of social science

Recognizing these differences, environmental engineers
need to be aware that social science is making two important
contributions to situating novel technologies in different cul-
tural and geographic settings. First, by studying how and why
people draw on social or moral values to guide decision-
making, local perceptions of human—environmental phenom-
ena can be understood. One example of this is the negative
reactions at the idea of using resources derived from wastes,
such as is often encountered with reclaimed or recycled water.

The social sciences can also help discern how to incorporate
local perceptions of purity and pollution into understanding
how people engage with waste reclamation technologies and
products (Po et al., 2005; Whiteford and Whiteford, 2005;
Nancarrow et al., 2008; Rodriguez et al., 2009; Russell and
Lux, 2009; Mankad, 2012). Doing so can obviate the inherent
problems in using behavioral incentives to encourage changes
in practice, which often assume that people are lazy (and
therefore require motivation), uninformed (and therefore re-
quire education), or self-interested (and therefore require a
change in values). In many developing settings, individual
choice—and the ability to carry out actions—is often con-
strained by structural conditions, including social obligation,
access to resources, and local politics.

One solution to this challenge is for environmental engi-
neers to incorporate tools such as those employed in social
marketing. Social marketing is the application of marketing
skills and tools for noncommercial purposes, such as
changing perceptions and practices to enhance health status.
When applied to the discipline of environmental engineering,
this translates into social scientists incorporating ethno-
graphic research methods (e.g., interviews and focus groups)
and program evaluation to influence the voluntary behavior
of the target population for the benefit of the public (Kotler
and Zaltman, 1971; Andreasen, 1995, 2006; Brown, 1997;
Lee and Kotler, 2011; Guang and Borges, 2012). This ap-
proach has proven especially useful in the context of recov-
ering resources from wastewater (Johnson, 2003; Doria
et al., 2009; Dolnicar et al., 2010; Dolnicar and Hurlimann,
2011; Kemp et al., 2012).
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A second way in which the environmental engineering
discipline needs to understand how social sciences can con-
tribute to the sustainability of context-sensitive technologies
is through basic research that results in enhanced under-
standing of social and cultural settings for technology de-
ployment. The primary unit of development intervention is
often the community, which is defined based on the resi-
dential proximity of households to one another (Conning and
Kevane, 2002; Mansuri and Rao, 2004). However, social
science research has shown that communities are not simple
geographical constructs, but have multiple sociospatial and
sociopolitical meanings to their residents (Israel e al., 1998).
Moreover, these meanings can shift, sometimes significantly,
depending on the stakeholder groups involved (Billgreen and
Holmén, 2008). Water and sanitation systems and watershed
and ecosystem management can thus cross multiple com-
munities and be subject to larger institutional arrangements at
multiple scales as well as imbalances in the distribution of
resources (Linton, 2014; Linton and Budds, 2014; Whiteford
et al., 2015a).

Such challenges of scale (Cash et al., 2006) sometimes
lead to misunderstandings and miscommunications that can
impede the sustainability of water systems (Marston, 2000;
Norman et al., 2012; Haarstad, 2014). Social science research
shows that communities should not be idealized as internally
homogeneous and externally bounded entities. Instead,
communities are historically changing networks of actors and
institutions operating according to diverse motivations and
desires (Wells et al., 2014). From this perspective, the con-
texts and conditions, as well as the social and spatial scales, in
which people make decisions about resource use, can be re-
vealed (MacKinnon, 2010).

Grand Challenge 10: Educate Globally Competent
Engineers

Developing the global competency of engineers is critical
for solving all the grand challenges discussed in this special
issue. The NRC (1999) and the NAE (2004) have previously
called for engineers to be educated in global competency.
Furthermore, the Accreditation Board for Engineering and
Technology (ABET) has stated through Criterion 3(h) that all
engineering graduates should have a broad education nec-
essary to understand the impact of engineering solutions in a
global, economic, environmental, and societal context. Glo-
bal competency has been defined as the ability for an engi-
neering student to understand and work effectively with
engineers and other coworkers from countries other than the
student’s own country, especially those who may solve and
define problems differently than the student (Downey et al.,
2006). Four core competencies have been identified as a
framework to develop engineering curriculum and training
programs: (1) development of language and cultural skills,
(2) teamwork and group dynamics, (3) knowledge of inter-
national business and engineering cultures, and (4) knowl-
edge of variations in international engineering education and
practice (NRC, 1999).

Importantly, Shen et al. (2011) have performed com-
parative studies that demonstrate the importance of in-
ternational experiences in the development of global
competency. What is troubling is that during the 2012/
2013 academic year, 144,804 international engineering

students studied in the United States while fewer than 12,000
U.S. engineering students did any learning abroad (this
number does not include noncredit work, internships, and
volunteering abroad). Furthermore, the number of engineer-
ing students studying abroad makes up only 4.1% of the
289,408 U.S. students who studied abroad in 2012/2013. U.S.
engineering students also have one of the lowest participation
rates by field of study; in fact, more health professional
students study abroad and their international engineering
student colleagues’ participation is only eclipsed by business
and marketing majors (IIE, 2014).

While several education programs exist to develop global
competency of early career engineers (Mihelcic et al., 2006;
Mihelcic et al., 2008; Trotz et al., 2009; Mihelcic, 2010; Jesiek
et al., 2014), most engineering educators still assume this is a
topic to be addressed in courses taken in social sciences and
humanities. Further complicating the development of global
competency is that only 3% of U.S. students study abroad for
an academic or calendar year; 60% of all U.S. students who
study abroad only travel internationally for a short term (i.e.,
summer or <8 weeks). Programs such as the Peace Corps
Master’s International program for civil and environmental
engineering graduate students use a nontraditional university
partnership and place students overseas for 2+ years of edu-
cation, engineering practice, and research (Mihelcic, 2004,
2010; Mihelcic et al., 2006; Manser et al., 2015c¢).

What is especially needed is to revise curriculums and
cocurricular programming to integrate the four core global
competencies, promote high-impact educational practices,
including service learning and study abroad, employ non-
traditional learning methods such as social media (Verbyla
et al., 2014), globalize our environmental engineering text-
books (such as was done in Mihelcic and Zimmerman, 2014),
develop nontraditional partnerships (Mihelcic, 2010), ad-
vance existing methods to evaluate global competency
(Widmann and Vanasupa, 2008; Jesiek et al., 2012; Manser
et al., 2015c¢), take better advantage of international students
in our classrooms and laboratories, and determine how to
provide international opportunities to a larger and more di-
verse group of students, especially those who have financial
need. We have also determined that the international research
experience is more transformational if the student engages in
meaningful work-related activities outside a laboratory
(Vernaza-Hernandez and Feldman, 2016).

As a holistic, comparative, and action-oriented field of
applied research, sustainability science can be used in the
implementation of these practices to help students understand
the ways and extent to which they are interconnected with
other people and places across the globe and how their beliefs
and behaviors influence and are influenced by these inter-
connections. Doing so can cultivate students as engaged
global citizens skilled in problem solving, attentive to human
diversity and cultural complexity, and instilled with a sense
of personal and social responsibility to address present and
future Grand Challenges particularly those in developing
regions.

Summary

Environmental engineering has a critical role in assuring
the well-being of the global population and must continue to
adapt to current and future challenges and collaborate with
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existing and new partner disciplines. In this study, we present
10 Grand Challenges that the discipline of environmental
engineering can address to improve the social, economic, and
environmental well-being of present and future generations
in developing regions of the world. Our hope is that this
discussion leads to a better world through monumental im-
provements in the environment and human well-being and
drives new innovations and opportunities in education, re-
search, practice, and service. Most importantly, any transfer
of technology and strategies must consider local climatic,
health, socioeconomic, and cultural conditions so that mu-
tually beneficial outcomes between developed and develop-
ing regions can be attained (Mihelcic et al., 2007).
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