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ABSTRACT

A low temperature process based on physical principles of gravity and barometric head was
developed for efficient recovery of potable water from impaired waters. An example of impaired
water demonstrated in this study is secondary effluent from the local wastewater treatment plant.
This paper illustrates two different configurations by which impaired waters could be processed;
one using direct solar energy; and another using a low grade heat source. These configurations
demonstrate the feasibility of utilizing renewable energy sources and waste process heat to drive
the water recovery process making it an environment-friendly and cleaner approach. Experimental
studies showed that the process was able to achieve the following reductions of key water quality
parameters: total dissolved solids from 935 mg/L to 18 mg/L (>98%); total suspended solids from
5.1 mg/Lto 0.15 mg/L (>97%); nitrates from 2.4 mg/L to <0.1 mg/L (>95%); ammonia from 26.1 mg/L
to <0.5mg/L (>98%); and coliform from 77 to ~0 mg/L (100%). The effect of process parameters such
as heat source temperature, flow rate, and evaporation temperatures on the process performance

is presented.
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1. Introduction

In many parts of the world, replenishment of natural
potable water resources is exceeded by increasing de-
mand for freshwater supply due to rapid industrialization
and population growth. Desalination of brackish waters
and seawaters is one of the current approaches for fill-
ing the shortfall between the demand for, and supply of
freshwater. However, desalination by conventional tech-
nologies is both energy and cost intensive [1]. In lieu of
desalination, which is possible only in some areas of the
world where salt water (either brackish water or seawater)
sources are readily available, recovery of potable-quality
water from impaired sources can be considered for lo-
cal reuse and recycling. Recovering potable water from
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impaired waters such as existing process effluents can
be a feasible solution if the water recovery technology
implemented is both energy and cost conservative and,
if the energy required for the process is readily available
in the form of waste heat and/or derived from a renew-
able source.

Water reuse is a well-accepted practice all over the
world [2]. A potential impaired water source suitable for
water recovery and reuse is wastewater generated locally
[3-6]. However, wastewater treatment in many plants is
limited to biological treatment (secondary treatment),
while advanced or tertiary treatment is necessary before
the recovered water could be considered for beneficial
uses. Biologically treated wastewater can be a good can-
didate for water recovery because it does not require any
pre-treatment and the salt concentration is considerably
low as compared to other brackish water resources. As
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a result, the recovery of potable-quality water for non-
potable uses from these impaired waters can be achieved
ata cost much lower than that from typical brackish water
sources. Even though many technologies are available for
water recovery, some of them may not completely remove
the coliform bacteria or require high dosage of chemical
agents (ex: microfiltration, ultrafiltration and electrodi-
alysis) [3, 7-9] and some need high quality mechanical
energy with bio-fouling problems (e.g. reverse osmosis)
[10]. The product from these technologies, in some cases,
may not be suitable for surface or potable uses due to the
presence of coliform bacteria and significant amounts
of dissolved solids. Therefore, a process that provides
superior treatment of impaired waters with the ability to
utilize available low grade or renewable energy sources
can be a better solution to produce potable-quality water
in an economical and environment-friendly manner.

In this paper, two configurations of a low tempera-
ture water recovery process are presented which can
be a low-energy and low-cost alternative for reclaiming
high quality waters from impaired waters. The process
operates under near-vacuum pressures and at low tem-
peratures utilizing low grade heat sources such as waste
heat releases or renewable energy sources such as solar
energy [11-14]. Since the process operates at low tem-
peratures, low cost construction materials can be used in
fabricating the unit with minimal scaling problems [15].
Feasibility of this low temperature water recovery process
to recover potable water from brackish water sources
and secondary effluent of a local wastewater treatment
plant is demonstrated in this study. Two different heat
sources — direct solar energy and a low grade thermal
source were used to drive the proposed process in these
tests. Results from experimental studies, product water
quality analysis and possibility of connecting the process
to an available energy source in the local wastewater
treatment plant are presented.
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Fig. 1. Low temperature water recovery process.

1.1. Proposed process configuration

The premise of the proposed approach can be illus-
trated by considering two barometric columns at ambi-
ent temperature, one with freshwater and one with feed
water as shown in Fig. 1. The barometric columns contain
the head equivalent to local atmospheric pressure and
when closed, a vacuum will be created in the headspace
by the amount of the fluid volume displaced by gravity.
Due to the natural vacuum generated by this process, the
head space of these two columns will be occupied by the
vapors of the respective fluids at their respective vapor
pressures. If the two head spaces are connected to one
another, water vapor will distill spontaneously from the
freshwater column into the feed water column because,
the vapor pressure of freshwater is slightly higher than
that of feed water at ambient temperature (Fig. 1a).
However, if the temperature of the feed water column is
maintained slightly higher than that of the fresh water
column to raise the vapor pressure of the feed water side
above that of the fresh water side, water vapor from the
feed water column will distill into the fresh water column
(Fig. 1b). A temperature differential of about 10-15°C is
adequate to overcome the vapor pressure differential to
drive this water recovery process. Such low temperature
differentials can be achieved using low grade heat sources
such as solar energy, waste process heat, thermal energy
storage systems, etc.

A schematic arrangement of the low temperature
water recovery system based on the above principles
is shown in Fig. 2a. Components of this unit include an
evaporation chamber (EC), a natural draft condenser,
heat exchanger, and three barometric columns. These
three columns serve as the feed water column; the waste
withdrawal column; and the freshwater column, each
with its own constant-level holding tank. These holding
tanks are installed at ground level while the EC is installed
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VP =0.51 psi VP = 1.0 psi
<
Low grade
heat source
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¢) Freshwater column at 25°C and
impaired water column at 45°C
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Fig. 2a. Schematic of process configuration.

atop the feed water and waste withdrawal columns at the
barometric height of about 10 m above the free surface
in the holding tanks to create a Torricelli’s vacuum in the
head space of the EC. The top of the freshwater column
is connected to the outlet of the condenser. When the
temperature of the feed water in the EC is increased by
about 10-15°C above ambient temperature, water vapor
will flow from the evaporator to the condenser where it
will condense and flow into the freshwater column. By
maintaining constant levels in the holding tanks with suit-
able withdrawal rates of waste and recovered water, this
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configuration enables the water recovery process to be
run without any mechanical energy input for fluid trans-
fer or holding the vacuum [11,13]. However, a vacuum
pump may be necessary to remove the accumulated non-
condensable gases intermittently to maintain the natural
vacuum in the evaporation chamber [11]. If a vacuum
leak occurs, the system will fail to function and cross
contamination may occur. The leaks in the system should
be rectified before restarting the unit. The purpose of the
heat exchanger is to preheat the feed water by the waste
stream withdrawn from the evaporation chamber. Fig. 2b
illustrates the process on a pressure-enthalpy diagram.

1.2. Theoretical analysis of the proposed process

Mass and heat balances around the evaporation cham-
ber (EC) yield the following coupled differential equa-
tions, where the subscripts refer to the state points shown
in Fig. 2a. The variables are defined in the Appendix.

Mass balance on volume of water in EC:

d
E(pv)gczmz_ms_ms (1)
Mass balance on solute or contaminant in EC:
%(pVC)EC =m,C, —m,C, ()
Heat balance for volume of water in EC:
d 3
—(chpT)EC =Q,, +(mcpT)2 —(mcpT)5 —mghy o ~Q  (3)

dt
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Fig.2b. Process illustrated in pressure-enthalpy diagram. State points relate to Fig. 2a.
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where Q, is the rate of heat input to the EC and Q, is the
rate of heat loss from the EC.

In this work two different heat sources are considered.
In Configuration A, the heat input is via direct solar in-
solation on the EC and in Configuration B, a low grade
thermal source around 60°C has been considered.

The heat input rate to the EC in Configuration A is
expressed as:

Q. = I(r)ASEcang (4)

The heat input rate to the EC in Configuration B is
expressed as:

Q,, =m,C,,(AT) ()

Water recovery efficiency is defined as

LT (©)
2(Q,At)

where latent heat can be calculated by [12]

By, =3,146-2.36(T +273) (7)

Evaporation rate as a function of pressure and tem-
perature is expressed as [12]:

my = Apck

ey Pay) Pa,) } ®)

(T, +273)"> (T, +273)"°
where

Pry =| exp(63.02-7139.6 /(T +273)

9
—6.2558 In(T +273)]x10° Pa ®)
The above equations are solved using Extend (Imag-
ine That Inc., San Jose, CA) simulation software. Details
of heat transfer relations for evaporation chamber and
condensation surface, and heat losses by convection and
radiation are presented elsewhere [16].

2. Experimental setup

Experimental studies were conducted with two dif-
ferent process unit designs and heat sources. The first
is similar to the design shown in Fig. 2a with separate
evaporation and condensation chambers (Configuration
A), while in the second design, the evaporator and con-
denser unit are integrated with the condensing surface
attached to the top of the evaporation chamber (Configu-
ration B). The rationale for Configuration B is to reduce
the foot print of the process unit thereby decreasing the
capital cost and simplifying the process operation. Con-
figuration A was tested with direct solar energy as a heat
source while Configuration B was tested with alow grade
thermal source, a hot water tank in this study. Prototype
version of the test system is shown in Fig. 3.

Fig. 3. Prototype system.

2.1. Configuration A

An evaporation area of 0.2 m* and a condenser area
of 0.2 m? were used in experimental studies. The results
obtained from the experimental studies are used to ex-
trapolate the performance of the process unit for 1 m? area
of evaporation chamber. The evaporation chamber was
fitted with a transparent Plexi-glass top to allow solar in-
solation for evaporation of freshwater. Feed water sources
tested in this configuration were synthetic brackish water
(Configuration A1) and secondary effluent from the local
wastewater treatment plant (Configuration A2).

2.2. Configuration B

The experimental system consisted of 0.2 m* evapora-
tor area and 0.22 m? condenser cover area. The evaporator
was made of steel of thickness 0.635 cm and the condenser
cover was made up of 0.5 cm thick aluminum. A hot water
tank served as a low grade heat source; hot water was
circulated through the evaporation chamber via a heat
exchanger. Secondary effluent from the local wastewater
treatment plant was tested as source water in these tests.
The condenser cover was designed to reject heat to the
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atmosphere or to a cooling water flow (500 mL/h of cold
water at 30°C); system performance was tested under
these two methods of heat rejection.

The process parameters were automatically measured
and recorded in the data logger at 10-min intervals. Ambi-
ent temperature was measured by a thermocouple with
an accuracy of +0.2%; evaporation chamber temperature
by a thermocouple with an accuracy of +0.2% and the
evaporation chamber pressure and condenser pressure by
pressure transducers with an accuracy of +0.3%. Experi-
ments were conducted at different evaporation chamber
temperatures. The depth of water in the evaporation
chamber was fixed at 0.05 m. A rain gauge sensor with
an accuracy of 1% was used to measure freshwater
production rate.

Thermocouples and pressure transducers were cali-
brated using a standard calibration procedure to estab-
lish their accuracy. Thermocouples were calibrated with
two temperature points; the boiling point and freezing
points of water, T, = 100°C and T, = 0°C respectively. Av-
erage values of 200 readings in 10 s period were taken
for each of the temperature values. A linear response
relationship was assumed for temperature change in the
range 0-100°C and actual measured temperatures were
calculated. Similarly, for pressure transducers, total of 200
readings were taken in the vacuum range 0-14.7 psi and
alinear relationship was used to calibrate in the pressure
range measured. Error analysis was performed for three
different sets of readings recorded; an arithmetic mean,
standard deviation and standard error were calculated.

3. Results and discussion
3.1. Configuration A

3.1.1. Configuration Al: Using direct solar energy with
synthetic brackish water

Initially, Configuration A was simulated with the
following parameters: solar energy incident on evapora-
tion chamber (SEC) area of 1 m? water depth in the EC
of 0.05 m; and the reference temperature of 25°C. These
simulation studies showed that, Configuration A could
produce up to 5.25 L/d of freshwater, about 150% more
than the productivity of a flat basin solar still which
produce about 3—4 kg/d-m?[11]. This advantage over the
solar still is due to the lower evaporation temperature
where by significant energy need for the sensible heat
has been averted. Thermal efficiencies of 60-70% could
be achieved by this configuration.

Based on simulation results, an experimental proto-
type system was developed with an evaporation chamber
area of 0.2 m” Synthetic brackish water was provided as
a feed source. Since the evaporation rate at given tem-
peratures and pressures is a factor of area as expressed
in Eq. (8), the experimental results from this system were
extrapolated to evaporation area of 1 m” to enable com-
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Fig. 4. Typical temperature profiles in Configuration A over
1-d period.

parisons between the experimental results and theoretical
simulations. Experimental data from a typical run starting
from a “cold start” are shown here to demonstrate the
adequacy of the model presented earlier.

Fig. 4 compares the temperature of the EC predicted
by the model against the measured temperature and the
ambient temperature in Configuration A. During this test,
the solar insolation reached a peak of 1,150 kJ/h-m?* over
the 8-h photoperiod. The maximum ambient temperature
recorded was 36°C and the maximum temperature of the
EC recorded was 52.75°C, while the predicted maximum
temperature was 52°C. As shown in Fig. 4, EC tempera-
ture declined after the sunlight period, and approached
ambient temperature after sunset. The correlation be-
tween the predicted and measured EC temperature was
satisfactory with r*=0.943, F = 2358.2, p <0.001.

The predicted distillate volume during the above test
is compared against the measured distillate volume in
Fig. 5. Cumulative volume predicted by the model for a
24-h period was 5.25 L/d-m? while the measured value
was 4.95 L/d-m?. The difference (of 5.5%) in the cumula-
tive distillate volume is mainly due to the assumption that
the entire volume of the vapor distilled on the freshwater
side whereas, during the test it was observed that some
of the vapor condensed on the roof of the evaporator and
trickled back to the evaporation chamber. Correlation
between the predicted and measured distillate volume as
a function of time was strong with 1?=0.988, F =11,839.4,
p < 0.001. The process efficiency as a function of time
predicted by the model is compared in Fig. 6 against the
efficiency calculated using the measured distillate vol-
ume from Eq. (5). The predicted efficiency averaged 64%
while the observed efficiency averaged 61% over this test
period. Correlation between the predicted and measured
efficiency was strong with 2 =0.985, F = 538.7, p < 0.001.
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Fig. 5. Daily distillate production in configuration A: measured
vs. predicted.

3.1.2. Configuration A2: Using direct solar energy with
secondary effluent

In these tests, secondary effluent was used as a feed
source in Configuration Al. The water quality test results
for the feed and products are presented in Table 1.

The experimental results confirmed that the process
can be operated at near vacuum pressures to maintain
the flow of fluids without any mechanical energy input.
The feasibility of using direct solar energy for recovering
potable quality water was demonstrated by the above
results. The distillate output from this unit is nearly twice
that can be obtained from a simple solar still based on
similar solar insolation values. This configuration is best
suited for domestic applications with low requirements
of non-potable water. However, higher rates of potable
water recovery are possible with scale up of process de-
sign using solar energy. In other words, increasing the

Table 1
Characteristics of secondary effluent and product water
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Fig. 6. Desalination efficiency in Configuration A: measured
vs. predicted.

evaporation area will result in higher freshwater output.
Furthermore, this process can be engineered to utilize low
grade waste heat released from other domestic process
appliances such as heat rejected from air-conditioning
systems or diesel generators. In a previous study, the
use of heat rejected by an absorption refrigeration sys-
tem (ARS) in driving this process has been simulated
[17,18]. In that study, it was shown that the heat rejected
by an ARS of cooling capacity of 3.25 kW (0.975 tons of
refrigeration) along with an additional energy input of
208 kJ/kg of desalinated water was adequate to produce
potable-quality water at an average rate of 4.5 kg/h.

3.2. Configuration B: Using low grade heat source with sec-
ondary effluent

A low grade thermal source (a hot water tank), was
used as heat source in these tests. During these tests, the

Parameter Configuration A using solar energy Configuration B using low grade heat USEPA drinking
Secondary  Recovered % Secondary  Recovered % water standard
effluent water Reduction  effluent water Reduction

BOD, mg/L 15.2 — — 12.7 — — —

TDS, mg/L 935 18 98.1 783 16 98 500

TSS, mg/L 5.1 0.4 92.6 8 0.3 96.2 —

Nitrate as N-mg/L 24 <0.1 95.8 2.6 <0.1 96.2 10

Nitrites as Nmg/L 2.4 <0.1 95.8 2.6 <0.1 96.2 1

NH3 as N-mg/L 26.1 0.5 98.1 22.7 1.57 93.1 —

Chlorides, mg/L 0 0 — 0.5 0 100 4

Coliform, cfu 77 0 100 110 0 100 0

pH 7.1 7.0 — 7.6 7.6 — 6.5-8.5
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circulation rate of the hot water was maintained at 9 kg/h
while the temperature of the source was varied between
50-70°C. Typical temperature profiles recorded during
continuous operation mode are presented in Fig. 7. The
operating temperatures and pressures increased with
the heat source temperature as shown in Fig. 8. Results
from these tests showed that the low temperature water
recovery system operated with higher efficiency at lower
evaporation temperatures since the losses to the ambi-
ent are reduced (Figs. 9 and 10). At higher evaporation
temperatures, the heat dissipation rate depends on the
condenser surface area available and thus mass of water
evaporated. Hourly freshwater production rates ranged
77-91 ml/h. Thermal energy supplied through the hot
water source for temperature range 50-70°C varied be-
tween 355 and 395 W while thermal efficiency declined
from 53% to 47%.

The effect of heat source flow rate was studied in the
range of 9-16 kg/h. Thermal efficiency decreased with

70
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increasing heat source flow rate as shown in Fig. 11. This
is because the condenser cover can only dissipate certain
amount of latent heat to the environment which is limited
by the condenser cover area. Higher flow rate will result
in high vapor flow rates initially increasing pressure in
the evaporator thus reducing the yield rate. A reasonable
flow rate has to be considered for better yield rate. It is
suggested that the flow rate should match the energy
dissipation rate of the condenser cover or lower efficien-
cies will result. In this study a reasonable yield rate was
obtained with a heat source flow of 9 kg/h at different
heat source temperatures.

The yield rate can be increased by cooling the con-
denser with recycle water or source water. Cooling had
significant effect on the efficiency as shown in Fig. 12.
A small flow of 500 ml/h of freshwater was allowed to
flow on the condenser cover which was collected at the
bottom of the condenser. Fig. 12 shows that an increase
in thermal efficiency of 10-15% can be achieved with cool-
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Fig. 7. Temperature profiles of the low temperature water
recovery process (T, = ambient temperature, T, = condenser
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Fig. 11. Effect of heat source flow rate on thermal efficiency.

ing. Thermal efficiency increased from a maximum value
of 53-67% for heat source temperature at 50°C (Fig. 12).

The efficiency can be improved further with adequate
insulation between the evaporator basin and condenser
top, addition of fins on the condenser plate for more ef-
ficient heat dissipation and external cooling by recycling
the product water. This configuration can be scaled to
large scale applications depending on the availability of
suitable low grade heat sources. As anillustration, a case
study for the City of Las Cruces wastewater treatment
plant is described below.

3.2.1. Case study

The City of Las Cruces wastewater treatment plant
treating an average of 10 MGD of wastewater has anaero-
bic sludge digester in place to process the biomass. The
anaerobic digester produces biogas which can generate
up to 350 kW of energy on a daily basis [19]. Based on the

V.G. Gude et al. / Desalination and Water Treatment 20 (2010) 281-290
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Fig. 12. Effect of cooling on thermal efficiency.

model simulations, a multi-effect low temperature unit
demonstrated in this study with a gain to output ratio
(GOR) =5 would require a specific energy consumption
of 470 kJ/kg of potable-quality water produced. A total
volume of 17000 gal/d of freshwater can be produced
from the plant effluent by utilizing the energy generated
by the biogas. This freshwater can be used for process
cooling operations, plant maintenance, or cooling and
heating applications saving the water and heating bills
for the wastewater treatment plant or can be sold to other
industrial or irrigation applications.

3.2.2. Cost analysis

Economic analysis was performed for the low tem-
perature desalination system and compared with a solar
still. Detail cost estimates are shown in Table 2. A daily
freshwater production of 3 L/d and 5 L/d were assumed
for solar still and low temperature process respectively.

Table 2
Cost comparison for low temperature process and solar still
Ttem Description Estimated cost (US$)
Low temperature process  Solar still

Evaporator 1 m? cross sectional area 250 200
Evaporator heat exchanger 1.27 cm copper tube, 5 m long 30
Condenser 150 50
Tube-in-tube heat exchanger 1.27 cm inside copper tube, 25

2.54 cm outside PVC tube
PVC pipes PVC tube of 1.27 cm diameter and 30

30 m long
Pipe fittings 20
Storage tanks Four, 20 L capacity 60 15
Supporting structure 32 ft high structure (existing structure)
Labor 120 60
Miscellaneous 50 50
Total cost 735 375
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Freshwater production costs were determined based on
the assumption that the investment is financed at an an-
nual interest rate of 5% over the lifetime of 15 years for
both the systems [20]. The unit production cost for low
temperature process, $0.039/L was comparable to the unit
product cost for solar still, $0.033/L. The low temperature
process has certain advantages such as higher energy
efficiency and higher fresh water production rates with
addition of external heat source for a given unit size.

3.3. Water quality

The source water contained biochemical oxygen de-
mand (BOD), dissolved solids (TDS), suspended solids
(TSS), nitrates, nitrites, chlorides and coliform bacteria.
However, the process was able to achieve more than 90%
reductions for each of the above contaminants. Fecal
coliform was measured by membrane filter technique,
USEPA approved test procedure #9222 D by American
Public Health Association, APHA [21]. In case of mi-
crobial residuals, it is necessary to perform disinfection
as an additional level of protection before non-potable
uses. The process produces high quality distillate with
TDS < 50 ppm which is suitable for many non-potable
uses. Feed water characteristics and recovered potable
water characteristics are summarized in Table 1 for both
configurations A and B. The water characteristics were
tested and reported by Interlab and SWAT laboratories
on the NMSU campus.

4. Conclusions

A process capable of utilizing low grade heat sources
such as direct solar energy or process waste heat to pro-
duce high quality potable water from impaired waters is
proposed. Two alternate configurations for implement-
ing the proposed process were investigated at prototype
scale. This study demonstrated the feasibility of these two
configurations in recovering potable water from effluents
from wastewater treatment plants and brackish waters.
Experimental results confirmed that the process was able
to achieve more than 95% reductions of total dissolved
solids; total suspended solids; nitrates; ammonia; and
coliform bacteria. This study demonstrated that the pro-
posed configurations do not consume any non-renewable
energy sources or generate any environmental emissions
in reclaiming high quality water from impaired sources.
As such, it can potentially be an environmental-friendly
approach compared to current fossil-fuel dependent
technologies.
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Symbols
A — Surface area, area of evaporation chamber, m?
C — Concentration of solute, kg/kg
c — Specific heat, k]/kg-K
© — Concentration correction factor
h — Heat loss coefficient
h,, ~— Latentheat at temperature T, k]/kg
I — Solar insolation, kJ/h-m?
M — Total daily mass of distillate, kg
m — Mass flow rate, kg/h
Q — Heat flow rate, kJ/h
T — Temperature, °C
u — Heat transfer coefficient, kJ/m?-h-oC
1% — Volume, m®
Greek
a — Absorptivity
e, — Emissivity of saline water
n — Efficiency
K — Experimental constant, 107-10- kg-m=-Pa'-
sfl_KO.S
p — Mass density, kg/m?
T — Transmissivity
Subscripts
a — Ambient
co — Condenser
EC — Evaporation chamber
g — Glass
h — Hot water
l — Losses
PV — Photovoltaic panel
w — Water
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(P, -B)(T, +273)] "

h,=0.884| (T, T, )+ 68900 D (A5)
Q, =og,A(T!-T) (A6)
Q, =hA(T.~T,) (A7)

h., =heat loss coefficient from saline water to glass due
to convection (kJ/h-m*-°C), h_=heat loss coefficient from
saline water to condenser due to convection (kJ/h-m?-°C),
h_ = total heat loss coefficient from saline water due to
convection (kJ/h-m?-°C), h, =heat loss coefficient through
base (kJ/h-m?-°C).



