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Abstract

In hot regions like the Middle East, the road asphalt pavement experience many fluctuations in their temperature
profile that provides the large dark surface area with intensive heat absorption capacity, which warms the roads up to
75°C or more in summer. This phenomenon is negatively affecting the performance and urban heating. On the other
hand, the most amount of water available (about 97%) is low-quality water or seawater, which needs to be treated in
an efficient way to cope with the dramatic increase on demand of clean water due to population growth and agriculture
requirements. Several techniques have been used for water desalination and most are thermally based techniques.
Therefore, they are consuming high energy per water desalinating volume.

The aim of this study is to design a novel heat harvesting system combined with a membrane based unit, to
produce clean water from impure water. The heat will be harvested from the roads and buildings, by a low-grade
system through Forward Osmosis (FO) unit. The diluted draw solution (SD) will be regenerated at low operating
temperature, while the road and building’s roofs surfaces are cooled and maintained at a lower temperature.

The proposed technology will save energy and enhance microclimate conditions as well. The innovative DS
regeneration system was simulated by HYSYS V8.8 and the results show a 1.17 m¥hr of treated water can be
recovered for each one-m?2. The quality of water depends on the amount of heat harvested and, consequently the
surface temperature. Potable water is achievable only when the surface temperature is higher than 70°C and,
therefore a trim heater is recommended for the winter season otherwise, the water will be used for non-drinking
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applications. Although the required Capex for this technology is around $13778/m?, but the payback is two years.

Keywords: Heat harvesting; Forward osmosis; Draw solution;
Regeneration; Low boiling point; Absorber

Introduction

One-fifth of the world will face severing water shortage by 2040
as climate change and population growth increases demand [1]. The
water crisis is rising along different regions of the world. The Middle
East countries are located in a harsh environmental condition in terms
of waters resources, which are becoming strained and stressed as some
countries get only seven inches of rain per year [2]. Furthermore,
World Resources Institute (WRI) ranked all the countries in the world
according to the severity of water crisis and the Middle East was one of
the worst regions.

The most amount of water available is low-quality water or seawater,
which needs to be treated. In fact, the majority of Middle East countries
have less than 500 m® per capita water requirement of renewable natural
water sources, whilst the minimum limit set by UN is 1700 m? [3]. In
addition to the limitation of freshwater resources, the demand for clean
water increased steadily due to population growth, higher standards of
living, and agriculture and industrials requirements [1].

Desalination is a process utilized to remove salts from seawater.
Several technologies have been used for water desalination and most
are thermally based techniques. Therefore, they are consuming high
energy. Accordingly, fossil fuel is the main energy source exploited in
such processes, which has environmental impacts along with a high
price and maintenance issues.

On the other hand, advanced technologies, which is membrane-
based desalination methods such as reverse osmosis RO is widely
applied as an alternative for water treatment due to the relatively low
cost compared to thermal methods [4]. In this technology, a high-
applied force is needed to push the saline or low-quality water through

the membrane. Therefore, high electric power consumption as well as
the requirement of a specialized material to resist the high pressure
is inescapable, which leads to high capital and operational cost [5].
Additionally, RO has a relatively low water recovery, which is about
35-50% from seawater feed [6] and produces concentrated brine that
makes the RO process limited due to the environmental issues. The
US National Research Council initiated research and development in
the utilization of novel membrane-based techniques to minimize the
energy consumption, operation, capital costs and brine disposal [7].

Tackling water issues became a high priority for the researchers
to utilize advanced technologies, using alternative and unlimited
water sources such as impaired water and seawater [8]. Recently,
forward osmosis (FO) process is an emerging technique for water
desalination, which has several advantages over reverse osmosis (RO)
in terms of power consumption and fouling formation [9-14]. In fact,
any technology or process has limitations and challenges, the main
experienced challenge with FO is the draw solution regeneration
process, the structure, and material of membrane, membrane fouling
as well as concentration polarization in the membrane [15]. The draw
solution regeneration and recycle processes were proved in both
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batch and continuous modes [15]. In early days, the initial work was
limited and focused on the screening and selections of draw solutions,
which are used directly for consumption without being cautions to the
regeneration process, while the recent research studies aim to develop
a self-sustainable energy mode for the DS regeneration and recycling
process [16].

A mixture of dissolved glucose in seawater, concentrated fructose,
glucose, and fructose were used as a draw solution to produce drinkable
water in emergency cases [17-19]. Moreover, a concentrated mixture
of NH, and CO, was used as draw solution in FO desalination process
and the diluted mixture is recovered through distillation method [20].
Also, KNO, and SO, were utilized as a draw solution in two-stage FO
desalination process but the separation method for this draw solution
needs a significant amount of energy for cooling and heating processes
[21,22]. In another case brackish water was desalinated by the use of
Na,SO, as draw solution through the hybrid FO-NF system, the result
showed more advantages including lower operating pressure, less
flux decline, nil chemical cleaning consumption, no pre-treatment
requirement and higher permeate quality in hybrid FO process
compared to a pressure-driven desalination RO unit.

Furthermore, thermally responsive ionic liquids were investigated
as novel draw solutes for seawater FO desalination [23]. The results
showed that the electrical energy consumption was calculated to be
as low as 16% of that required for the RO desalination, enabling the
treatment of tough industrial wastewater with high salinities.

Although the rapid progress in membrane technology development,
which is used for water desalination processes, like RO [24-27],
MD|28-30], NF [31-33] and UF[34] for the purpose of enhancing
the performance and reducing the energy consumption, but the FO
applications still have some critical limitation related to the diluted
draw solution separation and regeneration. Several attempts have been
conducted for applying different methods to recover draw solutions,
like heating [35], air stripping [36], distillation [37], chemical reaction
[38], low pressure RO [39], Moderate heating (about 60°C) [29,36],
de-swelling of the [40,41] polymer hydrogels [42] and thermal [43].
The results showed that most of these methods consumed energy as a
form of heat or hydraulic pressure, which was required to recover the
diluted draw solution. Therefore, finding the optimum DS regeneration
technique is one of the main challenges for the future of FO desalination.

On the other hand, Alcoholic-water solution has a high osmotic
pressure with a relatively low alcoholic concentration, which generates
high permeated or freshwater flux across a membrane by natural
osmosis [44]. Ethanol can be used as a draw solution due to its lower
enthalpy of vaporization 42.32 kJ/Mol, compared to water 43.99 kJ/Mol
at 298.15 K besides its boiling point at atmospheric pressure compared
to water [45]. Therefore, those two factors facilitate the separation
process between ethanol and water in case of using existing aqueous-
dehydration technique of ethanol separation technologies such as the
pervaporation, distillation or adsorption to re-concentrate the draw
solution [44].

Although the alcoholic-water mixture provides a high osmotic
pressure but the separation of ethanol-water, the mixture is energy
intensive especially when ethanol concentration is lower than 5%
by weight [46,47]. Therefore, it is clear that the development of
DS regeneration process is significantly desirable to make the FO
technologies more competitive and attractive compared to other
methods. To obtain that, a low energy consumption process suggested
in this study to regenerate the diluted agent from the FO process.

This process based on adding a low boiling point hydrocarbon such
as n-pentane or iso-pentane as an entrainer to the diluted draw
solution through the principle of direct contact, vapor-liquid heat, and
mass transfer. Furthermore, a novel heat energy harvesting process
technology suggested. It is integrating the FO DS-regeneration system
with heat harvested from roads and buildings in a closed cycle using a
low energy technique for FO agent regeneration. The proposed system
provides a great ease of separation between the ethanol and water
compared to the conventional separation processes.

Methodology
Benchmark FO DS-regeneration

In Forward Osmosis (FO) Desalination Process (Figure 1),
the contaminated water is fed to the osmosis FO unit after some
pretreatment. The draw solution (DS) which is considered in this study
as Ethanol (EtOH) aqueous solution is fed to the osmosis unit side. Due
to osmosis, pure water moves from low quality (contaminated water)
side towards the DS side through the semi-permeable membrane (FO).
This is achieved mainly by the osmotic pressure difference between the
two fluids on both sides of the membrane. Accordingly, an increase in
the fluid volume due to water flux through the membrane dilutes the
DS, where a further technique is needed to separate the draw solution
from the fresh water for desalination application.

The benchmark process for draw solution regeneration is by thermal
distillation where pure ethanol is the overhead/distillate product and
potable water is the bottom product, this process is highly efficient
and reliable but energy-intensives it requires a condenser and reboiler
driven by cold water and low pressure saturated steam, respectively.
Thermal regeneration is the bottleneck of the whole process as most
of the FO process energy consumption occurs at the regeneration step,
which needs to be optimized.

Novel heat harvesting FO DS-regeneration

Asphalt experience severe issues in hot climate, due to many
fluctuations in temperature profile as asphalt has the capability to absorb
huge amounts of heat in addition to, its low thermal conductivity and
large heat capacity. Asphalt will be an ideal platform for harvesting the
wasted thermal energy. The proposed study will minimize the heat in
buildings and roads inner structure, avoiding premature deteriorations
and the roads will be having a longer lifetime. Furthermore, applying
and utilizing this process could reduce the maintenance cost and
frequency of roads including airports runways.

Recycled Ethanol
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Figure 1: Benchmark FO Thermal DS. Regeneration.
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The proposed innovative separation technique uses heat harvested
from buildings, houses, schools, roads and parking areas along with
light low boiling point hydrocarbon (n-pentane), direct contact
absorber and plate-plate heat exchanger economizer. The principle
of the process is as follow; the heat is harvested from roads and
building by embed water-filled pipelines beneath the asphalt surface
and on buildings’ roofs. The heat absorbed on asphalt surfaces will be
dissipated to surroundings and under-surface water pipelines. Then,
the heated water, which collected from roads and nearby building piped
to the main storage insulated tank via pipelines network. At this stage,
the temperature of roads and buildings will be significantly cooled
and reduced to a suitable temperature. On the other hand, (Figure 2)
n-pentane is used as the economizer plate-plate coolant fluid to cool
heated circulated water from buildings and roads while its temperature
will increase accordingly; it is fed from the pentane tank as a vapor at
(34°C) to cool heat harvested from roads (45-70°C) based on seasonal
temperature changes. The heated pentane (40-65°C) then contacts
with diluted draw solution in a new direct contact absorber with ten
stages to absorb ethanol from draw solution to produce clean water and
recycle DS again. Figure 3 reflect the temperature distribution through
the contactor. The absorber bottom product is high-quality water with
nil pentane and (3.5E-06 ppm, wt.) ethanol while the top product is
pentane, ethanol and water mixture which is recycled back to pentane
tank.

Results and Discussion

Mass and heat balance for DS-regeneration

Table 1 reflect the design basis for one square meter area of a
building, road or parking area. The pipe diameter selected to be one inch
made of carbon steel and the interconnecting pipes will be polyvinyl
chloride pipes (PVC) to save cost as carbon steel is not needed; it will be
only included in heat harvesting areas and in economizer. The velocity
through pipes assumed to be 1 m/sec and 6 cm clearance between each
pipe, so for each one m? there are 11 pipes with 20567 kg/hr of total

circulated water. The economizer temperature approach kept at 5°C
so the ratio between harvested hot water to exchanged n-pentane is
[(3.5-4):1].

To ensure complete separation, a thorough study has been
conducted to find the optimum n-pentane to diluted draw solution
mass ratio. The study started from the mass ratio ranging from 1:1
to 10:1 pentane to draw solution and it was concluded with 4:1 as
increasing the pentane ratio more than 4:1 have no significant change
on absorbing ethanol from water. Furthermore, a 93% by wt. water
recovery could be achieved as a bottom product “Treated Water”
with ethanol concentration less than 3E-06 ppm, wt. and nil pentane,
while the top product is a mixture of pentane, ethanol, and water with
the weight composition of 96%, 3%, and 2%, respectively. Which is
recycled back to pentane tank.

It is worth mentioning that, the benchmark thermal regeneration
requires 0.34 kg.steam/kg.treated water and 10.9 kg.cold water/
kg.treated water (Table 1). The steam used is saturated low-pressure
steam at five bars and the cold water supply shall be 31°C.

On the other hand, Figure 3 reflect the temperature profile of the
novel FO heat harvested low-temperature heat regeneration system
and conventional FO regeneration system “Distillation column”,
where the absorber top product recorded 33.8°C and bottom product
at 45°C while in conventional system it recorded 79°C and 102.6°C,
respectively.

Effect of seasonal variation on heat harvesting

The standard asphalt pavement cannot be considered as a black
body as part of the incident radiation is reflected. Therefore, a grey
body is considered where the emissivity and absorptivity are equal,
while the transmissivity is zero. Furthermore, the emissivity of asphalt
pavements is considered 0.9 [48]. In fact, the pavement surface collects
most of the incident solar radiation. However, if it is with a high albedo
then a small amount of heat is absorbed. While, if the surface is painted
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Figure 2: Novel Heat Harvesting FO DS-Regeneration.
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Item Unit Value
Heat Harvesting
Area m? 1
Pipe D m 0.0254
No of pipes 11
Spacing cm 6.005
v m/s 1
Density kg/m? 1025
Flow. Hot water kg/hr 20567
n-Pentane kg/hr 5676
Draw Solution kg/hr 1400
Treated Water kg/hr 1174
Thermal Regeneration
Steam Consumption kg/hr 394
Cooling Water kg/hr 12876

Table 1: Summary of Regeneration Calculation and Assumptions.
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Figure 3: Temperature Profile for Benchmark and Novel Regeneration Systems.

with a black paint the absorptivity will increase and more heat energy
will be harvested have conducted a study [49] to investigate the effect
of painting the pavement surface with black sealer to enhance surface
absorptivity, the laboratory results show that the use of black acrylic
paint can increase the difference between incoming and outgoing
circulated water (through asphalt pavement) by almost 50%.

Chen et al. reported the max heat at one inch depth [49].
Therefore, the circulated water pipes will be located under the surface
at approximately one inch depth. Calculating the temperature at
any depth depends on the surface temperature and surface material.
Furthermore, the surface temperature depends on many factors
including the location, surface; wind speed and cloud cover [49]. In this
study, surface temperature and pavements temperatures at different
depths were calculated based on Ref. [50,51].

The ambient air temperature was measured at the meteorological
station at the solar test facility located at Qatar Science and Technology
Park (Doha, Qatar). The data acquisition system provides at one-
minute time interval.

=T, -0.00618 lat>+0.2289 lat+24.4

surface a

Where, T, e and T, are expressed in °C and the latitude is in
degrees. The latitude of Qatar is 25.286106.
T, =T e (1-0.063 d+0.007 d2-0.0004 d°) )

Where, T, andT

B are in °F and the depth, d, is in inches.
epth surface

To note the seasonal variation, a complete year analysis used in
this study for the year 2015. Figure 4 reflect the measured ambient
air temperature, the calculated surface temperature and temperature
at one inch depth where the water pipes will be located. The air
temperature reaches its highest value around 50°C in summer season
and accordingly surface temperature reaches approximately 76°C and
one inch depth temperature around 71°C, while the lowest summer
ambient temperature records around 30°C and consequently, the
surface temperature is 56°C and one inch depth temperature is 52°C.
On the other hand, in winter season the lowest ambient temperature,
surface temperature and one inch depth temperature is around 9.6°C,
35.8°C and 32.8°C, respectively. In fact, the surface temperature is
mostly higher than 50°C from March until October 2015. Therefore, the
potential of heat harvesting in the Middle East proved to be promising
and viable for different applications.

Effect of varying surface temperature

Table 2 reflect the effect of varying the heat harvested “Hot
Water” on mass and heat balance of the system. If heat harvested
load “temperature” decreases, the exchanged pentane will decrease
and maximum draw solution flow received will decrease. In addition
to that, the quantity and quality of treated water will decrease.
Furthermore, Figure 5 reflect the effect of hot water temperature on
treated water flow and quality. Clearly, pure potable water is obtained
only when the hot water/heat harvested water temperature reaches
70°C but when it gets lower than 70°C the treated water quality could
be used in purposes other than drinking. In fact, the trim electrical
heating coil would be highly required to work only when the harvested
water temperature gets lower than 70°C and that in case of the constant
amount and quality of treated water is needed along the year.

Economic analysis

An economic analysis has been conducted on the proposed novel
heat harvesting DS regeneration to assess the feasibility of this proposal.
The low pressure steam cost, cooling water cost and electricity cost
were taken from [52]. While total equipment cost were calculated
based on [53]. The economic study is built on a basis of 1 m?area, which
is equivalent to 1.17 m* hr of treated water (Table 1).

Four equipment in benchmark FO plant were eliminated in
regeneration section; distillation column, condenser, reboiler and
condenser pump, while four equipment have been added; absorber with
ten stages (sieve valve or bubble cap trays), economizer and spherical
tank, water tank in addition to water pipes. On the other hand, the
proposed system will provide huge savings with respect to operational
cost such as cooling water pumping cost, steam consumption and
cooling water makeup. However, a minor electrical cost is needed
to run the circulated pump. The total Capex added for new plants is
approximately $13778/m? while annual net Opex savings is around
$6938/m?> The expected payback for the proposed system is 24 month
(Table 3).

Conclusion

Forward Osmosis (FO) has appeared as one of the potential
technologies to mitigate the clean water shortage. However, there are
many challenges facing the development of the FO technology, the
main one is the suitable regeneration process for draw solutions as
the regeneration process is the bottleneck because of the high-energy
consumption.
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Temperature (°C) Flow (kg/hr)
Case Ethanol Conc in treated Water (wt. %)
Hot Water n-C5 n-C5 Draw Solution Treated Water
A 45 40 935 234 211 5.29%
B 50 45 2044 511 455 4.46%
o] 55 50 3007 752 661 3.55%
D 60 55 3932 983 852 2.56%
E 65 60 4820 1205 1029 1.50%
F 70 65 5676 1400 1174 0.00%
Table 2: Summary of Varying Heat Harvested load.
Capex (Total Equipment Cost)
Saved Distillation Column $ 6,896
Saved Condenser $ 1,379
Saved Reboiler $ 1,724
Saved Condenser Pump $ 690
Added Absorber $ 6,206
Added Economizer $ 2,414
Added Cold Water Pump $ 1,379
Added Piping $ 1,379
Added Pentane Spherical Tank and collected water Tank with Trim-Electric Heating coil running by solar energy $ 2,400
Opex
Saved Cooling water pumping Cost $lyear 126
Saved Steam Consumption $lyear 3,449
Saved Cooling water makeup in CT $/year 3,564
Added Cold Water Pump $lyear 202
Summary for 1 m? Area
Total Capex Added $ 13778
Total Operating Cost Savings per m? $lyear 6,938
Payback month 24
Table 3: Economic Analysis.
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Figure 4: Effect of Seasonal Variation on Heat Harvesting.
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On the other hand, In the harsh environment like Middle East, the
asphalt pavement experience many fluctuations in their temperature
profile with intensive heat absorption capacity, which warms the
roads up to 75°C or more in summer and this negatively impact the
performance and urban heating.

A novel heat harvesting system was proposed for clean water
utilizing ethanol as a FO draws solution coupling with low boiling
point regeneration process. The developed process is utilizing the heat
energy harvested from the roads and buildings, through a novel low-
grade temperature system for water purification by regenerating the
diluted DS in FO unit to get pure water and recycle DS. Therefore, the
developed technology will save energy and enhance the microclimate
conditions changes as well.

This novel process facilitates water-ethanol separation with a
projected separation efficiency >99% of ethanol from water; a 93.6% by
wt. diluted draw solution could be recovered as a high quality treated
water with ethanol concentration less than 3.5E-06 ppm, wt. and nil
pentane.

The result shows that, the quality of treated water depends on the
ratio of n-C5 to DS and the magnitude of heat harvested, so to ensure
complete ethanol absorption from clean water the ratio of n-C5 to DS
must be higher than 3.76. Furthermore, potable water is achievable only
when the surface temperature is higher than 70°C, thus a trim heater is
recommended for the winter season otherwise, the water will be used
for non-drinking applications. The required Capex for this technology
is approximately $13778/m? while annual Opex is around $202/m?
The expected payback for the proposed system is around two years.
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