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RATIONALE 



Water is energy, and vice versa!

•  In the U.S. 40% of water is used for power generation, so the 
power used for water has already water in it 

•  e.g., 1kWh of coal power (=one 40W light bulb for 1d) requires 
25 gallons of water; then when we use that kWh for water 
pumping or treatment the nexus closes 

Source: http://www.epa.gov/watersense/water_efficiency/how_we_use_water.html!
!



On top of the world!

www.gapminder.org	
  

We have an immense potential 
to use water-energy efficiency 
as a renewable source of both 

water and energy !



ENERGY MODELING 



Information and Improvement!
Rosso et al (2012) Wat. Practice Technol.!
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Select Main!
 Energy 
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Calculate EFP!
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Results!
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with other 
WWTPs!

Step 1: Energy Benchmarking!



PROCESS FLOWS 
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Mining Energy from Wastewater!

atmosphere other than fugitive emissions or methane dis-
solved in liquid waste streams (thus reducing the green-
house impact), with the additional advantage that larger
wastewater treatment plants recover energy (with further
reduction of greenhouse impacts). In any case, to reduce
greenhouse impacts no methane should be discharged to
the atmosphere.

The CH4 weighing parameter (wemitted
CH4

) has an important
effect on the forecast of emission scenarios. In the current
literature, the time-horizon of 100 years is typically
adopted, corresponding to a value of 23 for wemitted

CH4
(IPCC,

2001). We calculated the net equivalent CO2 emissions
without improvement of the current situation with different
values for wemitted

CH4
(Fig. 6). The results are dramatically dif-

ferent when choosing different time-horizons. The horizons
chosen for this sensitivity analysis were 20 years, 100 years,
and 500 years (with values for wemitted

CH4
of 62, 23, and

7 kgCO2
kg!1

CH4
, respectively). Forecasting models for eco-

nomic impact of mitigation measures used 20 or 30 years
time-horizons (IPCC, 1999). In the short-term, i.e. when
the mitigation is immediately needed, the effect of methane
discharge is several times worse. It is important to distin-
guish between the time-span of methane release/recovery
and biomass sequestration. Methane decays in the atmo-
sphere in a scale of centuries, whilst biomass can be segre-
gated immediately and perpetually or at least for lengthy
periods of time. Therefore, the effective benefits of segre-
gating biomass in the short-term are higher, and are more
useful to curb the short-term effective CO2 emissions

(407 ktCO2
d!1 with 20 years horizon, vs. 191 ktCO2

d!1 with
100 years horizon).

Presently the emphasis on green house gas emissions is
concentrated on non-biogenic sources, and in this paper
we show that there are significant opportunities to curb
emissions from both non-biogenic and biogenic sources.
This may become more important in the short term as
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Fig. 5. Currently and potentially achievable biogas energy recovery in 1012 J d!1. In each bar plot, the solid coloured areas represent the recovery that can
already be achieved, if full wastewater treatment and methane energy recovery were added to improved sanitation. The dark area in each bar plot is the
most likely scenario without any improvement over the current situation, i.e. full treatment and biogas energy fully recovered in Europe + North America,
and almost no treatment/recovery elsewhere. Line plots are urban population served by improved sanitation (labels in million people).
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Fig. 6. Effect of the CH4 global warming potential on the equivalent CO2

emissions. When converting CH4 to equivalent CO2 emissions in a 20
years time span (most immediate effect) we observe the dramatic need for
immediate measures. In the long term (500 years – horizon), CH4 will
decay and not have as a significant impact.

1474 D. Rosso, M.K. Stenstrom / Chemosphere 70 (2008) 1468–1475

Potential for energy recovery from municipal wastewater!
Rosso and Stenstrom (2008) Chemosphere 70 1468-1475!



Case Study: 
Energy vs. Product Water Quality!

WATER QUALITY!
INCREASING!



Case Study: 
Energy vs. Product Water Quality!

WATER QUALITY!
INCREASING!

 
Figure 4. Steady State Mass Balance GHG Emissions Results (10 mgd; 100,000 PE for 100 
gal/d/capita) 
 
The above results are further magnified when the GHG emissions impacts are expressed in terms 
of the incremental increase in GHG emissions per additional lb of N or P removed as shown in 
Figure 5 (log-scale). For nitrogen, the incremental increase in GHG emissions increases 
exponentially beyond Level 4. As for P, the increase in GHG emissions with treatment per 
additional pound of P removed increases exponentially after Level 3. Based on this figure, an 
argument could be made that a point of diminishing returns is reached following Level 3 where 
the GHG emissions required to remove the last few percentile of N or P is significantly higher 
than the initial benefit.  

Rather than push facilities to Levels 4 or 5, a more rational and holistic approach that uses Level 
2 or 3 treatment complimented with best management practices on non-point sources might be 
more sustainable. Further dialog with regulators on a national and local level is needed to find a 
regulatory framework that best protects water quality and manages GHG emissions using both 
non-point and point source control. 

Because the rationale behind nutrient removal is to improve water quality, the benefit of nutrient 
removal was quantified using a water quality surrogate that reflects potential algal growth. The 
plot of GHG emissions along with potential algal production for the five treatment levels is 
shown in Figure 6. Nearly 95 percent of the potential algae production is reduced by changing 
from Level 1 to Level 3 treatment. An additional 4 percent of potential algae production is 
reduced from Level 3 to 5, but requires nearly twice as much GHG emissions (6,590 to 12,950 
CO2 eq mt/year). 

-2,000

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

18,000
C

O
2 

eq
 m

t/y
r

N2OEmissions�(w/Data�Range�as�Bars)

Biosolids�Hauling�and�CH4�Emissions

DeepWell�Injection

Aeration

ChemicalsPumping/
Mixing

Miscellaneous

Cogeneration

13

WEFTEC 2011

Copyright ©2011 Water Environment Federation. All Rights Reserved.

Neethling et al (2011) Proc. WEFTEC!



Sobhani et al (2012) Desalination 291 106-116!

Water-Energy-Efficiency  
Case study on maximum water recovery


•  99% water recovery!
•  Zero Liquid Discharge (from 

waste to commodity)!
•  Current 40MGD pilot in 

construction!
•  Minimum energy usage!

Author's personal copy

solar energy. Concentrate droplet size minimization, increased reten-
tion time while the droplet is in the air, and controlled concentrate
flow make it possible to crystallize the brine in a much smaller foot-
print using salt brine capillary crystallization [15].

1.4. Research goal

The goal of this study was to analyze the energy footprint of high-
recovery desalination (i.e., >95%) with ZLD approach to treat inland
brackish groundwater for potable use in semi-arid or arid regions.
Our objective was to determine the effectiveness of this approach
via process modeling and analyzing from the results of pilot systems,
conducted in the United States and Saudi Arabia. In addition, we pre-
sent a comparison analysis of the energy footprint between the pre-
sented high-recovery-ZLD and conventional processes.

2. Materials and methods

2.1. Water quality

Water samples were collected from wells recently drilled in the
groundwater aquifers in the central part of the Arabian Peninsula
(Table 1). The analysis indicates that the quality as well as the quan-
tity of water varied widely from well to well. Total dissolved solids
(TDS) concentrations in these wells were in the range 386–
2914 mg/L and the well discharge was in the range of 150–400 m3/h.
The concentration of Ca2+, Mg2+, and SO4

2-were 29–924 mg/L, 11–
319 mg/L, and 20–1432 mg/L, respectively.

Water analysis of some wells indicates higher levels of radionu-
clide than would be acceptable for potable water. The source of
these radionuclides is most likely geologic rock formations in long
contact with the fossil groundwater [16]. The total 226Ra and 228Ra
concentration in most wells (see Table 1) exceeded the U.S. EPA
limit of 0.185 Bq/L (5 pCi/L) [17]. The guideline level of World
Health Organization for 226Ra and 228Ra are 1.0 Bq/L and 0.1 Bq/L,
respectively [18].

2.2. Process selection

Since well drilling in this area, as well as in other arid inland areas,
is considerable, the selection of a process with maximized water re-
covery helps not only in increasing the water production, but also in
reducing the potential requirement for additional wells. Well water
analysis indicates large variations in the analyzed parameters such
as TDS, hardness, radium, and the other mineral constituents. These
variations necessitated the development of a portfolio of process al-
ternatives such that certain process steps could be omitted if the
water from a particular well does not contain the constituents present
in other wells. Based on presented water quality and WHO standards
for drinking water [18], we specified and modeled the process shown
in Fig. 2. The process includes: pre-treatment, RO desalination with
intermediate chemical demineralization, post-treatment, and on-site
brine concentration and crystallization. The process modularity
allowed for modeling several scenarios inclusive of the pilot data pre-
viously collected.

2.2.1. Pre-treatment
Water temperatures in many of these deep wells generally

exceeded 35 °C. Moreover, summer temperature in these arid regions
may exceed 45 °C, with an associated increase in water temperature
in the conveyance pipelines before treatment. The process starts
with cooling of the influent water to 35 °C. This is a requirement to
prevent membrane damage by high temperature water, and conse-
quently enhance the membrane operating lifespan [19]. During pre-
treatment, chlorine as NaOCl is then added to minimize membrane
bio-fouling. A reducing agent (NaHSO3) is also added prior to the
RO process to reduce the aggressive effect of residual chlorine on
membranes [20].

Afterwards, a combination of treatment units using a Pellet Reac-
tor (PR) if needed for softening and/or radium removal, preceded by
sand filtration, are specified to promote higher fractional recovery
and reduce the concentration of radioactive ions when required. A
PR is a reactor engineered to promote co-precipitation of dissolved
solids. Table 2 presents the results of pilot studies conducted to eval-
uate the PR performance for radium removal and water softening. The

Fig. 2. Schematic of the full-featured process selected for treating brackish groundwater from inland aquifers. The process above includes a pellet reactor for radium removal, when
needed.

108 R. Sobhani et al. / Desalination 291 (2012) 106–116



Water-Energy-Efficiency  
Case study on maximum water recovery
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be substantially lowered by 25% [42]. However, by utilizing conven-
tional thermal desalination, the total energy footprint would rise to
over 19.2 kWh/m3, largely dominated by the 15.0 kWh/m3 for the
thermal desalination process.

Utilizing BWRO at moderate volumetric recovery (e.g., 75–80%)
has a reduced energy footprint when compared to coastal SWRO de-
salination. However, when extracting water from deep aquifers and
recovering over 95% of the feed water, the selected process becomes
more energy intensive. Our results indicate that coastal SWRO desali-
nation has comparable energy footprint to high recovery (>95%)
brackish groundwater desalination when the groundwater treatment
requires high TDS (>2500 mg/L) and radium removal, cooling, and
pre-treatment. Additional energy required for conveying desalinated
sea water from the coast to inland communities makes high
recovery-ZLD more favorable, especially when conveyance is sub-
stantial as is the case for the inland communities of the Arabian
Peninsula.

We want to stress that our approach is not a substitute to coastal
seawater desalination using SWRO, but is compared to it in energy
footprint magnitude for decision making purposes. As more and
more advanced energy recovery units in SWRO are introduced in
full-scale processes, the energy footprint of coastal seawater desalina-
tion using SWRO will keep decrease. Nevertheless, when the water
product is demanded in elevated inland areas, the substantial convey-
ance distance and lift will still burden the energy footprint of coastal
SWRO, since they are independent of process energy recovery ad-
vances. Also, the incorporation of ICD to achieve higher water recov-
ery increases the complexity of the treatment train. However, the
increase in capital and operation and maintenance costs must be
compared against obtaining the same incremental volume of water
by other means. In this study, SWRO is the alternative, which, while
technologically simpler, has much higher delivery costs once the
treatment and conveyance costs are added.

3.4. Extension of results to other regions

The applicability of groundwater desalination with ZLD far ex-
ceeds the boundaries of the Arabian Peninsula. Other arid or semi-
arid areas of the world are potential candidates for this technology,
e.g. the Southwestern United States, Northeastern China, other

countries of the Middle East and North Africa, etc. Also, the modular-
ity of the process analyzed in this paper allows its applicability to
areas where the nature of the groundwater is not brackish, but yet
the zero liquid discharge approach serves the purpose of maximizing
water recovery and minimizing the loss of water in liquid concentrat-
ed brine.

The traditional economy-of-scale approach driving plant centrali-
zation has been more and more scrutinized under the lens of a holis-
tic and regional planning rationale. The concept of decentralized
plants especially in inland regions has been gaining more and more
recognition amongst the water research community (e.g., [43]; the
International Water Association activities on Decentralized Systems
and Cities of the Future, etc.). A network of distributed treatment
plants throughout an inland territory with multiple wells fits this de-
centralization paradigm. Furthermore, the decentralized treatment
has implications on regional water budgets: water reuse from waste-
water produced in inland areas poses as potential option for ground-
water recharge, such as in the case of Southern California, throughout
the territory. In the case of a coastal desalination plant with a main
conveyance line to the inland territory, the recharge could be chal-
lenging due to the absence of groundwater withdrawal.

In either case, whether coastal or inland desalination is chosen,
adequate power supply must be planned. The planning phase for
new power generation facilities may be influenced by the location
of the power draw (i.e., the desalination plants), to minimize power
losses during distribution. The elevated volumetric water losses [44]
(from leaks or from unauthorized draw) and evaporation associated
with long-distance conveyance in open channels are also to be con-
sidered when a large-scale planning effort is underway.

The elimination of evaporation losses can be achieved by closed
pipe conveyance, nevertheless leaks or unauthorized draw may still
be occurring. The energy required to provide the excess capacity to
compensate for water losses would then be a required element in
the overall process capacity specification for coastal installations
feeding to conveyance lines.

It is worth highlighting that despite the widespread assumption
that energy in oil producing regions is plentiful and/or subsidized,
there is an opportunity cost associated with energy wastage. There-
fore, the selection of a process with reduced energy footprint is favor-
able compared to an application with elevated energy requirements.

Fig. 6. Comparative energy footprint breakdown for all process components (italicized labels are unit contributions, kWh/m3) in different scenarios. For each scenario, the total
energy consumption is on the far right. The five bar charts at the top are BWRO modeling results from this study. The three bar charts at the bottom are comparison to the alter-
native scenario of coastal seawater desalination (i.e., including SWRO without energy recovery, SWRO with energy recovery, and SW thermal desalination), with long conveyance,
and substantial lift to inland regions.

114 R. Sobhani et al. / Desalination 291 (2012) 106–116



Time of Use (TOU-8) rate schedule!

Summer	
  Season	
  

Winter	
  Season	
  

0.04	
  SD/kWh	
  

0.07	
  USD/kWh	
  

0.13	
  USD/kWh	
  

~	
  3.2	
  x	
  ~	
  1.7	
  x	
  

0.06	
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Importance of energy dynamics: 
Costs and Carbon Footprint 

Don’t forget the power demand charges!!



Carbon Output Rate (kgCO2 / kWh)!

Diurnal power distribution in the State of California and 
related power sources (SCE, 2010) 

  

~ 0.063 kgCO2/kWh 

~ 0.015 kgCO2/kWh 
~ 0.664 kgCO2/kWh ~ 0.993 kgCO2/kWh 



Case Study: 
Energy Usage in Water Reuse!

Water Reuse is a crucial component of the current and future water portfolio!
and more energy-efficient technology can enhance its applicability !

Sobhani and Rosso (2011) WEFTEC Proc.!

INCREASING WATER QUALITY!



AERATION MODELING AND ENERGY 
FOOTPRINT ANALYSIS 



AERATION & ENERGY FOOTPRINT 

Aeration cost = 45-75% of plant energy (w/o influent/effluent pumping) 
Rosso and Stenstrom (2005) Wat. Res. 39: 3773-3780 

!

 
Figure 1. Estimated power usage for a typical 20MGD activated 
sludge facility performing wastewater treatment with nitrogen 
removal in the United States (MOP32, 2009).  
!



Aeration Efficiency over time 
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Fouling 

After Stenstrom and Rosso (2008) 

Cleaning 



BLOWER POWER 

BHPblower ~ (Air Flow, Pressure Drop0.283) 



Automated Off-Gas Monitoring 

•  Oxygen transfer 
efficiency (OTE, %)!
–  Measured once per 

hour comparing 
reference air to off-
gas!

•  Off-gas flux and 
temperature  !

•  Maintenance 
frequency (2 
weeks) to 
replace 
media and 
collect data 
(4-20 mA 
signal) 



	
  

Simi Valley Plant 
24h dynamic energy analysis 



Simi Valley Plant 
24h dynamic energy analysis 

Oxygen 
Demand 

Oxygen 
Transfer Oxygen 

Wastage 

Oxygen 
Deficiency 

DYNAMIC ENERGY ANALYSIS 
IDENTIFIES DEFICIENCIES AND 
MARGINS FOR IMPROVEMENT!
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α, EFP: Dynamic Model 
MCRT(µ,kd,Y)hete (µ,kd,Y)auto

Q(θ)[bCOD](θ) [NOx](θ)

α(θ)

Px,hete(θ) Px,auto(θ)

Ro(θ)

Adjust AFR

OTRrequired(θ)

Twater

SOTE

DOset pointDOmodel (θ)

DOmodel=DOset?

AFRmodel:=AFRadj

DWP(AFRmodel) (θ)

eFP(θ)

Tair

YES

NO

OTRmodel(θ)

MCRT(µ,kd,Y)hete (µ,kd,Y)auto

Q(θ)[bCOD](θ) [NOx](θ)

Px,hete(θ) Px,auto(θ)

Ro(θ)



α	
  =	
  

α	
  =	
  

α	
  =	
  

α	
  =	
  

α	
  =	
  



Activated Sludge Process: 
Diurnal Dynamics 
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Activated Sludge Process: 
Diurnal Dynamics 
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FLOW EQUALIZATION (WHEN APPLICABLE) CAN DO WONDERS!
SIDESTREAM LOAD (IF NOT TREATED) SHOULD NOT BE RETURNED AT PEAKS!



CONCLUSIONS 



In sum!

§  Step 1: Energy Benchmarking 
§  Step 2: Energy Footprint Modeling 
§  Aeration, fouling, and your power bill 
§  Caveat: uncertain inputs may be key to 

accurate and realistic modeling (e.g., aeration 
efficiency) 
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