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Abstract

Meeting the demand for food, energy, and water to sustain the worldwide growth of urban population is a major challenge. Several
recent reports have concluded that one approach to overcome this challenge is to recover and recycle resources within the food-energy-
water (FEW) nexus in urban settings. Urban wastewaters (UWW) are now being recognized as a resource, rich in nutrients and energy,
rather than a waste stream that has to be treated and disposed of at the expense of significant energy input and associated environmental
emissions. Reclaiming reusable water, nutrients, and energy from UWWs can contribute to autarky of FEW nexus and render the
wastewater management process sustainable and potentially profitable. This paper presents a novel approach to treat UWW with the
potential for high recovery of energy, nutrients, and water from UWW for use in food crop production. This approach entails cultivation
of energy-rich algal biomass in primary-settled UWW followed by extraction of biocrude and nutrients from the algal biomass by
hydrothermal liquefaction. A fraction of the recovered nutrients is recycled to boost biomass production while the rest can be stockpiled
for use as fertilizer. Results from a pilot scale field study conducted at a local wastewater treatment plant confirmed that the algal system
can achieve >80% removal of organic carbon, ammoniacal-nitrogen, and phosphates in UWW, meeting the respective discharge
standards in a single step, with a batch process time of three days.
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1. Introduction

Food, energy, and water (FEW) have long remained vital needs
for human well-being and civilization. Following the industrial
and agricultural revolutions, FEW needs of the growing
populations have been met by highly centralized and
mechanized FEW infrastructure systems. The rapid transition
from the natural infrastructure (e.g. rain-fed agriculture) to the
engineered infrastructure (e.g. pumped groundwater irrigation)
has led to scarcities and insecurities due to pollution (e.g.
runoff), resource degradation (e.g. groundwater depletion), and
external drivers (e.g. climate change). It is now acknowledged
that the technologies embedded in current FEW infrastructure
systems are not sustainable because of their heavy reliance on
non-renewable resources (e.g. fossil fuel, phosphorous) and their
long-lasting ecological impacts (e.g. global warming,
eutrophication). For example, over the last 25 years, the world
economy has quadrupled, while 60% of the world’s major
ecosystem goods and services have been degraded or used
unsustainably [1].

With nearly 70% of the world population already concentrated
in towns and cities, and with continuing trends in population
growth and sprawl of metropolitan areas, provision of the basic
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human needs of food, energy, and water to the urban inhabitants
is seen as a major challenge. Being net consumers of food,
energy, and water, current urban infrastructure that continues to
rely on obsolete technologies to provide these basic needs is not
sustainable. Development of innovative infrastructure that can
recover and recycle energy and materials within the food-
energy-water (FEW) sectors of urban environments could be one
of the options to improve the sustainability of urban and
agricultural systems.

Intensifying production to meet the FEW needs of growing
populations with limited resources is a challenging task because
the FEW techno-sectors are interrelated and interdependent, in
space and time, directly and indirectly, in complex manners.
Many agencies now agree that a sustainable autarky in these
sectors could be achieved taking advantage of synergies and
addressing tradeoffs in the FEW nexus for sustainable
intensification to balance growing demand and declining
resources. Some options for improving sustainability include
decoupling economic development from resource utilization;
maximizing resource use efficiency; and minimizing impacts on
the ecosphere. Using biofuels generated from waste streams and
renewable feedstock to augment fossil fuels, for example, is one
way to decouple economic development from resource
utilization, maximize resource use efficiency, and minimize
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ecological impacts. Past research and practice in the FEW
sectors had focused on improving productivities to achieve
sector-specific optima; to improve sustainability in these sectors,
it is necessary to go beyond sectorial performance and strive
towards system efficiency through technological innovations
and tradeoffs.

This paper presents an algal-based, photosynthetically
oxygenated waste-to-energy recovery (POWER) process for
recovering energy, water, and nutrients from urban wastewaters
(UWW) for use in the food production sector. By recovering and
recycling resources within urban/agricultural systems, and
harvesting net energy from the wastewater, the POWER process
has the potential for achieving sustainable autarky in the FEW
nexus.

2. The POWER Process

Urban wastewaters (UWW) are now being recognized as a
resource, rich in nutrients and energy, rather than a waste stream
that has to be treated and disposed of at the expense of
significant energy input and associated environmental
emissions. Traditional wastewater treatment plants employ a
series of processes, each designed to remove a target constituent
of UWW: suspended solids by primary processes; dissolved
organics by secondary processes; nutrients by biological nutrient
removal processes; and, pathogens by disinfection processes. As
they remove their target constituents from the wastewater, most
of these processes consume significant fossil fuel-derived
energy. For example, energy consumption by traditional
wastewater treatment technologies has been reported to be 1.48
kW-hr per kg of Biological Oxygen Demand (BOD) removal;
13.44 kKW-hr per kg nitrogen (N) removal; and 6.44 kW-hr per
kg phosphate (P) removal [2]. On average, power consumption
for aeration in the activated sludge process averages 0.3 kKW-hr
per cu m (~1 kJ/L) of wastewater treated [3]. Emissions
associated with the energy demand for wastewater treatment in
the US have been estimated as 15.5 teragrams (Tg) CO2-
equivalents, an acidification potential of 145 gigagrams (Gg)
SO2 equivalents, and eutrophication potential of 4 Gg PO43-
equivalents [4]. As such, the traditional UWW treatment
technologies are seen as unsustainable.

While the focus of traditional UWW treatment practice had been
to meet discharge standards for effluent and stabilize the solids
generated during treatment, current research is focused on
minimizing energy consumption in UWW treatment and
recovering energy from the wastewater as well as the solids. The
POWER process developed in this study affords UWW
treatment, net energy production, and recovery of irrigation-
quality water and high-purity crop fertilizers. The strain used in
the POWER process is Galdieria sulphuraria, capable of
heterotrophic growth under elevated temperatures of 25-56°C
and low pH of 0.9 to 4 [5]. The POWER process enables single-
step removal of carbon (BOD) and nutrients such as nitrogen (N)
and phosphates (P) from UWWSs through heterotrophic
metabolism. Specific advantage of this system over the
traditional heterotrophic bacteria-based activated sludge process
stems from the fact that stoichiometric carbon-to-nitrogen (C:N)
ratio in UWW is closer to that of algal biomass composition than
to that of heterotrophic bacteria. As such, the proposed algal
system is capable of incorporating all the C, N, and P in UWW
into biomass without any energy input and without any loss of
C as CO2 as in the current activated sludge process. Another
advantage of the POWER process is that it conserves the energy
currently being expended in the activated sludge process for
oxidizing BOD. In addition, solar energy captured by the

POWER process via photosynthesis is also incorporated into the
algal biomass.

The energy-rich biomass cultivated in the wastewater is then
hydrothermally processed in the POWER process to yield four
product streams- biocrude, biochar, an aqueous phase, and off-
gases. A large fraction of the energy in the algal biomass is
recovered as biocrude and biochar; while most of the N in the
algal biomass is solubilized in the aqueous phase for recovery
and reuse as fertilizers; the P in the biomass is concentrated in
the biochar, which can be used as a soil amendment or processed
to extract the P for use in fertilizer formulation. Since the
hydrothermal process is operated at 200-3000C, its products can
be used in crop production with minimal risks. Salient features
of the traditional wastewater treatment system and those of the
POWER process are compared in Figure 1.
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Figure 1. Salient features of traditional wastewater
treatment process (a) and the POWER process (b).
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3. Materials and Methods

The POWER process has been validated under laboratory
conditions and under field conditions at a local wastewater
treatment plant [6-10]. The laboratory studies evaluated the
ability of Galdieria sulphuraria in growing in sterilized primary
settled wastewater collected from the local wastewater treatment
plant. These tests were conducted in 6-mL batch reactors under
artificial light and controlled environment.

Based on the promising results from the laboratory tests, a pilot
scale system was developed to validate the POWER process
under field conditions. The pilot scale cultivation system is

based on the traditional raceway configuration but incorporated
a low-cost, enclosed photobioreactor (PBR) fabricated out of
transparent polyethylene tube (of diameter = 1.83 m; and wall
thickness =10 mm) as shown schematically in Figure 2.

This enclosed PBR design circumvented several of the
drawbacks of the traditional, open raceway configuration: odor
emissions, evaporative water losses, potential for invasion and
contamination; and loss of COz [11]. Due to the thermophilic
nature of Galdieria sulphuraria this PBR configuration does not
require any cooling. Culture temperatures typically ranged 31 -
50 °C.

Translucent plastic tubular enclosur‘l\

Drive motor

The pilot scale system was fed with primary effluent, whose
dissolved BODs ranged from 40 to 60 mg/L; NH4-N ranged from
35-40 mg/L; and P ranged from 6 to 8 mg/L. This PBR design
was tested at two scales- one at 300-L scale and one at 700-L
scale. The cultures were kept in circulation by a paddle wheel
system, driven by a 0.2 kW electric motor. Figure 3 shows the
fabrication of the enclosed PBR; Figure 4 shows the field
installation of the 700-L PBRs at the local municipal wastewater
treatment plant.
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Figure 4. Field installation of the 700-L enclosed
photobioreactors at the local wastewater treatment plant.
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3. Results

Tests conducted under laboratory conditions and field
conditions confirmed that Galdieria sulphuraria is able to grow
in primary settled UWW.

Growth and nutrient uptake rates found under laboratory
conditions with primary settled wastewater were comparable to
or better than those found with the standard artificial growth
medium. Nutrient removal rates by Galdieria sulphuraria were
found to be higher than those reported in the literature for other
algal strains. The removal rate of BOD by Galdieria sulphuraria
is also higher than that reported for the traditional activated
sludge process.

Hydrothermal liquefaction studies on the algal biomass
cultivated in these tests showed that biocrude yield of 22% could
be attained with a net energy ratio of 1.25. Laboratory studies
also confirmed that Galdieria sulphuraria could grow in the
aqueous phase recycled from the hydrothermal liquefaction
process without causing any inhibition. Net energy yield
estimated from these laboratory studies confirmed that this
process can be potentially more energy efficient than
mainstream anaerobic processing (3.6 kJ/L vs. 2.16 kJ/L).
Results from the laboratory tests are summarized in Table 1.

Table 1. Summary of results from laboratory tests on
Galdieria sulphuraria (GS).

Test Results

Mixotrophic growth ~ Max. density of 2.7 g/L in UWW
of GSin UWW vs. 1.6 g/L in std. growth medium
N-removal from Removal rate of 8.02 mg/L-d
UWW by GS vs. ave. of 6.36 mg/L-d in literature
P-removal from Removal rate of 1.69 mg/L-d
UWW by GS vs. ave. of 1.34 mg/L-d in literature
BOD-removal from 1" order rate of 0.7 1/d vs. ave.
UWW by GS of 0.29 1/d for aerobic process
Biocrude yield by Optimum yield of 22% @ 275°C with
HTL of GS net energy ratio of 1.25

Growth of GS in Growth rate of 0.18 g/L-d

recycled AP of HTL  vs. 0.134 g/L-d in std. medium

Net energy yield via  Estimated 3.6 kJ/L vs. 2.16 kJ/L
HTL of GS by McCarty et al (2011)

The pilot scale studies at the local wastewater treatment plant
have been on-going for the past one year. This pilot scale system
is fed with primary effluent, after adjusting the pH to 3.0.

Typical results from the tests conducted at the local wastewater
treatment plant in batch mode (3 x 700-L photobioreactors) are
shown in Figure 5. As can be seen from these results, the
POWER process was able to remove BOD, N, and P from the
primary-settled wastewater to the respective discharge levels in
a batch processing time of about three days.
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Figure 5. Typical removal of BOD, ammoniacal-N, and P
from primary settled wastewater by the POWER process
under field tests in three identical reactors. Horizontal lines
represent discharge standards.

These tests confirmed that Galdieria sulphuraria could utilize
organic carbon in the wastewater as a growth substrate, making
it a feasible strain for removing BOD, N, and P from UWW in a
single step with minimal energy input. The POWER process can
be seen to be advantageous over the current and other emerging
technologies in removing nutrients from UWW and recovering
them for beneficial use.
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For example, in the traditional tertiary treatment by nitrification-
denitrification [12] or in emerging technologies such as aerobic
deammonification process [13], CANON process [12], and
DEAMOX process [14], valuable N is dissipated into the
environment; whereas, the POWER process affords an efficient
pathway to recover N from the aqueous phase generated by the
hydrothermal process for use as fertilizers. In the above
experiments, N-levels in the aqueous phase ranged 3,500 -5,000
mg/L. Similarly, a large fraction of the P released from the
biomass by hydrothermal liquefaction is concentrated in the
biochar at 75,000 mg/kg. As such, the byproducts of
hydrothermal processing of the algal biomass can be potentially
processed further to formulate fertilizers by struvite
precipitation.

3. Conclusions

This paper presented a novel algal-based approach for treating
the wastewaters to the mandated discharge levels and
maximizing the recovery of energy and nutrients from the
wastewater for possible use as crop fertilizers. The proposed
approach has the potential to not only meet the mandated
wastewater treatment standards, but also to abate harmful
emissions to the environment, and enable high degree of
recycling and reusing limited natural resources to improve to
sustainability of food-water-energy sectors.
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