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Abstract

This thesis explores the feasibility of extracting and desalinating brackish groundwater
in Egypt using solar driven high recovery rate reverse osmosis and membrane
distillation desalination plants to help establishing decentralised agricultural

communities.

Groundwater properties and potential for sustainable development from seven main
hydro-geological systems in Egypt were investigated. It was found that approximately
55% of Egypt’s area has access to brackish groundwater, 47% of which has access to

aquifers with moderate to high potential for development.

The feasibility of high recovery rate photovoltaic driven reverse osmosis desalination
plants was investigated. Using commercial simulation tools, it was found that the plant
can operate at recovery rates of 75 to 90% with unit water costs of 0.7 to 1.65 USD/m®

with the typical brackish groundwater composition and depths found in most of Egypt.

The feasibility of replacing standard photovoltaic modules with photovoltaic/thermal
collectors to reduce the energy consumption of the reverse osmosis plant by heating the
water was explored. The annual performance of the photovoltaic/thermal collectors was
analysed using TRNSYS. It was concluded that for such application,
photovoltaic/thermal collectors have no economic advantage over standard photovoltaic

modules.

The feasibility of using hybrid reverse osmosis/membrane distillation plants to increase
the recovery rate was also investigated. A mathematical model was built using
MATLAB to simulate the performance of a commercial full scale spiral wound
permeate gap membrane distillation module. The model gave good agreement with
experimental results available in the literature. A TRNSYS model was built to analyse
the annual performance of the solar driven membrane distillation plant. It was found
that evaporation losses from the cooling tower greatly limited the recovery rate where
no more than 10% enhancement was feasible with a hybrid plant. Such small
enhancement in the recovery rate resulted in a 1.9 to 3.6 fold increase in the unit water
costs over those of a plant only using reverse osmosis. Finally, it was concluded that



higher recovery rates are possible with high recovery rate membrane distillation
modules with low cooling requirements; and that solar driven hybrid plants can be
economically feasible if a source of waste heat from a renewable energy source is
available to drive the membrane distillation process, the specific heat consumption of

the process is reduced by 4 folds and the module costs drop by at least 3.5 folds.
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1. Introduction

Fresh water and energy, the most important resources for human survival and
development, are getting scarcer every day. An expanding population in Egypt is

increasing the pressure on its fresh water and fossil fuel resources.

In this chapter, the motivation and aims of this thesis are presented. Firstly, energy and
water availability in Egypt is reviewed. Secondly, the research problem and aims are

discussed, followed by the thesis outline.

1.1 Energy Status in Egypt

Egypt mainly relies on oil and natural gas which in 2010 covered 87% of Egypt’s
energy demand (U.S. Energy Information Administration, 2013). While Egypt used to
have a surplus of oil for exports, an increasing oil demand with a concurrent drop in oil

production resulted in a current oil production that barely meets the demand (Figure

1-1)%
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Figure 1-1: Egypt total oil production and consumption from 2000 to 2012
Source: (U.S. Energy Information Administration, 2013)

While Egypt has large natural gas reserves and has a surplus for exports, natural gas
supplies is consumed at a rate? that will exhaust its 2013 proven 2,180 billion m* (bcm)

reserves by 2028 (U.S. Energy Information Administration, 2013).

1 It should be noted that the amounts shown in Figure 1-1 are the overall oil production and consumption
which include other liquid fossil fuels particularly natural gas liquids and Egypt is actually exporting a
portion of its crude oil where in 2012, 18% of its production was exported.

2 Based on the consumption growth rate from 2010 to 2011



Furthermore, in 2012 Egypt experienced intermittent shortages in transport fuel supplies
and butane gas canisters used by most of the population in cooking and water heating
(Sabry, 2012). These shortages were mainly due to the lack of resources given that
Egypt imports about 40% and 50% of its diesel and butane needs respectively (Abo
Alabass, 2012, Hussein, 2013), and also due to problems in distribution. Moreover,
Egypt experienced severe shortages in electricity during summer peak hours in 2010
and 2012 due to continuous growth in demand, aging infrastructure and poor long term
planning. The electricity shortage was also blamed on the lack of fuel supplies which
decreased the generation capacity of the power plants particularly in 2012. (OMAR,
2010, El-Behary, 2012, Leila, 2012)

1.2 Water Status in Egypt

Egypt is an arid country (Hefny et al., 1992) with limited water resources. The main
supply of fresh water in Egypt is the Nile River. Water supplies are augmented by
groundwater (GW) extraction and seawater (SW) desalination. In addition, water from
the Nile is reused to improve overall Nile water utilisation. A summary of water

resources availability and use in Egypt is presented in Table 1-1.

1.2.1 Nile water

In 2000, extraction of Nile water accounted for 74% of Egypt’s overall water demand,
and with subsequent reuse, its utility extended to meet 98% of the demand (Allam and
Allam, 2007). However, the steady increase in water demand driven by population
growth has resulted in full allocation of Egypt’s quota of the Nile water that is capped at
55.5 bem/year by the 1959 agreement with Sudan® (El-Kady and EI-Shibini, 2001,
Hamza and Mason, 2004, Dawoud et al., 2005).

Moreover, Egypt’s quota could be reduced if any of the other Nile basin countries,
including Congo, Kenya, Rwanda, Burundi, Tanzania, Uganda, Eritrea, Ethiopia and
South Sudan®, that were not included in the 1959 agreement, construct dams to impound

flow.

¥ Sudan was one country at the time of the agreement
* Now that South Sudan is a separate country, it is likely that the 1959 agreement only includes the
Republic of Sudan



Table 1-1: Summary of water resources availability and usage in Egypt

Water Source Current Water Water
availability used
(bcm/year) (bcm/year)
Nile Water 55.5% 55.5
Nile water -2°to -3¢ -2t0-3

evaporation losses

Nile flow needed for -0.3° -0.3,-4°
navigation
Rainfall (Including 1.8° > 0.165°
GW recharge)
Reuse of Nile water 7.5Y 7 (2009)"
through GW
extraction
Reuse of Nile water 13.5' 13" (2010)

directly flowing
back to the river,
canals and drains

Directly used 0.7" (2000) — 0.7 (2000)
treated waste water 1.3° -13
Desalinated SW 0.275 (2013)° 0.275
(2013)°
Fossil GW 2.7%t0 >4.16° >1.6%"

Notes

« Nile water share could increase to 65.1°

bcm/year through projects aiming to decrease
evaporation losses in the Nile basin countries
and assuming that the GRD will be used only
for hydro-electricity generation. Conversely,
if Ethiopia used the stored water from the
dam in irrigation and the aforementioned
projects are not carried out, Nile water share
may decrease to an amount ranging from 45.1
to 52.9 bem/year.

0.3 becm/year is the minimum flow needed for
navigation after implementing proper
measures to control Nile flow®. It is not clear
however whether such measures are already
implemented or not.

Average precipitation in Egypt amounts to 51
bcm/year®. The available amount of usable
rainfall could therefore increase if measures
are taken to improve rainfall utilization such
as the use of dams, storage tanks, ponds and
cisterns”

The maximum amount may decrease as Nile
water is being diverted to Toshka and Al-
Salam canals

Water Treatment and/or pollution control is
required to fully use the available amount.
The available amount may also decrease as
Nile water is being diverted to Toshka and
Al-Salam canals

Increasing treated waste water will not
necessarily increase the water supply as most
waste water flows back to the Nile river and
drains and is counted as part of the reused
Nile water

Essentially indefinite potential.

Economical Limits

Seawater desalination capacity to increase to
0.32 bcm/year by 2016°

Further studies required to estimate the
available GW reserves especially in the Sinai



Peninsula and the Eastern Desert.

Total 78.7 to >81.7 71.2 to
>76.5

a] (Swain, 1997) b] Refer to footnote 5. Value includes evaporation losses from the GRD reservoir c]
(Abu Zeid, 1992) d] (Allam and Allam, 2007) e] (FAO AQUASTAT, 2005) f] Value includes 1.3
bem/year recharging the aquifers and 0.5 bem/year recharging surface waters g] (Hefny and Shata, 2004,
Abdallah, 2006). It was also assumed that approximately all GW extracted from the Sinai Peninsula and
the Eastern Desert is rainfall renewed GW h] (Sonbol, 2009) i] (Mostafa et al., 2004) j] Possible overlap
with available Nile water (55.5 bcm/year) as the Nile basin aquifer is also directly recharged by Nile
water seepage in some locations k] (MWRI, 2010) 1] (Abdel-Shafy and Aly, 2007) m] (MWRI,2012, pers.
comm., 23 Aug.) n] (Khalifa, 2011b) o] (Egypt State Information Service, n.d.) p] (IDA, 2013) q] (Nour
and Khattab, 1998, Hefny and Shata, 2004) r] Value only includes fossil GW extracted from the Western
Desert

As a matter of fact, Ethiopia have recently initiated the “Grand Renaissance Dam”
(GRD) project on the Blue Nile River, where approximately 85% of the Nile water
originates (Abu Zeid, 1992, Whittington and McClelland, 1992), which aims to generate
6,000 MW of hydropower (Ethiopian Electric Power Corporation, 2013). The GRD
dam will have a short term and a long term impact on surface water supplies in Egypt
and the Republic of Sudan. In the short term, there will be a reduction in water flow
reaching Egypt as the Blue Nile water is diverted to fill the reservoir. The reservoir
capacity is reported to be 74 bcm (Ethiopian Electric Power Corporation, 2013) and
Ethiopian officials are aiming to fill the reservoir within five to six years (Davison,
2013). Therefore, a 10.5 to 12.6 bcm/year® reduction in the water flow reaching Egypt is
expected which is equivalent to approximately 12.5 to 15%° decrease in Egypt’s annual
Nile water share. In the long term, a permanent reduction in Nile water share is
expected due to evaporation losses from the reservoir. At present, to author’s
knowledge, there are no detailed estimation of the evaporation losses, but figures of 1.7
(Yirgu, 2012), 2.5 (Gleick, 2013) and 3 (Yousif, 2012) bcm/year have been reported
without any indication of the methodology used in the estimation process. Using the
simplified correlation derived by Linacre (1977) combined with climate data from the
Solar and Wind Energy Resource Assessment (SWERA) website (2013), the annual

> Taking into account that the Blue Nile River contributes by 85% to the overall Nile water reaching the
Aswan dam

® Assuming the same distribution of the Nile water as in the 1959 agreement where 66.1% of the Nile
water flow was allocated to Egypt and 22% for Sudan and the rest accounts for evaporation losses.



evaporation losses from the reservoir’s 1,680 km? (Ethiopian Electric Power
Corporation, 2013) surface area could be as high as 4.1 bcm/year. This means that

Egypt’s Nile water share could permanently decrease by approximately 2.3 bcm/year®®.

Further reduction in the annual Nile flow is also expected if water from the GRD
reservoir will be used by Ethiopia for land reclamation which is likely to occur for the
following reasons: firstly, according to Mason (2004) Ethiopia has large development
plans to meet its increasing demand of food especially that its irrigation is currently
relying on rainfall which is irregular and unreliable; and secondly, the initial proposal
by the United States Bureau of Reclamation for building several dams in Ethiopia to
control the Blue Nile water included the use of the stored water for irrigating 434,000
hectares of land (Whittington and McClelland, 1992).

The United States Bureau of Reclamation concluded that the development of such
irrigation projects would decrease the annual flow to Egypt and Sudan’ by 4 bcm/year
including evaporation losses from the reservoirs formed by the dams. However, these
values could be underestimated given that the evaporation losses from the GRD
reservoir alone could exceed 4 bcm/year. Moreover, based on the approximated method
to determine the amount of water needed for irrigation discussed in Brouwer et al.
(1992), irrigating 434,000 hectares of land with Ethiopia’s climate conditions® would
typically require 14.4 bcm/year assuming the use of water efficient sprinkler irrigation
method and lined canals to transport the water which have 75%° and 95%° efficiency
respectively (Brouwer et al., 1989). In this case, Egypt’s Nile water share could

decrease by approximately 19%°® including the evaporation losses.

Droughts in watershed areas may also decrease Egypt’s Nile water share which
happened during 1976 to 1987 and resulted in approximately 6.9 bcm/year reduction in
the amount of Nile water discharged from the Aswan dam (Abu Zeid, 1992).

” Sudan was one country at the time of the study

8 An irrigation water need of 0.75 I/s/ha was used which is an average value between that required during
a monsoon climate dry season and a monsoon climate wet season (Brouwer et al., 1982)

% The efficiency reflects the amount of water that percolates deep in the soil away from the plant roots or
lost as surface runoff and is also referred to as the field application efficiency season (Brouwer et al.,
1989)

19506 water losses due to evaporation and seepage to the ground



There are few projects, however, that could increase Egypt’s annual share of Nile water,
mainly the Jonglei canal, Bahr-El-Ghazal and Machar swamps projects. These projects
aim to increase the amount of water reaching the Nile River mainly through reducing
evaporation losses in South Sudan. The expected increase in the Nile flow by these
projects is estimated to be 18 bem/year to be shared between Sudan’ and Egypt (Abu
Zeid, 1992). However, according to Allam and Allam (2007), these projects are unlikely
to be carried out in the near future due to political, ecological and socio-economic issues
which are discussed in detail in the literature (Whittington and McClelland, 1992,
Swain, 1997).

1.2.2 Nile water reuse

Due to the full exploitation of Nile water, Egypt has relied on Nile water reuse as it is
considered to be the most economical and efficient way to increase water availability
(Mason, 2004). Nile water reuse consists of reusing excess irrigation water along the
Nile flood plain which flows back to the Nile River, irrigation canals and drains**. This
amount of water is estimated to be 21.5 bcm/year, out of which 16.5 bem/year is found
in the drains in the delta area (Abdel-Azim and Allam, 2004). The remaining 5
bcm/year directly flows back to the Nile River in the Nile valley area (Allam and Allam,
2007).

The reusable amount of water from the drains in the delta area is, however, limited to
8.5 bcm/year. This is because a minimum amount of about 8 bcm/year should be
discharged into the Mediterranean Sea to avoid sea water back flow into the Nile
River’s branches and canals and to keep low salinity levels in the northern lakes which
are used as fisheries (Abdel-Azim and Allam, 2004). The available reusable amount of
Nile water is therefore 13.5 bcm/year out of which 13 bem/year was used in 2010
(MWRI* 2012, pers. comm., 23 Aug.).

The available quantity of reused Nile water that is suitable for drinking and irrigation is
also decreasing due to pollution caused by domestic and industrial effluents discharged
into the Nile River, described as the main recipient of sewage water in Egypt, and drains
in the delta (Wahaab and Badawy, 2004, United Nations Country Team, 2005, Abdel-

1 \Water from the drains are either reused directly in irrigation or after mixing with Nile water to improve
its quality
12 Ministry of Water Resources and Irrigation



Shafy and Aly, 2007). For example, in 2011/2012 about only half of the discharged
waste water was treated (Khalifa, 2011a, Egypt State Information Service, n.d., Abdel-
Wahaab, 2012). For the same reason, domestic and industrial waste water is not
included in the water budget presented in Table 1-1 and is assumed™® to be a part of the
available water in the Nile River and drains in the delta. This is except the treated waste
water that has been reported to be directly used in irrigation in the reclaimed lands in

desert areas as it is unlikely to be recycled back to the Nile River.

The maximum available amount of Nile water that could be reused could also decrease
due to possible reduction in Nile water flow as water is being diverted to the Toshka
project and Al-Salam Canal to reclaim desert land in southern Egypt and the Sinai
Peninsula respectively (Abdel-Azim and Allam, 2004, Allam and Allam, 2007). This
reduction is because the excess irrigation water cannot return to the Nile River.
However, this reduction may have only a small effect on the overall water availability in
Egypt because the excess irrigation water will still recharge the underlying aquifers in
those areas and therefore can be reused. The excess irrigation water in desert areas is
also minimized as the use of the water efficient sprinkler and drip irrigation is
mandatory (FAO AQUASTAT, 2005).

1.2.3 Groundwater extraction

Excess irrigation water, in addition to seeping water from irrigation canals and drains,
recharge the underlying Nile Basin aquifer (Hefny et al., 1992). Therefore, this water is
reused indirectly through GW extraction from the aquifer.

In 2009, 7 bcm/year was extracted from the Nile basin aquifer (MWRI, 2010) while the
maximum renewable amount of GW in the aquifer is estimated to be 7.5 bcm/year
(Mostafa et al., 2004).

The available amount that is suitable for drinking and irrigation is also decreasing due
to pollution caused by the excessive use of fertilizers in irrigation, leakage from old

sewage networks in urban areas, and direct sewage dumping to the ground in rural

13 The assumption is because part of the waste water has been reported to be also discharged in northern
lakes or in open pits hence cannot be recycled, however the amount is likely to be small.



areas™, that in addition to salinisation of GW in the delta area caused by SW intrusion
(Sherif and Singh, 2002, Wahaab and Badawy, 2004, Abdalla et al., 2009).

Extracting fossil and rainfall renewed GW is another important source of water
especially in border cities (United Nations Country Team, 2005). The overall extracted
fossil and rainfall renewed GW has been estimated to be at least 1.8 bcm/year while the
estimated exploitable GW reserves could exceed 5.46 bcm/year (Nour and Khattab,
1998, Hefny and Shata, 2004, FAO AQUASTAT, 2005)™. Therefore, while fossil and
rainfall renewed GW represents a small percentage of the currently available water in
Egypt, it is a highly underutilized water resource hence can play a larger role in meeting

Egypt’s water demand.

1.2.4 Seawater desalination

Seawater desalination is the remaining option for Egypt to indefinitely increase its water
resources. Seawater desalination is an abundant and a secure source of water as it is
independent of climatic conditions (Ghaffour et al., 2013). However, SW desalination
currently accounts for only 0.35% of Egypt’s available water resources (IDA, 2013) as
it is a process constrained by costs and therefore its application is limited to installations
that are insensitive to high prices. This is observed from the data obtained from the
International Desalination Association (IDA) inventory (IDA, 2013) which shows that
58.5% of SW desalination plants are located in tourist areas on the Red Sea and Suez
Gulf.

1.2.5 Water availability

Based on the estimated water availability shown in Table 1-1 and the 2013 population
(Central Agency for Public Mobilization & Statistics, 2013), the per capita water
availability in Egypt is estimated to be from 919 to 954 m®/year. This value is below the
level associated with countries with chronic water shortages, i.e. 1,000 m*/capita/year
(Mason, 2004). Moreover, even in the best case scenario where the Nile projects

discussed in section 1.2.1 were carried out, the increase in Nile water share would be

% Only 20% of these areas have access to a sewage system (MWRI, 2010)
1> See Appendix A for more details on GW extraction and reserves



offset by the population growth'® and the per capita water share would still be less than
1,000 m*/year.

Accordingly, Egypt is forced to adopt strict water saving measures including water
recycling, switching to drip and sprinkler irrigation methods*’, and growing less water
intensive and high value crops such as fruits and vegetables while importing water
intensive crops (United Nations Country Team, 2005).

It should be also noted that while Egypt imports most of its food where in 2008 it had
between 30 to 60% self-sufficiency of its mainly used alimentary crops® (Central
Agency for Public Mobilization & Statistics, 2010), its hopes of agricultural expansion
to decrease its food import bill* are hampered by limited fresh water supplies.
Moreover, the lack of fresh water forced many farmers in several locations to use of
untreated waste water, and the heavily polluted and saline water from canals and drains
in irrigation as well as illegally using water meant for drinking purposes (Amin, 2010,
Viney, 2012). The use of such low quality water in irrigation affected the productivity
of the soil and in some cases the soil became unsuitable for irrigation, which is likely
due to the accumulation of salts, heavy metals and nutrients in the soil (Mohammad
Rusan et al., 2007).

1.3 Poverty in Egypt

Poverty levels in Egypt are steadily increasing where the percentage of poor, defined as
individuals who are unable to meet their basic needs of food, shelter and clothes as well
as education, health and transportation services, increased from 16.7% in 1999/2000 to
25.2% in 2010/11 and 4.8% of the population were in absolute poverty not being able to
meet their minimum food requirements (Central Agency for Public Mobilization &
Statistics, 2011). While Egypt experienced high rates of economic growth during this
period, only lower Egypt seemed to benefit from such growth with significant poverty

16 Based on the 2014 population growth rate (The World Fact Book, 2014)

17 Switching from flood to sprinkler or drip irrigation in the Nile valley and delta may not result in
substantial water savings as the excess irrigation water is anyway recycled as previously discussed. It is
also mandatory to use drip and sprinkler irrigation in areas far from Nile valley and delta which are at risk
of water shortage (FAO AQUASTAT, 2005).

'8 Wheat, maize and beans

19'In 2009, the crops import bill reached 5 billion USD, third of which was for importing wheat, while the
income from exporting crops consisted less than quarter of this value (MWRI, 2010).
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reduction, while it increased in upper Egypt (United Nations Country Team, 2005). This
could be observed in food deficits reported in Upper Egypt manifested in higher rates of

all kinds of malnutrition (United Nations Country Team, 2005).

While the government of Egypt (GOE) heavily subsidies fuel and food commodities
with amounts reaching 10% of its gross domestic product (GDP) to ensure that the large
poor segment of the population will have access to these commaodities, a reduction in
the subsidies is expected as a result of declining export income and government
revenues that in addition to the devaluation in the national currency which will increase
the price of imported goods (Bradley, 2012, Coleman, 2012). A reduction in subsidies,
on which most of the population rely due to their low purchase power, will have the
greatest impact on rural areas that are home to 57% of the population and approximately

70% of those who live at or below the poverty line (Rural Poverty Portal, 2010).

1.4 Decentralized Communities: A Solution

Schumacher (1974) considered uncontrolled urbanisation, heavy capital investments
and centralized development as unsustainable and promoting inequity especially that
most development efforts are directed to urban places; which, as discussed in the
previous section, is already happening in Egypt. Accordingly, Schumacher (1974)
argued that the development of decentralized communities increases the resiliency of
the population particularly when the workplace is in the area where people are living

and where local skills could be exploited.

Therefore, the development of decentralized agricultural communities could harness the
skills of one third of Egypt’s workforce which are in the agriculture sector (FAO
AQUASTAT, 2005) and mostly concentrated in rural areas (Shalaby et al., 2011) where
poverty rates are the highest. In other words, creating such communities will create jobs
for a large sector of the population who are mostly poor and thus raising their income

especially when growing high value crops.

Increasing the cultivated land area will also decrease the trade deficit in agricultural
products. Moreover, decentralized communities with a degree of autonomy, in terms of
having a local decentralized access to water and energy, will increase the resiliency of

their dwellers. The dwellers will rely less on subsidized and unreliable energy supplies
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(section 1.1) from the government while a fresh and a reliable source of water will
prevent farmers from resorting to using low quality water (section 1.2.5).

Creating decentralized communities away from the Nile valley and delta area will also
prevent further degradation of arable lands mainly caused by urban encroachment into
agricultural areas (Lenney et al., 1996); especially that 85% of the cultivated lands and
97% of the population are concentrated in this area (FAO AQUASTAT, 2005). Creating
such communities will result in a redistribution of the population and will improve land
use. EI-Kady and EI Shibini (2001) even considered creating communities with local
autonomy as the only way to relieve population pressure along the Nile valley and delta
and to avoid further pollution and degradation of arable land.

Furthermore, decentralized communities require decentralized small scale infrastructure
which could be easily financed, instead of investing a large amount of capital in

building large scale infrastructure.

Moreover, small cultivated lands in a decentralized community could be more beneficial
than large scale mechanized commercial agriculture. For the same investment, labour
intensive small land holdings can potentially have more yield and better energy ratios®
(Leach, 1975). Furthermore, according to Fraenkel and Thake (2006), small land
holdings double the labour requirements per hectare of land creating more job
opportunities and income for landless labourers. It should be noted, however, that an
excessive fragmentation of the cultivated area will compromise the farmers’ income

(Allam and Allam, 2007).

1.5 Suitable Water and Energy Sources for
Decentralized Communities

In the previous section, it was concluded that creating decentralized agricultural
communities away from the Nile valley and delta area could reduce poverty rates and
increase the resiliency of the low income segment of the population living in rural areas
as well as preventing further degradation in arable land. The development of such
resilient communities is, however, contingent upon access to reliable supplies of potable

water and energy.

2 Defined as the ratio between the energy stored in the crop and the energy required to produce it
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1.5.1 Groundwater extraction

In section 1.2, it was shown that Nile water quota is fully used and could be
significantly reduced if Ethiopia carried on with constructing the GRD and used the
water in irrigation. Moreover, the potential increase in Nile water share depends on
projects outside Egypt’s borders that are unlikely to be achieved in the near future. It
was also shown that quantity of Nile water that could be reused is almost fully
exploited. Therefore, it is concluded that SW desalination and the highly underutilized
fossil and rainfall renewed GW resources will be the main remaining options to increase

water availability.

While GW is a limited resource compared to the essentially unlimited SW, it is an ideal
water resource for decentralized communities as it exists all over Egypt allowing the use
of decentralized water supply systems which are suitable for areas with lack of
infrastructure (Rommel et al., 2007), i.e. areas away from the Nile valley and delta. On
the contrary, SW is confined to coastal areas necessitating large scale centralized
desalination plants to meet the water demand of all inland areas. They also need to be
located in major cities with sufficient infrastructure such as power grid, water
distribution network and roads (Lattemann and Hépner, 2008). Furthermore, additional
costs associated with pipes, pumps and energy demand will be required to convey the

desalinated SW to deep inland areas and areas located at high elevations.

Decentralized applications also offer the most sustainable use of GW resources as the
small water demand would prevent GW over extraction which could result in large
drops in GW levels within a short duration to the point where the cost of extracting GW
could outweigh the economic return (Hefny et al., 1992). Finally, it should be noted that
GW is a limited resource especially when compared to Egypt’s overall water demand
(Table 1-1). Therefore, GW extraction is only proposed to be used to establish
decentralized agricultural communities away from the Nile valley and delta that are
growing high value low water consuming (HVLWC) crops using water efficient
irrigation methods such as drip and sprinkler irrigation which can increase the income

of the farmers.
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1.5.2 Solar energy

As Egypt has limited and unreliable supplies of fossil fuel products whose prices are
expected to increase with the reduction or removal of the subsidies (sections 1.1 and
1.3), the use of solar energy will guarantee a long term and reliable supply of energy,
and a minimal susceptibility to global market prices compared to the volatile fossil fuel
prices (International Renewable Energy Agency, 2012). Many studies such as those of
Abdelrassoul (1998), Garcia-Rodriguez et al. (2002), Fiorenza et al. (2003), Garci et al.
(2003) and Kalogirou (2005) regarded solar energy as the most appropriate and

promising renewable energy source in remote arid areas.

Solar energy is a locally and a highly available energy resource, a main requirement for
establishing resilient and sustainable communities (Rheinléander, 2007). The annual
average global irradiation in Egypt mostly falls in the 6 to 6.5 kWh/m?/day range
(Figure 1-2) which is one of the highest in the world based on NASA solar world map
(NREL, 2013). Solar energy also has a low environmental impact in terms of

greenhouse gas emissions (Richards and Schafer, 2003).

Jordan
rael

Egypt

Annual Average Daily Global Horizontal Irradiation in Egypt (KWh/m?/day)
5.0-5.5 5.5-6.0 6.0-6.5 >6.5

Figure 1-2: Annual average daily global irradiation in Egypt
Source: NREL Map modified after (NREL, 2013)

Solar energy plants are also suitable for decentralized small scale applications due to the
modularity of most solar technologies®!. Moreover, the introduction of a new

21 More details are discussed in Chapter 2
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decentralized technology can improve the economic status of rural communities through
creating new jobs related to the production, operation and market distribution of the
equipment (Kalogirou, 2004).

Furthermore, solar energy resources are evenly spread over Egypt (Figure 1-2)
compared to other renewable energy sources such as wind energy which is site specific
(Abu-Arabi, 2007, Eltawil et al., 2009). The wind energy atlas shows that only the
eastern shore of the Suez Gulf in addition to small areas west of the Nile bank near El-
Minya city and in the Sinai Peninsula along the Suez and Agaba gulf, have enough wind
resources that could be economically exploited (Elsobki et al., 2009). However, due to
their low electricity cost (Kost et al., 2012), on shore wind energy systems should be

considered as a better alternative only in these limited areas.
1.6 Motivation and Area of Research

This chapter has examined energy and water resources in Egypt. It was shown that
Egypt has limited supplies of fossil fuels and the current supply of electricity is
unreliable. It has also been shown that Egypt has a limited supply of fresh water where
the Nile water is fully utilized and the available quantity could potentially decrease, and
other measures such as Nile water reuse is almost fully exploited. Therefore, it was
concluded that SW desalination and GW extraction will be the best options to increase
Egypt’s water supply. The latter option, however, was shown to suit decentralized

applications and could potentially be more economical than SW desalination.

For this reason, GW extraction could help establishing decentralized agricultural
communities growing HVLWC crops which can: increase the income and the resiliency
of a large segment of the population working in the agriculture sector mainly
concentrated in rural areas where poverty rates are the highest; reduce the trade deficit
in agricultural product; and redistribute the population away from the heavily populated
Nile valley and delta. It is worth mentioning that redistributing the population,
improving land use, creating new jobs and establishing new agricultural communities
away from Nile valley and delta area are amongst the development goals of the GOE
(Gheith and Sultan, 2002). Furthermore, due to Egypt’s vast solar resources, solar

energy would provide a sustainable and clean energy supply for these communities.
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Accordingly, this thesis explores the feasibility of solar driven small scale plants for
brackish GW extraction and desalination. Egypt could potentially have more brackish
GW accessibility and reserves than fresh GW. This is especially that brackish GW is
considered by many studies, (Ahmad and Schmid, 2002, Allam et al., 2003, Talaat et
al., 2003, El-Sadek, 2010) to be an important source to meet Egypt’s growing water
demands.

Moreover, while brackish GW requires the use of a desalination process to reduce its
salt content to be suitable for drinking and in some cases for irrigation®, its desalination
costs are 3 to 5 times lower than SW desalination (Al-Karaghouli et al., 2010). This is
due to its much lower salinity than SW which reduces the energy needed for
desalination and also due to its lower pre-treatment requirements (Watson et al., 2003,
Younos, 2005).

However, the main limitation with brackish GW extraction, and GW extraction in
general, is its limited supplies as well as the environmental and extra costs associated
with brine disposal which has a high salt concentration and filled with different feed

water pre-treatment chemicals (Eltawil et al., 2009).

For this reason, this thesis particularly explores the feasibility of high recovery rate
(RR) photovoltaic (PV) driven reverse osmosis (RO) plants for brackish GW
desalination. Given that PV systems could be still regarded as an expensive energy
supply (Milow and Zarza, 1997, Garcia-Rodriguez, 2002, Kalogirou, 2005) for decision
makers in Egypt, the economic feasibility of using PV instead of diesel generators
(DG’s), which is likely to be the only alternative decentralized energy supply in remote

areas in Egypt, to drive the RO plant is explored.

Moreover, to further enhance the RR achieved by the RO process, the use of a
membrane distillation (MD) process driven by flat plate collectors (FPC’s) to treat the
brine from the PV-RO plant is investigated in this thesis. Membrane distillation is a
thermally driven process and therefore its maximum attainable RR is not limited by the
water salinity as opposed to the RO process where the RR is limited by the osmotic

pressure.

22 More details on water quality needed for drinking and irrigation are discussed in Chapter 3



16

Furthermore, in an attempt to reduce the costs of a PVV-RO plant, the feasibility of
replacing the standard PV modules with photovoltaic/thermal (PVT) collectors is
explored. In addition to the increase in the electricity yield of the PV system by using
PVT collectors, they could potentially reduce the RO plant energy consumption through
heating the water fed to the RO plant.

1.7 Thesis Outline

This thesis examines the feasibility of extracting and desalinating brackish GW in Egypt
using solar driven high RR RO and MD desalination plants to help establishing

decentralised agricultural communities.

In Chapter 2, different solar technologies and desalination processes are compared to
justify the selection of PV, FPC, RO and MD as the most suitable for decentralized
applications. The chapter will also provide background information on both the RO and
MD processes. Different work carried out on brackish water (BW) PV-RO and hybrid
RO/MD plants, and MD process modelling is then reviewed.

In Chapter 3, GW properties in the seven main hydro-geological systems across six
regions in Egypt are investigated to identify aquifers with access to brackish GW. These

aquifers are then investigated for their potential for sustainable development.

In Chapter 4, the feasibility of high RR PV-RO plants for brackish GW desalination is
investigated. Using commercially available simulation tools, PV-RO plants are designed
for the range of brackish GW salinities and depths, and solar irradiances encountered in
Egypt. The plants will be designed to operate at the maximum possible RR which will
be also examined for the range of GW compositions found in Egypt. The LCOW of the
PV-RO plants is then estimated and compared to a similar plant driven by DG’s. The
chapter also investigates the effect of the PV-RO plant operating hours on its economic
feasibility by considering two cases: a case where the RO plant operates only during the
daytime; and a case where the RO plant is operating for 24 hours.

In Chapter 5, the feasibility of replacing standard PV modules with PVT collectors to
drive the RO plant is assessed. The annual performance of the PVT-RO plants, in terms
of the expected increase in the annual electricity yield of the PV system and the

reduction in the RO plant energy consumption by heating the feed water, is examined
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using TRNSYS. The analysis will also compare the performance of glazed and unglazed
PVT collectors. The LCOW of a PVT-RO plant is then estimated and compared to that
of a PV-RO plant.

Chapter 7 presents a mathematical MATLAB model developed to simulate a full scale
permeate gap MD (PGMD) module. The validity of the model is also examined by
comparing the results with experimental data available in the literature. The results of
the model will be used in Chapter 8 which examines the feasibility of using hybrid
RO/MD plants to increase the overall RR. The chapter will investigate the maximum
RR enhancement that could be attained by using an MD process to desalinate the RO
plant brine. The annual performance of a solar driven hybrid RO/MD plant is assessed
using TRNSYS. The LCOW of the plant is then estimated and compared to that of the

plant using an RO process only.

Finally, Chapter 8 summarizes the main results and conclusions of this thesis and

outlines future work recommendations.



2. Literature Review

Small scale solar driven systems for brackish GW extraction and desalination were

proposed to establish decentralized agricultural communities in Egypt.

This chapter is divided into two parts. In the first part different solar energy systems and
desalination processes are reviewed and compared to justify using RO and MD to
desalinate the GW, and PV and FPC’s to drive the desalination plants. This part will

also provide background information on the RO and MD processes.

In the second part, different work carried out on BW PV-RO plants and the application
of such plants in Egypt, hybrid RO/MD plants, and MD process modelling, is reviewed.

The research gaps are then identified demonstrating the novelty of this research.

2.1 Aspects for Successful Implementation of Solar
Driven Groundwater Extraction and Desalination
Plants in Rural Areas

Decentralized agriculture communities are mainly targeting rural areas which have poor
access to materials and high skills. For this reason, according to Koschikowski et al.
(2003), Richards and Schafer (2003), Rheinlander (2007), Banat and Qiblawey (2007)
and Retnanestri (2007), for a successful and a sustainable application and operation of
the proposed solar driven GW extraction and desalination systems in rural areas the
following aspects should be fulfilled: robustness, high reliability and low maintenance
requirements; simple design that could be operated and maintained by locals;
modularity to adapt with growth/variation in demand; and low capital and unit water
costs. Accordingly, choosing the most suitable desalination and solar system

technologies will be based on the aforementioned aspects.

2.2 Solar Energy Technology Comparison and
Selection

In this section, different solar energy systems that can be coupled with desalination
processes are compared. Solar energy systems are divided into PV based technologies
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which convert solar energy directly into electricity; and solar thermal collectors which
convert solar energy to heat. This heat can be used directly in a heating process or can
be used to generate electricity via a steam turbine, a Rankine cycle engine, or a Stirling

heat engine (Morrison and Rosengarten, 2012).

Photovoltaic based technology comprises non-concentrating PV?, PVT and
concentrated PV (CPV) systems. Solar thermal collector technologies consists of
Stationary and non-stationary collectors in addition to solar ponds. Stationary collectors
mainly include FPC’s, and evacuated tube collectors (ETC’s). Non-stationary collectors
are usually concentrating collectors which include parabolic trough collectors (PTC’s),
central receiver power towers, parabolic dishes, and linear Fresnel reflectors (LFR’s).
With concentrating collectors high operating temperatures, i.e. up to 1,500 °C, could be
achieved (Morrison and Rosengarten, 2012). These high levels of temperature are
mainly used for electricity generation and therefore these systems are usually referred to
as concentrated solar power (CSP) systems. A brief description of each technology is

shown in Appendix B.

For this reason, FPC’s are only compared to ETC’s in addition to solar ponds as they
are usually used for process heating®, while solar thermal concentrating collectors are
compared with PV based technologies as both supply electricity.

2.2.1 Electricity generating solar technologies

Non-concentrating PV is a well-established and reliable technology and could be easily
accessed in the market. Non-concentrating PV systems have also simple operation and
low maintenance (Ahmad and Schmid, 2002, Richards and Schafer, 2002, Tzen et al.,
2004), especially that there are no moving parts as solar tracking in not necessary. The
aforementioned aspects are necessary for a successful implementation and operation in
rural/remote areas (Rheinlédnder, 2007). Retnanestri (2007) described non-concentrating
PV as a “democratic” technology as it can be installed and operated by the locals once
they have sufficient training. Retnanestri (2007) also considered it as an important

technology to promote the sustainability of remote communities. Non-concentrating PV

% In other parts of the thesis non-concentrating PV modules are directly referred to as PV modules, but in
this part it is referred to as non-concentrating PV to differentiate it from CPV’s

2 Solar ponds can be also used to generate electricity through a low temperature organic vapour Rankine
cycle engine (Morrison and Rosengarten, 2012)
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systems are also modular and therefore are suitable for decentralized applications.
Moreover, while non-concentrating PV used to be regarded as an expensive technology
(Milow and Zarza, 1997, Garcia-Rodriguez, 2002, Kalogirou, 2005), a dramatic drop in
module prices took place since 2009 due to market overcapacity and high competition
between manufacturers (Kost et al., 2012). The average price of PV modules in
November 2009 was 4.34 USD per Watt peak (Wp) (Ab Kadir et al., 2010) but it
dropped to 0.67 USD/Wp in November 2013 (EnergyTrend, 2013), a 6.5 fold reduction

in just 4 years.

Simplicity and low maintenance also apply for PVT collectors which have high solar
radiation conversion efficiency. These systems, however, cannot operate at high
temperatures because the module output electrical power will be highly reduced. For
this reason, PVT cannot be used to supply the heat required for desalination processes.
The PVT collectors would be ideal for desalination processes where preheating the feed
water may reduce the desalination energy required.

While CSP systems have slightly better conversion efficiencies reaching up to 31.4%
(U.S. Department of Energy, 2011), than non-concentrating PV, their capital and
electricity costs are higher, and they also require precise tracking which increases their
complexity and maintenance requirements. In particular, the levelized cost of electricity
(LCOE) of a large scale (> 1 MW) ground mounted PV system is on average 0.147
USD/KWh? under Spain’s weather conditions®. Conversely, the LCOE of a CSP
system (100 MW) under the same weather conditions ranges from approximately 0.252
to 0.358 USD/kWh?’ depending on the CSP technology used (Table 2-1). Moreover,
according to Kost et al. (2012), based on the learning curve rates of both technologies,
the LCOE of CSP systems is forecasted to be still higher than large scale PV systems by
2030 and with almost the same ratio as in 2012 due to their weak market growth and

lower learning curve.

% Based on 1.35 conversion rate from Euro and USD

%6 2,000 kWh/m? average direct normal irradiation (DNI). The average DNI in Egypt ranges from about
1800 to 2750 kWh/m? respectively based on NREL solar irradiation data and therefore the reported
LCOE values may also apply for systems installed in Egypt

%" The indicated CSP LCOE values do not include parabolic dish systems, however according to Ab Kadir
et al. (2010), the latter’s electricity costs are higher than other CSP systems
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Table 2-1: LCOE estimates of different CSP technologies in May 2012

Solar System Technology Average LCOE (USD/kWh)
Utility Scale Ground Mounted PV Systems (>1 MW) 0.147
Small Scale PV Systems ( < 10 kW) 0.169
Parabolic Trough with thermal storage (100MW) 0.252
Concentrated PV 0.27
Fresnel Collectors (100MW) 0.308
Power Tower with thermal storage (100MW) 0.312
Parabolic Trough without thermal storage (100MW) 0.358

Source: (Kost et al., 2012)

It should be noted, however, that CSP’s might be an attractive option for dual
generation, where the excess heat from the power generation system could be used to
drive a thermal desalination process which would increase the overall utilization of solar
energy similar to PVT collectors. Parabolic trough collectors in particular are suitable
for such application as they are designed such that a working fluid flows into the
receiver and therefore heat can be easily recuperated from the fluid (Appendix B).
Parabolic trough collectors are also suitable for rural/remote areas as the systems are
reliable and are the most mature (U.S. Department of Energy, 2011) and have the lowest
LCOE compared to other CSP systems (Table 2-1). However, PTC’s are best suited for
large scale applications (Morrison and Rosengarten, 2012), similar to power towers.
The only CSP system suitable for small scale applications is the parabolic dish system
with Stirling engines. However such systems are not suitable for dual generation
because the heat is converted to electricity in the dish, and the excess heat is vented to
the atmosphere (Kalogirou, 2004).

Regarding CPV system, their electricity costs are generally lower than that of CSP’s
and are expected to be even lower than non-concentrating PV systems in the near future
(Willis, 2012). For instance, CPV systems manufactured by SolarSystems are expected
by the company to have an LCOE of 0.06 USD/kWh in the upcoming few years which
will be less than that of non-concentrating PV systems (Parkinson, 2012). For existing
CPV plants, little data have been found in the literature as there are currently very few
CPV installations. However, in a 2010 summary report on CPV industry by Extance
(2010), an average LCOE of 0.27 USD/kWh was reported and was forecasted to drop to
0.08 USD/kWh by 2015. While the LCOE of CPV systems is higher than that of a PTC
CSP, the former systems are modular and suitable for small scale applications. For
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example, one parabolic dish such as the CS500 (SolarSystems, 2011) have a peak power
of 35 kW. Concentrating PV systems can be also considered for dual generation of heat
and electricity. Similar to PVT systems, the feed water could be used to cool the PV
cells while gaining enough heat to be used in a thermal desalination process hence
increasing the overall system efficiency. Due to the high temperatures generated,
cooling is necessary in CPV systems to avoid component failure or a decrease in cell
efficiency. Dual generation could be particularly suitable for the CPV configuration
using Fresnel refractors as it has a large flat area and the PV cells are located on the
back of the CPV panels. Therefore it would be easier to circulate water behind the CPV
modules compared to configurations using parabolic dishes where, similar to parabolic
dishes CSP’s, it will be complex to circulate the working fluid through the receiver of

each dish especially in terms of piping layout (Kalogirou, 2004).

2.2.2 Process heating solar technologies

Flat plate collectors have low costs and simple designs (Stine and Geyer, 2001). They
also share the same modularity as PV modules and are expected to also have low
maintenance requirement as they have no moving parts. Furthermore, while their
operating temperatures are relatively low, i.e. operating temperatures up to 90°C
(Morrison and Rosengarten, 2012), they are enough to drive most of thermal based
desalination processes which mostly operate at temperatures less than 100 °C
(Appendix B). Moreover, FPC’s are locally available as they are manufactured in Egypt
(Nafey et al., 2006) which increases the resiliency of the communities using them as
there will be no need to import the systems and spare parts will be easily accessible in

the market.

The main competitor of FPC’s to supply process heating are ETC’s which are more
efficient especially when higher working fluid operating temperatures are required
(Morrison and Rosengarten, 2012). The ETC’s are also described as a mature and well
proven technology (Belessiotis and Delyannis, 2001). However, ETC’s are on average
2.6 times more expensive than FPC’s (Belessiotis and Delyannis, 2001, Banat and
Qiblawey, 2007). Therefore, ETC’s are usually favourable for cold weathers, cloudy
and windy locations (Kalogirou, 2004) where excessive heat losses would be otherwise
expected with FPC’s. Therefore, ETC’s may not be needed under Egyptian warm to hot

weather conditions. Moreover, while according to Belessiotis and Delyannis (2001),
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ETC’s are more suitable for conventional thermal based desalination processes, their
use is likely to be superfluous given that most desalination processes operate at

temperatures less than 100°C.

Finally, solar ponds have the advantage of thermal storage provided by the water mass
(Garcia-Rodriguez et al., 2002) and therefore the heat from the pond could be used for
extended times without further costs. Moreover, solar ponds can make use of the
otherwise waste brine from desalination processes (Abu-Arabi, 2007) to establish the
required salinity gradient. However, due to the continuous loss of water by surface
evaporation which needs to be continuously replaced, solar ponds are not suitable for a
water scarce place like Egypt. They might be considered, however, in areas near the
coast (Kalogirou, 2005) where SW could be used to replenish the water in the upper
zone while the brine from the desalination process is used in the lower zone. Moreover,
solar ponds may not be suitable for small scale applications as they tend to be more
economical for large scale applications due to their high construction costs, which
decreases with an increased pond size (Duffie and Beckman, 2006), and the long time
required to reach the desired temperature gradient which may take up to a year
(Porteous, 1984). Larger ponds are also preferred to smaller ponds as the transparency
of water in the former is less affected by dirt and dust particles which otherwise reduce
the amount of solar radiation absorbed in the bottom of the pond. Larger ponds are also
more efficient because their large area to perimeter ratio reduces the heat losses which

are mainly from the edges of the pond (Duffie and Beckman, 2006).

2.2.3 Conclusion

Based on the review carried out in this section, it has been concluded that non-
concentrating PV modules and FPC’s will be the most suitable to drive the proposed
decentralized GW extraction and desalination systems due to their simplicity, low
maintenance, low cost and wide spread use. Photovoltaic/thermal collectors may also
show some economic advantage when coupled with a desalination process that can
make use of preheating the feed water to reduce desalination energy consumption.
Finally, CPV is a promising technology with expected electricity costs to be less than
that of a non-concentrating PV system, and their current costs could be substantially
reduced if the CPV systems are used for dual generation of heat and electricity.
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2.3 Desalination Processes

Desalination, also referred to as desalting or desalinization, is the process of turning
brackish or saline water into fresh water that is suitable for drinking as well as
agricultural use by mainly separating dissolved inorganic substances (Water Quality
Association, 2012, U.S. Geological Survey, 2014).

Desalination processes are mainly divided into thermal processes, that mimic the natural
water cycle where water is evaporated leaving behind non-volatile substances and then
is condensed to obtain pure water, and membrane based processes which do not involve
phase change. The main commercial thermal desalination processes are multi-stage
flash distillation (MSF), multi-effect distillation (MED) and vapour compression (VC).
The main commercial membrane desalination processes are RO and electro-dialysis
(ED). Each of these conventional processes, in addition to other minor desalination
processes which are either under research and development or in the early
commercialization phase, will be compared. The comparison is based on a review

carried out on each of these desalination processes which is shown in Appendix C.

2.3.1 Desalination processes comparison and selection

All thermal processes such as MSF and MED require heat energy to operate in addition
to electrical energy for the auxiliary equipment particularly to run the pumps. This is
except single effect passive solar stills and mechanical vapour compression (MVC)
process which only require heat energy and electrical (or mechanical) energy
respectively. Conversely, all membrane based technologies such as RO and ED only
require electrical energy whether to drive pumps or to apply an electrical potential
difference. The MD process is, however, an exception as it is a membrane process that

requires both heat and electricity.

For this reason, thermal based technologies are usually coupled with solar thermal
collectors while RO, ED and MVC are usually coupled with PV systems (Fiorenza et
al., 2003, Abu-Arabi, 2007, Banat and Qiblawey, 2007, Zejli and Elmidaoui, 2007).
Concentrating solar power plants may be also used to run RO, ED and MVC, however
as discussed in section 2.2.1, they are more expensive than PV systems and most of

them are not suitable for small scale applications.
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2.3.1.1 Major desalination processes

Multi-stage flash desalination is a very reliable and mature process where the plants
exceed their expected life time and also do not show any performance degradation in
terms of water production and energy consumption over their lifetime. The process is
also easy to operate as it works similarly to power plants hence the skills required for
plant operation and maintenance could be easily procured. (The National Reserach
Council, 2004, Borsani and Rebagliati, 2005, Reddy and Ghaffour, 2007)

The MSF process has, however, high energy consumption (Wade, 2001, Abu-Arabi,
2007) as it is a thermodynamically inefficient process (Reddy and Ghaffour, 2007). The
process’s electricity consumption alone is close to that of the RO process (Table 2-2).
The large electricity consumption is because the process requires a large amount of feed
water to produce the desired distilled water as only small amounts of vapour are
produced in each stage (Howe, 1974, Wade, 2001). For the same reason, MSF SW
desalination plants usually operate at low RR’s ranging from 10 to 20% (Watson et al.,
2003). Moreover, while it started to gain a large market in small scale applications, the
MSF process is only economical for large scale applications (Wade, 2001) due to the
economies of scale (Assimacopoulos, 2001). For the aforementioned reasons, the MSF
process is best suited for dual generation plants, i.e. combining large scale MSF plants
with power stations, where the excess heat from the power generating cycle is used to

run the desalination process (Watson et al., 2003, Borsani and Rebagliati, 2005).

Furthermore, a typical®®

MSF process is not suitable to be coupled with solar energy,
i.e. intermittent operation, because the process requires transient time to stabilize and
reach normal operating conditions (Kalogirou, 2005). Moreover, due to its low
performance ratio (PR), the MSF process is better to operate at higher temperatures
which will require the use of the more expensive ETC’s or Compound parabolic

collectors (CPC’s)®.

The MED process is more thermodynamically efficient than MSF and requires small

amounts of feed water (Howe, 1974) to produce the same amount of distillate due to its

%8 One company, however, developed a special MSF configuration, called “Autoflash” to regulate the top
brine temperature based on the available energy and overcome operation instability problems (Garcia-
Rodriguez, 2002, Ali et al., 2011).

2% See Appendix B
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Table 2-2: Specific energy consumption of major desalination processes

Brackish Water Seawater
Electricity kWh/m? Electricity kwh/m? Heat kWh/m?
ED 0.5 to 10 [a]* - -
~ 0.5 for every 1 g/l of
salts removed [b]
RO 1to 3[a] 10 to 15% (No ERD) [a] None
0.5 to 3 [b] 9.5 (No ERD) [e]
2t0 3 [c] 2 to 5 (with ERD) [a]
0.5t0 2.5 [d] 2.5 to 7° (with ERD) [b]
3to 4 (with ERD) [d]
2.3 to 3 (with ERD) [f]
310 5.5 (with ERD) [g]*
MED"® - MED/TVC MED/TVC
1.5t0 2.5 [b],[0] 40 to 108 [b],[a]’
3.3[h]° 76.1[h]°
2.7102.9 [e] 53.810 80.7 [e]
3.3-5[1] 57.5-70.4
MED only MED only
3.5 [j]? (MED only) 84.9° [j]
1.5t0 2.5 [g]° 63.9 to 108 [g]°
MSF* - 3.6 [a] 80.5 [a]
3to 5 [b]® 69.4 t0 91.7 [b]*°
3.9 [e] 80.7 [e]
4106 [g] 52.8 t0 108 [g]
4 [h1°,[i] 76.1[h]°
2.5t05 [j] 92.5[i]
52.8 to 78.3 [j]
MVC - 8.5t0 16 [a] None
8to 15 [b]*
71012 [g]*
TVC - 2 [K]*® 108.5 [k]**

a] (Abu-Arabi, 2007) b] (National Research Council, 2008) c] (Miller, 2003) d] (Ghaffour et al., 2013) €]
(Wade, 1993) f] (Desalination.com, 2008) g] (The Encyclopedia of Desalination and Water Resources,
2013) h] (Borsani and Rebagliati, 2005) i] (Raluy et al., 2005) j] (Al-Karaghouli and Kazmerski, 2013) k]
(Darwish and Al-Najem, 1987) 1] (Ali et al., 2011)

1] Specific electrical energy consumption (SEC) values depend on feed water salinity 2] The higher SEC
value is for small scale plants 3] SEC for desalination plants with capacities less than 20,000 m*/d 4] SEC
values for a typical desalination plants with 24,000 m*/d capacity 5] Specific energy consumption values
for desalination plants with capacities from 10,000 to 35,000 m*/d 6] Specific energy consumption values
for desalination plants with 205,000 m®d capacity 7] Specific energy consumption values for MSF and
MED include the actual energy needed by the process and do not include the energy reduction from using
waste heat from turbines in cogeneration plants. 8] Specific energy consumption values for desalination
plants with 180,000 m*/d capacity 9] Specific energy consumption values for typical desalination plants
with capacities from 5,000 to 15,000 m*/d 10] Specific energy consumption values for desalination plants
with capacities less than 76,000 m*/d 11] SEC values for desalination plants with capacities less than
3,000 m*/d 12] SEC values for desalination plants with capacities from 100 to 2,500 m*/d 13] Specific
energy consumption values for a desalination plant with 1,500 m*/d capacity
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high heat transfer rates which also reduces its electrical energy consumption. For the
same reason, MED desalination plants can operate at higher RR’s than MSF plants with
values ranging from 20 to 67% (Watson et al., 2003). The low energy consumption and
high PR of the MED process are the main reasons for its lower capital and unit water
costs which can be observed from cost analysis studies by Wade (2001), Borsani and
Rebagliati (2005), and Reddy and Ghaffour (2007) (Table 2-3). It should be noted that
while Borsani and Rebagliati (2005) reported higher specific capital costs for the MED
process compared to MSF, this is not consistent with the other cost analysis studies, and
other studies such as Watson et al. (2003) clearly indicated that the MED process has
lower capital costs. The MED process is also suitable for intermittent operation (Garcia-
Rodriguez, 2003) especially the multi stack effect configuration, discussed in Kalogirou
(2005), which is the most suitable for solar energy and has a stable operation at partial
load. Furthermore, the process’s ability to operate at low temperatures is likely to make

it suitable to be coupled with cheaper FPC’s.

However, evaporating a thin film of feed water flowing over the surface of the heat
exchanger, instead of bulk boiling as in the MSF process, increases the risk of scaling.
This requires more frequent acid cleaning to remove scaling from the heat transfer
surfaces which could not be cleaned using simpler and faster methods such as the use of
sponge rubber balls* in MSF. This cleansing method does not require a plant shut-
down, because the evaporation occurs on the outer surface of heat exchange tubes and
not the inside. (Wade, 2001)

Vapour compression is described by several studies (Buros, 2000, Garcia-Rodriguez,
2002, Eltawil et al., 2009) as a simple and reliable process especially for small scale
applications. Higher RR’s could be also obtained from the VC process compared to
MSF with values reaching up to 50% for SW desalination plants (Watson et al., 2003).
The VC process is carried out either through mechanical compression, i.e. MVC
process, or through thermal compression, referred to as a thermal vapour compression
(TVC) process (Appendix C).

The TVC process is usually combined with an MED process where it is more

“convenient” to use due to economic reasons (Kalogirou, 2005) and is typically used in

%0 Sponge rubber balls are balls with a diameter larger than that of the heat exchanger tubes which are
inserted inside the tubes to remove any deposits on their surface
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Table 2-3: Unit water and specific capital costs reported for conventional desalination plants

Reference Costs MSF MED RO Notes
(Borsani and Unit Water Cost 052 0.52 0.45 e Based on the average values of
Rebagliati, 2005) usb/m® contracted plants in the middle

east in the early 2000’s and for a
Specific Capital Cost 880 950 830 plant with 205,000 m*/d capacity
usb/m®/d e Values for MSF and MED are

for a cogeneration plant

(Reddy and Unit Water Cost Close 0.55 0.5 ® Values for recent MED Plants
Ghaffour, 2007) usb/m? tol to0.7 e Capital cost values for RO are
the usual value for plants built
Specific Capital Cost - 850 500to  after 1995
usD/m¥d 1000
(Wade, 2001) Unit Water Cost 1.04 0.95 0.8 e Values for a desalination plant
usb/m® with 31,822 m%d capacity
Specific Capital Cost 1615 1518 1330 e Values for MSF and MED are
uUSD/m*/d for a cogeneration plant
(Fiorenza et al., Unit Water Cost 1.1 0.8 0.7 e Values for a typical MSF plant
2003)* usb/m® with 25,000 m*/d average
Specific Capital Cost 1300 1200 1300  capacity
usb/m®d e Values for a typical MED plant
with 10,000 m*/d average
capacity

e Values for a typical RO plant
with 6,000 m®/d average capacity
* Values combined from other studies

medium and large scale applications. Conversely, the MVC process is usually used by
itself and is suitable for small scale applications. Moreover, the MVC process is able to
cope with the intermittence of power supply (Garcia-Rodriguez, 2003, Abu-Arabi,
2007). Nevertheless, the MV C process has very high electrical energy consumption
(Table 2-2). Moreover, Rayan et al (2001) reported that VVC desalination units in Egypt
showed maintenance problems and their production were less than their designed

capacity.

The RO process is the most dominant process for water desalination worldwide where
approximately 65% of the overall worldwide desalinated water in 2013 was produced
from RO plants (IDA, 2013). This dominance of the RO process could be attributed to
the following factors: the process’s low energy consumption which is reported in many
studies (Wade, 1993, Garcia-Rodriguez, 2003, Beccali et al., 2007, Elimelech and
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Phillip, 2011) which can be also observed from Table 2-2; the process only requires
electrical energy compared to the thermal processes which usually require both heat and
electrical energy which increases the complexity of the plant and the costs; and its low
unit water costs and capital costs compared to other major desalination processes which
IS reported in several cost analysis studies (Milow and Zarza, 1997, Wade, 2001,
Borsani and Rebagliati, 2005, Reddy and Ghaffour, 2007) and can be also observed
from Table 2-3. The low energy consumption of the RO process is because it does not
involve phase change hence there is no need to supply the latent heat of evaporation
(Porteous, 1984). Its low investment cost compared to thermal processes is also because
the latter have larger footprint and require more expensive material compared to an RO
plant with the same capacity (Ghaffour et al., 2013). The cost and energy advantages of
RO over MED, MSF and thermal based desalination processes in general become more
obvious when desalinating BW (Table 2-2). For this reason, the RO process, as well as
ED, are recommended for BW desalination (Belessiotis and Delyannis, 2001, Abu-
Arabi, 2007) and are considered to be the most economical processes for such
application (Al-Karaghouli and Kazmerski, 2013) with reported desalination costs that
are 3 to 5 times lower than SW desalination (Al-Karaghouli et al., 2010). The RO
process is also modular and therefore can flexibly accommodate any future increase in
water demand by simply adding more membrane modules (Richards and Schafer,
2002).

However, the RO process produces water with lower quality than distillation processes
as it does not have 100% salt rejection. For example, product water with of 400 mg/I
salinity could be obtained from SW RO plants (Wade, 1993) compared to less than 25
mg/l for MED and MSF processes (Abu-Arabi, 2007). The RO process also has high
operating cost associated with its high pre-treatment and cleaning requirements in
addition to membrane replacement (Wade, 2001). Pre-treatment requirements,
according to Ghaffour et al. (2013), could increase the RO water costs “significantly”
depending on feed water type especially if the water has high scaling and fouling
potential®
(El-Kady and EI-Shibini, 2001, DOW Chemical Company, 2013c) to 6 years (P

Roginson 2013, pers. Comm., 27 Jul.) is expected. In a cost analysis study carried out

. For membrane replacement, an average membrane lifetime ranging from 3

31 Fouling and scaling in RO are discussed in more details in section 2.4.1.2
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by Borsani and Rebagliati (2005) to compare an RO,MED and an MSF large scale SW
desalination plants, the operation cost of the RO process excluding energy costs was
about 2.5 times more than that of MED and MSF. Furthermore, RO plants require
highly trained operators (Garcia-Rodriguez, 2002, Garcia-Rodriguez, 2003, Abu-Arabi,
2007, Banat and Qiblawey, 2007, Muller-Holst, 2007) especially that the process is
“less tolerant than distillation to errors in operation” (Wade, 1993) and some small scale
RO plants actually failed due to improper maintenance (Muller-Holst, 2007). Moreover,
the RO process cannot cope with the intermittence of power supply which can damage
the RO membranes or shorten their lifetime and for this reason energy storage, e.g.
battery banks, is needed to ensure a constant supply of electricity (Garcia-Rodriguez,
2003, Abu-Arabi, 2007, Riffel and Carvalho, 2009). The use of a battery bank will,
however, increase the costs and the maintenance required as well as decreasing the
reliability of the plant (Forstmeier et al., 2008). Finally, because the feed pressure
required in the RO process is proportional to the feed salinity, there is a limitation on
the level of water salinity that can be desalinated as only a certain maximum pressure
could be applied without damaging the RO membranes (DOW Chemical Company,
2011).

The ED process shares many advantages with RO such as low energy consumption and
modularity. The ED process is, however, better than RO in terms of the durability of the
membranes which could exceed 10 years (Watson et al., 2003). Furthermore, the ED
process has low pre-treatment requirements which is further reduced when the EDR
process is used, and is therefore more capable to treat waters with high fouling and
scaling potential than RO (Buros, 2000, Watson et al., 2003). The ED/EDR membranes
are also easy to maintain (Garcia-Rodriguez, 2003) where the membrane stack can be
disassembled and the membranes can be then hand cleaned (Reahl, 2006) which is not
possible with commercial RO membranes used for desalination. Moreover, the ED/EDR
is able to cope with the intermittence of power supply (Garcia-Rodriguez, 2003, Banat
and Qiblawey, 2007) and therefore could be easily coupled with solar energy without
the need of batteries. Garci et al. (2003) and Kalogirou (2005) also described the ED

process to have a more robust and simpler operation compared to the RO process.

However, the ED/EDR process has a higher capital cost than the RO process especially

that one stage of ED has a limited salt removal of 50% and therefore the higher the feed
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salinity and the more ED stages, i.e. series ED units, are required which significantly
increases the costs (Howe, 1974). For this reason, the ED process is more suitable, to
treat BW with salinities less than 5,000 mg/Il (Fiorenza et al., 2003) beyond which it
“becomes significantly more expensive” than RO (Banat and Qiblawey, 2007) which
will impose a limitation on the maximum attainable RR’s. Moreover, the ED process
cannot be used to obtain high purity water as in this case the electrical resistance of the
water will be very high necessitating higher voltage levels to be applied. For this reason
the ED process is usually controlled to obtain product water with 300 to 500 mg/I
salinity (Howe, 1974). The process also cannot separate non-charged particles such as
pathogens in water which will necessitate the use of UF to remove them which will
further increase the costs. The ED/EDR process is also less tolerant to high Iron and
Magnesium contents in feed water compared to RO, which when oxidized become

highly insoluble causing membrane fouling (Watson et al., 2003).

2.3.1.2 Minor desalination processes

The freezing process while has a low potential for scaling and corrosion problems, it is
limited by the difficulties in moving and processing the bulky frozen water (Buros,
2000). The process also seems to have a high SEC where a solar driven freezing
desalination plant installed in Saudi Arabia had a SEC of 103 kWh/m?® and was
eventually shut down as it was not economical to operate (Ali et al., 2011). The freezing
process in general found little success in market and only few freezing desalination
plants have been built since the concept was developed in the 1950’s (Buros, 2000,
Garcia-Rodriguez, 2003, Miller, 2003). Moreover, none of the currently operating or
under construction desalination plants in the IDA inventory (2013) is using this process.

The humidification-dehumidification (HDH) process, regardless of the configuration
used (Appendix C), is mainly endorsed over conventional desalination processes for its
construction simplicity, ease of operation and low maintenance requirements (EI-Kady
and El-Shibini, 2001, Fiorenza et al., 2003, Parekh et al., 2004, Kalogirou, 2005, Aybar,
2007, Muller-Holst, 2007, Wang et al., 2012). Moreover, the process is mainly designed
to be driven by solar energy especially that it only requires a low grade source of heat.
Furthermore, Miller-Holst (2007) claimed that the multi-effect humidification (MEH)
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process process in particular does not need chemical pre-treatment especially that the
unit they discussed had all surfaces in contact with the brine made of corrosion resistant
materials. However, pre-treatment is still likely to be required to avoid scaling issues
and biological growth. Nevertheless, the process is expected to have low pre-treatment
requirements given its low operating temperatures and simple design which should
allow easy cleaning of the heat transfer surfaces. The HDH process is also robust and
have long lifetime that could reach 20 years (Buros, 2000, Goosen et al., 2000).

The HDH process, however, has low productivity due to its low efficiency regardless of
the configuration used. The HDH process therefore has a large footprint and for this
reason its application is usually limited to very small scale applications. For example,
early all of the solar HDH plants discussed in the literature (Parekh et al., 2004, Mller-
Holst, 2007, Li et al., 2013) had capacities ranging from few tens of litres to 10 m*® per
day. The HDH process also has high energy consumption where specific heat
consumption (SHC) values ranging from 150 to 180 kWh/m? have been reported for
several solar MEH plants built in the Canary Islands in Spain (Muller-Holst et al.,
1998). Miiller-Holst (2007), however, reported that the MEH plant can have a SHC of
less than 120 kWh/m®. In all cases, the aforementioned values are much higher than that
of conventional desalination processes shown in Table 2-2. The HDH process’s
electrical energy consumption may also increase for high RR operation as the feed
water will need to be recirculated several times given the low productivity of the
process. Furthermore, the HDH process has high unit water costs where a recent review
by Li et al. (2013) on solar driven desalination plants showed that the costs of solar
driven MEH process, which has the highest productivity and potentially the most
thermally efficient amongst other HDH processes, was mostly higher than any other
solar driven process. The review by Li et al. also showed that solar stills are more
competitive with PV driven RO plants especially for capacities in the range of 10 m* per
day given their cheap capital costs with reported specific capital cost®® almost half of
that of RO plants (Kalogirou, 2005). However, this should be taken with scepticism
because of the low productivity of solar stills and their large space requirements which

are expected to increase the capital costs (Fath et al., 2006). This is especially that

%2Multi-effect humidification is another configuration of the HDH process. See Appendix C for more
details
%% Capital cost per m® of desalinated water capacity
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studies such as those of Harrison et al. (1996) and Herold et al. (1998) clearly reported
that solar stills have high costs as well as high maintenance.

The MD process has several advantages which were outlined in the literature (Fane et
al., 1987, Gostoli and Sarti, 1989, Lawson and Lloyd, 1997, Banat and Simandl, 1998,
Curcio and Drioli, 2005, Wieghaus et al., 2008, Koschikowski et al., 2009b, Khayet and
Matsuura, 2011a, Winter et al., 2011). The MD process requires lower operating
temperatures, i.e. 60 to 90°C, and therefore the process only requires a low grade source
of heat which can be easily supplied by FPC’s similar to MED and solar HDH
processes. The low operating temperatures also give the possibility of using plastic
equipment to overcome corrosion problems. Membrane distillation is also a compact
process requiring low footprint and shares the same modularity advantage of RO.
Moreover, compared to RO, the MD process operates at low pressure, e.g. atmospheric
pressure, which reduces the cost of equipment and increases the safety of the process
which also translates in cost saving, e.g. less sensors will be required to monitor the
process. The MD process also can cope with the intermittent nature of solar energy due
to the large heat capacity of water which impedes the change in temperature and also
because there is no risk of membrane damage if the MD module run out dry compared
to RO modules (Koschikowski et al., 2003). Furthermore, while the MD membrane is
also exposed to fouling and scaling® similar to RO, their effect is likely to be less
significant than with RO (El-Bourawi et al., 2006). A solar driven MD system discussed
by Schwantes et al. (2013) was even designed to operate without chemical pre-
treatment. Finally, the MD process is described by Koschikowski et al. (2003) as a
robust technology that is easy to use which makes it a very compatible for standalone

applications especially in rural/remote areas.

Nevertheless, the MD process has limited productivity (EI-Bourawi et al., 2006, Banat
and Qiblawey, 2007, Cheng et al., 2008) and high SHC similar to the HDH process. For
example two solar driven MD commercial systems built by SolarSpring one without
and the other with thermal storage have productivities of up to 21.5 and 28.5 I/d/m? of
collector area respectively. The SHC of the MD process, obtained from Winter et al.
(2011) on the same MD module used in the SolarSpring systems, was at least 145

kWh/m® when brackish/saline feed water, i.e. 13,000 mg/I, was desalinated and

% Fouling and scaling occurrence in MD are covered in more details in section 2.4.1.2
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increased to 180 kWh/m? for SW desalination. Furthermore, MD is an expensive
process which is the main reason that limits its commercialization (Banat and Simandl,
1998, El-Bourawi et al., 2006). For example, Wieghaus et al. (2008) reported that the
unit water costs for a solar driven system without thermal storage is approximately 34
USD/m®, but could drop to 13.5 to 20* USD/m? after further improvement in the MD
module performance and reduction in costs. Unit water costs ranging from 30 to 36
USD/m?® were also estimated by Banat and Jwaied (2008) for a solar driven MD system

with 0.1 and 0.5 m%/d capacity where the latter plant had thermal storage.

Finally, forward osmosis is (FO) a promising technology which shares the main
advantages of the RO process in terms of modularity and suitability for small scale
applications but it is also prospected to have a lower fouling potential and energy
consumption than the latter (Zhao et al., 2012). Moreover, as the process does not need
high pressure, it is safer than RO and allows the use of simple (Cath et al., 2006) and
cheaper equipment. Furthermore, the FO process should be able to cope with the
intermittence of the solar energy compared to RO, because solar energy is only needed
for circulating the water and in some cases separating the draw agent and is not needed
for the desalination process itself. The FO process application is, however, limited by
the low performance of the currently available FO membranes as well as the difficulties
in separating the draw agent and finding a draw solution that can generate an osmotic
pressure high enough to obtain higher RR’s (Cath et al., 2006, Chung et al., 2012).

2.3.2 Summary and conclusion

In spite of its reliability and technological maturity, the large energy requirements, high
unit water and capital costs, and high operating temperatures would be a main barrier to
using MSF in solar driven small scale applications. Conversely, due to its lower costs
and energy consumption, suitability for small scale applications, low operating
temperatures, and ability to cope with the intermittence of power supply, the MED
process is more suitable than MSF for decentralized solar driven applications in

rural/remote areas.

Reverse osmosis has, however, lower capital and unit water costs as well as lower

energy consumption than MED especially for BW applications. It should be also noted

% Original values given in Euro and were converted to USD using a factor of 1.35
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that even when MED and MSF are used in a cogeneration setting, which is the most
economical case for such processes, the unit water costs of the RO were still lower and
therefore the cost advantage of the RO process is expected to be more evident for
standalone solar driven desalination plants. Moreover, El-Kady and El-Shibini (2001)
reported that some private companies are assembling and producing RO systems in
Egypt which can further reduce the membrane cost and also increase its availability.
Furthermore, the process’s high chemical requirements and membrane replacement
costs are offset by its low capital cost and low energy consumption. The costs
associated with the chemical requirements are also expected to be low with GW
applications which have low fouling potential (Watson et al., 2003). The clear cost
advantages of the RO process over other conventional processes are reflected from the
former’s dominance in the global desalination market whose share will also increase by
1.7% after the completion of the currently constructed plants mostly on the expense of
the MSF, MED and ED processes whose shares will drop by about 1.65%, 0.37% and
0.38% respectively (IDA, 2013). The RO process is also more suitable for decentralized
small scale applications due to its modularity. Furthermore, the high maintenance
requirements, need for skilled operators and the difficulty to cope with intermittent
power supplies do not appear to be a significant barrier to RO application in rural areas
for the following reasons: RO is the most dominant process in Egypt used in 89% of the
desalination plants (IDA, 2013), therefore skilled operators should be easily found; and
in practice the RO process is dominating decentralized applications in remote areas
(Fiorenza et al., 2003) and based on the review carried out by Ali et al. (2011), almost
half of 82 solar®® driven desalination plants that were installed worldwide from 1977 to
2009 used an RO process. Finally, while the RO process produces water with less
quality than distillation processes, this should not be a problem when water is used for
drinking or irrigation given that water with salinities ranging from 500 to 1,000 mg/l is
suitable for both purposes (Ayers and Westcot, 1994, WHO, 2011). Higher quality
product water is only needed for industrial purposes and power plants. As a matter of
fact, very low salinity water needs re-mineralization to prevent corrosion problems®’
and it may also be unsuitable for irrigation affecting the soil water infiltration rate®.

Nevertheless, care should be taken with some dissolved solids that are not well rejected

% Including hybrid PV-wind energy and solar pond driven systems
3" More details on water post-treatment are discussed in section 2.4.1.3
%8 More details on the effect of water salinity on the soil are discussed in Appendix D
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by the RO process and may cause health issues especially Boron (Choi et al., 2010,
WHO, 2011).

In spite of its low pre-treatment requirements, membrane durability, ease of operation,
low maintenance and the ability to cope with the intermittent nature of solar energy
which makes the ED/EDR process more suitable for solar driven applications in rural
areas than RO, the high capital cost and limited salt removal per stage are main barriers
to its application. This can be clearly observed from the low global desalination market
share of the ED process, i.e. 3% of the global installed capacity, in comparison with
other desalination technologies (IDA, 2013). Moreover, the review carried out by Ali et
al. (2011) showed that only 9% of 82 solar®® driven desalination plants that were
installed worldwide from 1977 to 2009 used an ED process while the statistical analysis
on the worldwide renewable energy driven desalination plants carried out by Tzen
(2005) showed that only 6% of the plants used ED. Finally, the ED process is not
suitable for high RR operations as it is only economical when desalinating low salinity

water as discussed in section 2.3.1.1.

For the MVC process, while it is suitable for solar driven small scale applications, and
only needs one source of energy similar to RO, its high energy requirements is a main
limitation for its application. Garcia-Rodriguez (2002), Garci et al. (2003) and Fiorenza
et al. (2003), however, argued that the MV C process could be still a better alternative
for remote areas than RO despite its higher energy consumption due to its robustness,
ease of operation and lower operational cost given that the process needs less chemical
requirements and because no membrane replacement is needed. However, this
conclusion is questionable given that in practice despite its technological maturity, the
MV C process has a negligible global market share (IDA, 2013). Even amongst
renewable energy driven desalination plants, which are usually small scale plants
(Kalogirou, 2005) used in remote/rural areas, only 5% used an MVC process (Tzen,
2005). Moreover, as discussed in section 2.3.1.1, MVC plants were reported to have

poorer performance than RO plants in Egypt.

Minor desalination processes are mainly still under research and development or are in

their early commercialization phase and with their current state they cannot compete

% Including hybrid PV-wind energy and solar pond driven systems
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with conventional desalination processes mainly due to their low productivity and high
unit water costs such as with the HDH and MD processes, or technical difficulties such
as with the freezing and FO processes. While solar stills are more established, due to its
very low productivity it is only ideal for household size applications in remote/rural

areas (Fiorenza et al., 2003) due to their simplicity and low capital costs.

Nevertheless, the MD process is suitable for decentralized applications especially due to
its modularity and simple operation. Even with its current high costs and low
productivity, the MD process could be ideal when combined with RO to treat its brine
to increase the overall RR which is important in the context of extracting GW in a water
scarce country like Egypt as discussed in Chapter 1. Thermal processes in general are
more suitable to desalinate high salinity water (Abu-Arabi, 2007), as long as scaling
occurrence could be managed with chemicals, compared to the RO process where the

membranes have pressure limitations (DOW Chemical Company, 2011).

To conclude with, based on the review carried out in this section, RO seems to be the
most suitable process for small scale solar driven BW desalination plants in

remote/rural areas mainly due to its low costs, low energy consumption, modularity,
technological maturity and widespread use especially in Egypt. The low cost factor in
particular is the most important factor where it is described by Banat and Jwaied (2008)
as “the ultimate measure of the feasibility of the stand-alone system”. Finally, in spite of
its low productivity and current high unit water costs, the MD process could be

attractive to be used to treat the RO brine and increase the RR.

A summary of each process’s advantages and disadvantages please is shown in Table
2-4
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Table 2-4: Summary of the main advantages and disadvantages of the reviewed desalination processes

Advantages

Disadvantages

Major Desalination Processes

MSF e A very reliable and well established process
e Maintenance and operator personnel could be easily
found due to similarity with power plants

MED e Lower capital and unit water costs than MSF
e [ ow operating temperatures which could be met by
FPC’s
e Suitable for small scale applications
e Ability to cope with the intermittence of solar energy
e Higher water RR’s could be obtained without the need
for large amount of brine to be re-circulated

e High heat and electrical energy consumption
eLarge solar collector area required

eHigh temperature operation is required due to the
process’s low PR

e Not economical for small scale applications

o Both heat and electrical energy required
increasing the system components and complexity
o Standard MSF processes cannot cope with the
intermittence of solar energy

e High capital and unit water costs compared to
other desalination processes

e [arge amount of brine recirculation required to
obtain high RR’s

e More frequent chemical cleaning is required.
oCleaning requires plant shutdown

e High overall energy consumption

e Both heat and electrical energy required
increasing the system components and complexity

Notes

e The MSF process should be mainly
used for large scale applications in
cogeneration plants

e The process is suitable for small
scale solar driven applications.
However, cheaper desalination
processes are available particularly
RO, especially for BW desalination



VC e Simple, robust and reliable process e Very high electrical energy consumption e The MVC process is suitable for

® Designed for small scale applications oM VC units operating in Egypt showed small scale solar driven applications.
® One energy source needed in the MVC process maintenance problems and less production than However, cheaper desalination
e Ability to cope with the intermittence of solar energy ~ designed value processes are available particularly
e Higher water RR’s could be obtained without the need e Insignificant desalination market share RO, especially for BW desalination
for large amount of brine to be re-circulated o TVC process is only suitable when
combined with an MED process

RO e[ ow energy consumption/Ideal for BW desalination eHigh pre-treatment requirements eDespite the large need of chemicals
eLow capital cost and unit water costs e High membrane replacement costs and complex operation, the process’s
eModularity eDifficulty to cope with the intermittence of solar low cost makes it the most dominant
e Suitable for small scale applications energy process whether for conventional or
eHigh RR’s especially with BW e Skilled operators needed RE driven plants
e Well established process with a large market in Egypt e ow salt rejection for some salts such as Boron
eOne energy source needed that may cause health issues when water is used for

drinking

e Can only desalinate water with certain levels of
salinity due to pressure limitations

ED/EDR e Low energy consumption/Ideal for BW desalination eHigh capital costs e Solar driven ED/EDR process
eModularity e Only suitable to treat feed water with salinities could be more suitable option than
eLow pre-treatment requirements less than 5,000 mg/I. RO for treating BW with low salinity
e Ability to treat water with high scaling potential e Not economical for high RR applications (i.e. < 1,500 mg/l) and with high
eMembrane durability eLow desalination market share scaling potential in rural/remote
eRobust and easy to maintain and operate e Cannot remove silica and pathogens and areas.

e Ability to cope with the intermittence of solar energy therefore UF is a necessity for pre-treatment which
will further increase the costs
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Freezing
Process

HDH

MD

FO

Minor Desalination Process

e Low risk of scaling and corrosion problems

e Simple operation and low maintenance

e Ability to cope with the intermittence of solar energy
e Low pre-treatment requirements

eRobust with long lifetime

e Ability to treat highly concentrated brines

e Robust and simple operation

eModularity

e Compact/small footprint

e Ability to cope with the intermittence of solar energy
e Low pre-treatment requirements

e Ability to treat highly concentrated brines

e Potentially lower energy consumption than RO

e Potentially lower risk of fouling than RO
eModularity

e Compact/small footprint

o Ability to cope with the intermittence of solar energy

ecomplex and bulky operation
eHigh energy consumption and costs

eLarge footprint

e Low productivity

eHigh specific energy consumption

e High capital and unit costs

e Application limited to very small capacities

o Both heat and electrical energy required in most
configurations increasing the system components
and complexity

e ow productivity

e High specific energy consumption

e High unit water costs

oRisk of membrane fouling and wetting

o Both heat and electrical energy required
increasing the system components and complexity

® Membranes with higher performance are required
o Difficulties in separating the draw agent

e In spite of its old concept, process
has little success in market

oThe freezing process with its
current state is not attractive for
desalination use.

e The HDH process with its current
state could be useful when used for
RO brine treatment to increase the
RR.

e The MD process with its current
state could be useful should when
used for RO brine treatment to
increase the RR.

eThe process has large development
potential due to its potential higher
productivities and cheap
manufacturing materials

e The FO process has the potential to
be a better alternative than RO.
However, it is still under research and
development
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2.4 Background Information

2.4.1 RO plants

Reverse osmosis is a relatively new process, compared to other well-established
desalination processes such as MSF and MED, that started to be commercialized in
1969 and then increasingly gained market share (Reahl, 2006) to become the most
dominant water desalination technology. The RO process covers all the spectrum of
desalination plant scales with capacities as low as 1 m® per day to values up to 600,000
m? per day (IDA, 2013).

The following background information on the RO process is obtained from the literature
(Howe, 1974, Porteous, 1984, Buros, 2000, Pinnekamp and Friedrich, 2006).The
osmotic phenomenon is the natural tendency for a solution with less solute
concentration to diffuse through a semi-permeable membrane, i.e. a membrane that is
mainly highly permeable to water molecules to pass while non-permeable or has low
permeability to other molecules, and dilute a solution with a higher solute concentration
located on the other side of the membrane. In this case, under the setting shown in
Figure 2-1, the height of the column of the more concentrated solution will keep
increasing as more solution from the low concentrated side crosses the membrane until
equilibrium is reached. At this point the rise in pressure in the higher concentrated
solution is referred to as the osmotic pressure. Therefore, to force the salty water, i.e. the
high concentration solution, to permeate through a semi-permeable membrane and
becomes filtered, i.e. low concentration solution, the aforementioned process needs to
be reversed and thus an external pressure needs to be applied on the salty water to
overcome the osmotic pressure. The higher the water salinity, the higher is the osmotic

pressure.

Reverse osmosis is therefore a pressure driven process where a membrane is used to
block most of the dissolved solids as well as other undesired substances in the feed
water. The separation mechanism in RO is complex but can be described by three
mechanisms. The first mechanism is based on the electrostatic repulsion where the RO
membrane surface negative polarity repels the anions in water while cations usually

follow the anions to maintain the electro-neutrality of the feed solution.
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Normal Osmosis

Reverse Osmosis

Lower
Contaminant _ Pressure
Concentration

Membrane
\

= Higher Contarmsnant Diraction of

Figure 2-1: Osmosis and reverse 0Smosis process
Source:(Water Quality Association, 2005)

The higher the ion valence is the more effective is its rejection. For example, divalent
ions such as calcium and magnesium are better rejected than monovalent ions such as
sodium. The other mechanism is a sieving effect as the RO membrane pore size is very
narrow, i.e. 0.1 to 1 nm, and is therefore less than most of the particles in the water.
Accordingly, RO membranes reject all non-charged substances such as bacteria, viruses
and most of the dissolved organic matter in water. The last mechanism is solubility and
diffusion where the polarity of water molecules and their small molecular size increases
their solubility in the membrane material and diffusivity through it increasing their
passage compared to solute molecules. More details on the RO separation mechanisms
and models that describe the transport of water and solute molecules through the

membrane could be found in Crittenden et al. (2012d).

2.4.1.1 RO plant design and operation description

The following data on RO plant design and operation is obtained from the DOW
Chemical Company website (2013f). An RO desalination plant consists of four main
parts: pre-treatment system; high pressure pump(s) (HPP); the RO stage(s); and the post

treatment system.

The feed water first passes through the pre-treatment system which prevents fouling,
scaling and chemical attacks from reducing the performance of the RO modules,
reduces the cleaning requirements hence the RO plant downtime, and prolongs the

membrane lifetime.
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As the feed water needs to be pressurized to overcome the osmotic pressure and obtain
the desired permeate flow, HPP’s are used in conjunction with a valve installed at the
concentrate side of the last RO plant stage to control the feed pressure. The feed water
then enters the RO modules and is pressurized against the membrane where part of it
crosses the membrane leaving most of the salts behind and is referred to as the permeate
water. The remaining feed water therefore becomes more concentrated and is referred to
as the concentrate or the brine®. Increasing the amount of permeate water for a given
feed water flow rate, i.e. increasing the RR, increases the feed pressure due to an
increase in the concentrate salinity as more salts are left behind which increases the
osmotic pressure (Crittenden et al., 2012e).

The RO plant can include one or more stage, each composed of one or several pressure
vessels connected in parallel (Figure 2-2). The pressure vessels are where the RO
modules are housed and each vessel typically accommodates up to six modules
connected in series such that the concentrate of one module is the feed of the following

module.
Pressure Vessel
/2
1 1
: ".'.'.'.'.'.' RO Membrane Module |
1
Feed 1 :
Water R m !
S Pre- | | Lee H ! Post-
0 T L ——
- :
: Stage 2 '
1
Valve
! To
I R Distribu
— Concentrate Stream RO Array tion
Permeate Stream Concentrate System
Reject

Figure 2-2: Schematic showing the main components of an RO desalination plant

The number of RO modules in series, which is determined by the number of modules in
the pressure vessels and the number of stages in the RO plants, determines the RR of the
plant. The more modules in series the higher the RR obtained as the concentrate is

treated several times. The number of pressure vessels in each stage is determined by the

amount feed flow. The higher the feed flow the more pressure vessels are needed in

“ Both terminologies are used interchangeably in this study
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parallel to ensure that the maximum feed flow in each RO module is not exceeded. The
number of pressure vessels used in the second stage is less than the first stage to ensure
that enough concentrate is flowing in each RO module in the former and therefore
ensuring enough tangential flow to reduce the membrane’s fouling potential and
concentration polarization (CP). Concentration polarization refers to the local
concentration of salts at the membrane surface as the water crosses the membrane
leaving salts behind. This high concentration at the membrane surface increases the
osmotic pressure and therefore for the same feed pressure the permeate flux** is
decreased (Howe, 1974). For this reason a suitable tangential flow, or a minimum
concentrate flow, is required to rapidly remove the accumulating salts away from the

membrane surface.

The permeate flow of each pressure vessel is collected and further treated to be suitable

for drinking and to be non-corrosive, a step referred to as post-treatment.

It should be noted that most of SW desalination plants use energy recovery devices
(ERD’s) which recover the pressure energy of the exiting concentrate. The existing
concentrate is usually about only one to four bars less than the feed pressure (Buros,
2000) and is otherwise wasted by friction in the concentrate valve (Banat and Qiblawey,
2007). The pressure energy of the concentrate is then reused to pressurize the feed water
such that only an amount equal to the RO plant permeate flow will need to be
pressurized by the HPP. The use of ERD’s is the main reason behind the currently
reported low SEC of SW desalination plants. Several types of ERD’s are used such as
Pelton wheels, positive displacement pumps and isobaric pressure exchangers.
However, ERD’s devices are likely to be uneconomical with BW desalination as the
RR’s are higher than SW plants and therefore concentrate pressure energy that could be
recovered may not be significant to justify the high costs of the ERD’s. Moreover, most
PV-RO plants for BW desalination reported in the literature (Alawaji et al., 1995, Al
Suleimani and Nair, 2000, Joyce et al., 2001, Weiner et al., 2001, de Carvalho et al.,
2004, Schafer and Richards, 2005, Schafer and Richards, 2007, Hrayshat, 2008,
Richards et al., 2008, De Munari et al., 2009) while mostly operated at low RR’s, none
of them used ERD’s. In contrast, almost all SW PV-RO units or conceptual designs
reported in the literature (Mohamed and Papadakis, 2004, Thomson and Infield, 2003a,

*! The permeate flow rate per unit area of membrane surface



45

Kershman et al., 2005), used an ERD. Only Richards and Schafer (2003) discussed the
possibility of adding an ERD to their experimental BW RO-PV unit, but it was not

eventually used with their experimental unit.

2.4.1.2 Pre-treatment

Fouling, scaling and chemical attacks are a major limitation to the RO process which
can reduce the performance, shorten the lifetime or damage the RO membrane
(Porteous, 1984).

Membrane fouling is the accumulation of solids on the membrane surface and/or within
its pores clogging them or reducing their effective area resulting in a reduction of the
permeate flow*?. Fouling also increases the pressure drop along the membrane
feed/concentrate channel which, at excessive levels, would mechanically damage the
membrane (DOW Chemical Company, 2014a)*. There are four main types of fouling:
fouling caused by suspended solids and colloids* in water, referred to as particle or
colloidal fouling; fouling caused by the precipitation of inorganic dissolved solids,
referred to as scaling; fouling caused by the adsorption of organic matter to the
membrane surface, referred to as organic fouling; fouling by metal oxides; and fouling

caused by microorganism in water referred to as bio-fouling (Crittenden et al., 2012c).

Cartridge, sand and media filters in addition to clarification in conjunction with
coagulation and flocculation are typically used to remove large particles and suspended
solids including organic matter in the feed water (Kucera, 2010d, Crittenden et al.,
2012e). Particulate and suspended solids fouling potential is usually assessed by the Silt
Density Index (SDI) (AWWA Research Foundation Staff et al., 1996). The SDI
measures the rate at which a fixed amount of the tested feed water will plug a 0.45 pm
filter at a fixed pressure; the higher the SDI the more is the colloidal fouling potential of
the feed water (Crittenden et al., 2012e). The Dow Chemical Company, one of the
major companies supplying water treatment systems (Miller, 2003), recommends SDI’s
less than five for their RO spiral wound membranes (DOW Chemical Company, 2014d).

It should be noted that, in contrast with surface water which has high colloidal fouling

*2 In practice RO plants operate at constant permeate flow by adjusting the feed pressure. Accordingly
membrane fouling will lead to an increase in feed pressure and therefore the energy consumption.

*3 Membrane telescoping

* Colloids are a smaller type of suspended solids that are distributed evenly in the water due to their
surface charge and therefore are harder to precipitate and cause water turbidity (Crittenden et al., 2012b)
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potential as it contains high amount of suspended solids (Watson et al., 2003) and
natural organic matter®® (Liu et al., 2001), GW has usually a low SDI (<3) because the
ground itself acts as a filter (Thomson and Infield, 2003b), and for this reason media
filters, clarification, coagulation and flocculation are usually not required®.
Nevertheless, as a precautionary measure, 5 um cartridge filters are typically used for
GW applications (DOW Chemical Company, 2013b).

Bio-fouling is controlled by disinfecting the water using oxidants such as chlorine,
referred to as pre-chlorination, and non-oxidants biocides to inactivate bacteria and
other microorganisms (Kucera, 2010e). Groundwater has also low bio-fouling potential
(DOW Chemical Company, 2014a) compared with surface waters and for this reason
disinfecting the water may not be needed as observed in some existing GW RO
desalination plants discussed in AWWA Research Foundation Staff et al. (1996).

Regarding metal oxides fouling, when the feedwater has high concentrations of
dissolved iron and manganese, which is typical for GW with low dissolved oxygen, and
is exposed to air, these metals can oxidize and precipitate (Crittenden et al., 2012f). The
precipitated metal oxides then accumulate on the membrane surface causing fouling
problems. Fouling caused by iron and manganese oxides is prevented by deliberately
oxidizing both metals so they can be easily filtered. For this reason, filters with a
manganese dioxide media are typically used, and are referred to as iron filters, and with
some types*’ additional oxidizing chemicals*® such as chlorine and potassium
permanganate are required to help with the oxidation process (Kucera, 2010d). The use
of oxidizing chemicals in conjunction with MF is another method to remove iron oxides
(Al-Sayed et al., 2012) that in addition to lime softening in conjunction with settling
tanks particularly to remove iron (P. Roginson, 2014, pers. Comm., 5 Feb.), and the use

of an ion exchange process (DOW Chemical Company, 2014c).

It should be noted that pressure driven processes such as MF and UF (Appendix C) can
be also used to replace conventional pre-treatment methods. The advantages of using

such membranes are their higher ability to produce higher feed quality for the RO plant

** Organic matter from natural sources

*® RO membranes manufacturers usually recommend a feed water with SDI less than five to meet the
warranty requirements

*"i.e. manganese greensand media filter

8 E.g. chlorine, chlorine dioxide, potassium permanganate, and ozone
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in terms of removing the suspended solids as well as microorganisms preventing the RO
modules from excessive fouling hence reducing their cleaning requirements (Wang et
al., 2010, Schafer et al., 2005) and increasing their reliability (Drioli et al., 2002).
Microfiltration in particular is also reliable in pre-treating water with iron content in
contrast with cartridge filters which cannot be used in this case as they will be fouled
quickly and may need to be replaced every day (P. Roginson, 2014, pers. Comm., 5

Feb.) which is not economical.

Scaling is the precipitation of salts as they exceed their solubility limit in water which
takes place on the membrane surface where the salt concentration is the highest due to
CP (Kucera, 2010a). In addition to fouling the membrane and increasing the pressure
drop, scaling increases the salt passage through the membrane because the high
concentration of salts on the membrane surface causes more salts to diffuse reducing the
permeate quality (Crittenden et al., 2012e). The most common types of scales are
calcium carbonate, reactive silica, magnesium hydroxide and calcium sulphate (Watson
et al., 2003, DOW Chemical Company, 2013g) which all have a low solubility in pure
water (Howe, 1974); that in addition to the less common barium sulphate, calcium
phosphate, and strontium sulphate scales. Calcium carbonate, magnesium hydroxide,
and calcium phosphate scaling can be controlled by lowering the pH of water, usually to
values from 5.5 to 6.2 (Porteous, 1984, Gabelich et al., 2007, Crittenden et al., 2012e),
by adding acids such as sulphuric or hydrochloric acids to increase their solubility.
Calcium sulphate, reactive silica, barium sulphate and strontium sulphate scaling is
more difficult to control and require the use of scale-inhibitors which prevent crystals
from forming and growing (Crittenden et al., 2012¢). Reactive silica, in particular may
limit the RR that could be attained by the RO plant (Kucera, 2010e). Scaling could be
also controlled through the use of an ion exchange process which is more effective than
using chemicals as it removes most of the ions causing scaling (DOW Chemical
Company, 2013g) or through lime softening to precipitate calcium and magnesium ions
as well as silica, barium and strontium before going to the RO modules by adding
chemicals such as lime and caustic soda to one or more clarifier tanks where the
precipitation occurs (Crittenden et al., 2012d). However, the ion exchange process is
expensive due to the high costs of the regeneration process (Miller, 2003) and is not
economically feasible to treat high salinity BW (Dow Chemical Company, 2013, pers.

Comm., 8 Jun.); while lime softening requires additional components such as clarifier
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tanks and re-carbonation reactors where carbon dioxide is added to the water to
decrease its pH (Crittenden et al., 2012d).

Chemical attack refers to the degradation of the membrane active layer*, particularly
with the more widely used polyamide membranes (Nicolaisen, 2003), due to the
presence of oxidizing agents (Micale et al., 2009) in water such as chlorine that are used
during pre-treatment. Oxidizing agents reduce the membrane’s salt rejection and
therefore the permeate water quality. For this reason, all oxidizing agents need to be
removed before reached the RO membrane through adding a reducing agent, such as
sodium metabisulphite, to the water right before entering the RO membrane or through
using activated carbon filters (DOW Chemical Company, 2014a).

It should be noted that in addition to pre-treatment, the RO membranes require periodic
cleaning where the number of cleanings per year will vary according to the
manufacturer and the feed water type. DOW Chemical Company for example
recommends four cleanings per year as long as the RO membranes operate within the
company’s specified guidelines (DOW Chemical Company, 2013c). The cleaning
involves the use of acid to remove scaling from the membranes surface then exposing
the membrane to a high pH solution (pH>12), e.g. by using caustic soda, which acts as a
biocide (Thomson et al., 2009) removing microorganisms while organic material
dissolve in the water at this high pH.

2.4.1.3 Post treatment

Post treatment is required to ensure that the RO permeate water is suitable for drinking
and that it is non-corrosive. It has been already discussed that acids are added to the
feed water to prevent calcium carbonate and magnesium hydroxide scaling.
Accordingly, the pH of the permeate water needs to be increased to prevent corrosion
typically to values ranging from 6.5 to 8.5 (Wang et al., 2010). This is achieved by
using degassers to remove carbon dioxide® which is formed from the reaction of the
added acid with calcium bicarbonate (Porteous, 1984), and would otherwise redissolve
in water forming carbonic acid further reducing the pH; and by re-mineralizing the

water by increasing the carbonate and bicarbonate content, e.g. adding sodium

* The active layer is a very thin layer which is responsible for retaining the undesired substances in
water.
%0 Carbon dioxide is not rejected by the RO membrane
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bicarbonate, in the water (Watson et al., 2003, Al-Sayed et al., 2012). Re-mineralizing
the water could be also achieved by blending the raw BW with the permeate water
(Watson et al., 2003). Degasifiers are also used to remove hydrogen sulphide gases
which may occasionally exist in GW (Crittenden et al., 2012a). Hydrogen sulphide
produces offensive odour that reduces the acceptability of water and increase the
corrosiveness of water, and if oxidized it can increase the turbidity of the water
(Crittenden et al., 2012a).

The last step of post treatment is disinfection, usually through chlorination but there are
also other methods such as the use of ozone and UV radiation which are discussed in
(Crittenden et al., 2012d), to ensure that the water is free from viruses and germs in the
permeate tank and the distribution system (Micale et al., 2009). In this case, a residual

chlorine of 0.5 mg/l is commonly used (DOW Chemical Company, 2014a).

2.4.2 MD process

Membrane distillation is a thermally driven process that is similar to the HDH process
where only surface evaporation occurs. The concept of MD was first developed in the
early 1960’s then interest in this process weakened due to its lower production
especially when compared to the RO process. However, since the 1980’s the interest in
this process was renewed due to the advancement in the membrane manufacturing
technology with an increasing amount of published papers on the MD process
especially in the last couple of years (Khayet and Matsuura, 2011a). The increasing
interest in MD was particularly for small scale applications due to the simplicity of the
process simplicity and its ability to be coupled with low grade sources of heat (Cipollina
et al., 2009).

In an MD process a micro-porous membrane is used to sustain a vapour-liquid interface
and does not contribute to the separation process through selectivity as in other types of
membrane filtration such as RO. To sustain such liquid-vapour interface, the membrane
is composed of a hydrophobic material, e.g. polytetrafluoroethylene (PTFE) and
polypropylene (PP), which does not allow water in liquid phase to enter the membrane
pores due to the surface tension forces, and only water vapour molecules are allowed to
pass. The feed water is heated then enters into the evaporator channel of the membrane

where the water in contact with the membrane surface evaporates and the water vapour
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permeates, either by diffusion or convection, through the membrane pores (Figure 2-3).
The trans-membrane pressure difference is the main driving force for water vapour mass
transfer in the MD process. The crossing water vapour then condenses in the permeate
side of the membrane which is kept at a lower temperature, or is collected outside the
membrane to condense in a separate condensation chamber. (Gostoli et al., 1987,
Schofield et al., 1987, Kurokawa et al., 1990, Lawson and Lloyd, 1997, Gryta and
Tomaszewska, 1998, Khayet et al., 2001)

1

L)

Figure 2-3: Schematic showing the basic concept of an MD process

1- Hot feed water flow 2- Cold water flow mixed with distillate

3- Water vapour molecules  4- Hydrophobic membrane material

5- Vapour-Liquid Interface ~ 6- Membrane Pore
There are several MD configurations that differ in their operation which mainly are:
direct contact membrane distillation (DCMD); air gap membrane distillation (AGMD);
vacuum membrane distillation (VMD); and sweeping gas membrane distillation
(SGMD). Direct contact membrane distillation is the most widely used configuration in
water desalination (Phattaranawik and Jiraratananon, 2001, Khayet and Matsuura,
2011d) which is due to its simple operation and low cost as it requires the least number
of equipment. In DCMD, the feed water and the distilled water are in direct contact with
the membrane surface. The heated feed water evaporates at the membrane surface then
diffuses through a stagnant film of air trapped in the membrane pores. The transferred
vapour then condenses as it becomes in contact with the cool water flowing in the other

side of the membrane. The pressure gradient between the evaporation and condensation
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surfaces is therefore maintained by the temperature difference across the membrane.
The AGMD process similarly to DCMD, however an air gap is introduced on the
condensation side of the membrane to increase the thermal efficiency of the process by
limiting conductive heat transfer through the membrane material (Gostoli and Sarti,
1989, Khayet and Matsuura, 2011a). Conductive heat transfer through the membrane is
a heat loss mechanism as it does not contribute to the mass transfer and leads to a
decrease in the temperature difference between the evaporation and condensation
surfaces decreasing the pressure gradient hence the flux (Banat and Simandl, 1998). The
other advantage of this process is that there are separate cooling and permeate channels.
Therefore, other liquids than the permeate could be used for cooling including the feed
water itself which can then recuperate the latent heat of condensation and gets pre-
heated, i.e. internal heat recovery, increasing the thermal efficiency of the process. The
extra air gap, however, increases the water vapour diffusion length hence the resistance
to mass transfer which reduces the flux. For this reason, AGMD has low productivities
compared to other MD configurations (EI-Bourawi et al., 2006). In the VMD
configuration, the pressure gradient is mainly achieved by lowering the pressure on the
permeate side below the vapour saturation pressure using vacuum pumps. The water
vapour is then extracted and condensed outside the membrane. In the SGMD
configuration, a cold inert gas is forced to flow in the permeate channel transporting
vapour molecules outside the membrane where the vapour is eventually condensed in a
separate device. The SGMD and the VMD configurations are more thermally efficient
than DCMD as the gas barrier and the vacuum respectively, reduce the conductive heat
losses. Moreover, both configurations have a lower mass transfer resistance than
AGMD resulting in higher productivities (Lawson and Lloyd, 1997). However, both
processes require extra equipment such as a separate condensation device and vacuum
pumps which make them more complex and costly (Khayet and Matsuura, 2011e). For
this reason, despite its lower productivity, DCMD is more suitable for desalination than
SGMD and VMD due to its simplicity (Lawson and Lloyd, 1997). Different MD
configurations are discussed in more details in the literature (Gostoli and Sarti, 1989,
Lawson, 1995, Khayet and Matsuura, 2011f).

Finally, similar to RO membranes, MD membranes experience flux decay and an
increase in pressure drop along the channels due to particulate fouling, bio-fouling (and
scaling which clogs membrane pores (Lawson and Lloyd, 1997, Curcio and Drioli,
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2005). The effect of scaling in particular on MD performance was investigated in
several studies such as (Tun et al., 2005, Yun et al., 2006, Martinetti et al., 2009), and
all the studies reported a sharp decline in MD flux when the feed water solute
concentration is near or reached saturation due to the rapid growth of salt crystals
deposits particularly at the membrane surface where the solute concentration is higher
due to the effect of CP. Scaling also causes membrane pore wetting which causes the
feed flow to cross the membrane contaminating the permeate water (Lawson and Lloyd,
1997, Tun et al., 2005). For this reason feed water pre-treatment using the same

measures discussed in section 2.4.1.2 is required.

It should be noted however, MD membranes are reported be less affected by fouling and
scaling (El-Bourawi et al., 2006, Khayet and Matsuura, 2011b) especially due to the
relatively large size of the pores which reduces the risk of clogging (Lawson and Lloyd,
1997). Nevertheless, fouling and scaling effect on MD performance is not well studied
(Tun et al., 2005, Khayet and Matsuura, 2011b).

2.5 Research Gaps and Novelty

In this section, a review is carried out on different work concerning: the application of
PV-RO for BW desalination in Egypt; PV-RO plants for BW desalination in general
with an emphasis on the RO plant design and operating conditions; the feasibility of
hybrid RO/MD plants; and MD process modelling. This section will also demonstrate

the novelty of this thesis with respect to the reviewed literature.

2.5.1 Solar driven RO desalination plants in Egypt

Despite its large solar resources, few studies concerning the application of solar, and RE
in general, driven desalination plants in Egypt and their feasibility are found in the
literature. Moreover, only few solar driven desalination units, including PV-RO plants
for BW desalination, are reported to be installed in Egypt (Table 2-5).

Only one PV-RO plant was reported in Garci et al. (2003) which was used for BW

desalination. The plant had a 50 m*/d>* capacity and was installed along the Red Sea

*! In another study by Lamei et al. (2008), the same plant was reported to have a capacity of 240 m*/d.
However, the original studies cited by Garci et al. (2003) and Lamei et al. (2008) could not be found to
verify the actual value.
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Table 2-5: Solar driven desalination plants in Egypt

Reference Solar Desalination Type of plant  Feed water = Fresh water
system process productivity

(Libert and Maurel,  FPC driving RO Demonstration Brackish 54 m*/d

1981) a heat engine
(Garcia-Rodriguez, PV RO Demonstration Brackish 50 m*/d
2003)

(Nafey et al., 2006) FPC MSF Lab Scale Seawater <121/
(Fath et al., 2006, FPC+PV MD Demonstration Seawater Up to 64 I/d
Wieghaus et al.,

2008)
(Abdel-Rehim and - Solar Still Lab Scale - <25I1Md
Lasheen, 2007) PTC
(Vetter et al., 2010) CPV Not Demonstration Brackish -
mentioned
(Alietal., 2011) PV-Wind- RO - Brackish 30 m*/d
diesel

coast and commissioned in 1986; it is not clear though if the plant is still running. There
is also a CPV°? demonstration plant installed in Wadi-Al-Natrun®® that was discussed in
Vetter et al. (2010) and is part of the NACIR project funded by the European union. The
CPV 30 kWp plant is used to supply electricity for a GW submersible pump, a
desalination unit, an irrigation pump, and an air conditioning system to cool the battery
room. No details, however, were given on the desalination system as the study mainly
focused on developing a control algorithm for load side management to maximize water

production.

Regarding feasibility studies of PV-RO application in Egypt, Lamei et al. (2008)
developed a correlation to estimate the unit water costs of PV-RO plants as a function of
their capacity, SEC and electricity prices, using the data from 21 existing conventional®*
RO plants in the Mediterranean and Red Sea regions. The study concluded that battery-
less PV-RO plants in Egypt could start to compete with conventional fossil fuel driven

RO plants if the price of the PV modules was 1 USD/Wp. Lamei et al. (2008), however,

%2 The CPV trackers are supplied by SOITEC which use Fresnel refractor lenses
> Located on the western borders of Beheira governorate
> Either connected to the grid or driven by diesel generators
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estimated that in this case the PV electricity cost would be 0.06 USD/kWh over a period
of 25 years. This is an underestimated value given that, as previously reported in section
2.2.1, the mid 2012 LCOE for PV systems with similar solar irradiation® and array size
to that used in their study, was 0.147 USD/kWh at an average module price of about
1.11 USD/Wp*® (pvXchange, 2013). This underestimation is due to an overestimation of
the energy produced by the PV array as the energy losses, referred to as de-rating
factors, were likely to be ignored in their study which otherwise could decrease the
energy output from the PV array by 30% or more. Moreover, Lamei et al. (2008) used a
value of 2,000 kWh as the annual energy produced from 1 kWp of PV array with
Egyptian solar conditions while, using PVWATTS calculator developed by NREL
(2012), 1 kWp would typically produce approximately 1,500 kWh/year if located in
Aswan city”’, which receives one of the highest solar irradiation in Egypt, after
including the de-rating factors. Furthermore, the accuracy of the correlation developed
to estimate the RO unit water costs is questionable given that the unit water costs were
estimated at an assumed RO plant SEC of 5°® kWh/m?®. However, in practice this value
would greatly vary based on the operating conditions such as the feed salinity and the
RR. The variation in RO plants SEC and unit water costs is even more significant for
small scale plants which could be observed from the reviews carried out by Ali et al.
(2011) and Li et al. (2013). Therefore it is difficult to use such correlation to estimate
the unit water costs without expecting significant errors. Furthermore, as the system is
designed to operate without batteries, the SEC will vary according to the RO operating
point which will vary with the available solar radiation. Finally, the correlation was
based on SW RO plants and therefore may overestimate the costs for brackish GW RO

plants given that they requires less pre-treatment as discussed in section 2.4.1.2.

Finally, Ahmad and Schmid (2002) investigated the feasibility of PV-RO plants for BW
desalination in Egypt. The authors designed a PV-RO system for BW desalination with
1 m*/d capacity and using battery storage for power conditioning. The study showed

that the unit water costs from such system under Cairo’s solar irradiation could be 3.73

%5 2000 kWh/m?/year

% Original values in Euro converted to USD using a conversion factor of 1.35

> Tilted at an angle equal to the latitude

%8 Lamei et al. (2008) reported in the graph showing the PV-RO unit water costs that the costs are based
on SEC of 3 kWh/m®, however when the correlation was examined, it has been concluded that a SEC of 5
kWh/m?® was used.
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USD/m?®. Ahmad and Schmid (2002), however, only considered feed waters with
salinities less than 2,000 mg/l and a low RO RR of only 50%. The study also used rough
analysis in their design, for example the PV system was sized based on average yearly
peak sun hours. Moreover, the method of estimating the RO power consumption and

design was not clarified in the study.

From the review carried out in this section, it can be concluded from the review that
there is a lack of studies concerning the economic feasibility of BW PV-RO in Egypt
and the existing studies are not reliable and/or do not consider the different operating

conditions of the RO plant.

Therefore, in this study the energy consumption and the economic feasibility of high
RR BW PV-RO plants in Egypt will be analysed considering a wide range of feed
salinities a at the expected range of solar irradiances. The analysis will give a new and a
more accurate insight on the feasibility of PV-RO plants in Egypt compared to
conventional RO plants driven by diesel generators that are commonly used in remote
areas. The analysis will also include the costs associated with GW extraction for the
range of water depths encountered in Egypt which to the author’s knowledge has not

been done before.

2.5.2 General application of brackish water PV-RO plants

Alawaji et al. (1995) described a brackish GW PV-RO plant with 15 m®/d capacity with
battery storage for whole day operation, that was installed in Saudi Arabia in late 1994.
However, the performance of the plant was not evaluated and no specific details on the

design of the RO system were given.

Al-Suleimani and Nair (2000) discussed the design of a brackish GW PV-RO plant with
6.5 m*/d average productivity that was commissioned in 1995 in a remote desert area in
the Nejd area in Oman. The plant desalinated water with 1,100 mg/I salinity and
operated at relatively high RR ‘s ranging from 65-70%. However, the SEC of the RO
plant was not reported and no details on the RO plant performance design were given.
Nevertheless, it is likely that the RO modules operated outside their recommended
window given that one pressure vessel was used in each stage. This is would probably
increase the scaling potential in the modules housed in the last pressure vessel due to the
expected low tangential flow as discussed in section 2.4.1.1. Al-Suleimani and Nair
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(2000) also carried out an economic analysis to compare the water costs between the
PV-RO plant and a similar RO plant driven by conventional diesel generators. The
study showed that over a 20 years period, the unit water costs of the PV-RO was 25%
lower than that driven by a DG. However, no details were given on the specific costs

assigned to each component of the PV-RO plant.

Weiner et al. (2001) discussed the design of a 3 m®/d brackish GW PV-RO experimental
unit with wind energy as back up and using batteries for power conditioning, that was
installed in Israel. The plant was used to desalinate water with 4,000 mg/l salinity and
operated at a 50% RR. However, the RO system’s SEC and its design were not

reported.

Joyce et al. (2001) conducted experimental work on a battery-less brackish GW PV-RO
pilot unit. The unit had a capacity of 20 I/d and was tested at different feed water
salinities and two different PV array sizes of 100 and 150 Wp. The unit’s SEC was very
high ranging from 25.5 to 32.4 kWh/m?® with feed water salinities ranging from

I°° for the case using the larger size array®®. The high

approximately 1,820 to 2,870 mg/
SEC is because the unit operated at low feed pressures resulting in very low RR’s of
less than 2.4%. Figure 2-4 shows a rough estimate of the SEC of RO plants as a
function of the RR at different feed water salinities indicating that at a very low and
very high RR’s, the SEC starts to exponentially increase as it is proportional to the

inverse of the product of the RR and 1-RR.

An experimental PV-RO unit installed in White Cliffs, Australia was discussed in
Richards and Schafer (2003). The study investigated the effect of varying the feed
pressure and flow rate on the SEC and the permeate flow rate. The unit was tested with
three types of feed waters: dam water with 150 mg/l salinity; 2,000 mg/l sodium
chloride water solution; and GW with 3,500 mg/I salinity. The SEC of the RO unit was
approximately 2 to 2.25 and at least 8 kWh/m? for the sodium chloride solution and the
GW cases, respectively. The aforementioned values are, however, questionable given
their significant increase with respect to the modest increase in the feed water salinity
while it is clear from the Van’t Hoff equation that the osmotic pressure is directly

proportional to the feed water salinity and therefore a significant increase in energy

> A conversion factor of 640 used to convert original value given in dS/m to mg/I
% An even higher SEC’s were obtained from the RO unit connected to the smaller size PV array
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consumption would be expected. In this case, other factors could be affecting the SEC
particularly scaling issues especially that the sodium chloride solution does not cause
scaling problems in contrast with GW which typically has high hardness and sulphate

content which increases scaling potential.
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\ / 10 g/l
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Specific Energy Consumption
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Figure 2-4: A rough estimate of the SEC of RO plants at different feed water salinities and RR’s™

De Carvalho et al. (2004) described a PV-RO demonstration unit with 250 I/h capacity
using batteries installed in Brazil. The SEC of the plant was reported to be 3.03 kWh/m?
which is very high for the desalinated 1,200 mg/l feed water. The high SEC could be
mainly attributed to the low operating RR of the plant i.e. 27%. The authors also
conducted a cost analysis study and showed that the unit water cost of such plant was
12.75 USD/m’,

Schafer and Richards (2005) tested an experimental PV-RO unit desalinating brackish

GW with approximately 4,000 mg/1%?

salinity. The study investigated the effect of the
intermittent nature of solar energy on the membrane performance in a directly coupled
PV-RO plant. In their study it was particularly observed that the RO membrane was

tested outside its recommended operating window by the manufacturer. For example,

%1 The SEC in the figure above was roughly estimated based on the following assumptions:

1- Water only contains sodium chloride salts for simplicity

2- The osmotic pressure was approximately calculated using Van’t Hoff equation, P,;,, = 2 C R T which
assumes that the dissolved solids in water move in random motion (Howe, 1974) and that the solution is
infinitely diluted (Crittenden et al., 2012d). C is the molar concentration (mol/m?), R is the ideal gas
constant (m® bar K™ mol ™) and T is the water temperature (K). The “2” factor in the equation is because
each mole of sodium chloride dissolves into sodium and chloride ions and each ion contributes to the
osmotic pressure and in this case a complete dissolution of sodium chloride is assumed.

3- An additional pressure of 4 bars was assumed to be required to obtain the desired permeate flow.

%2 The exact salinity is not mentioned, but based on the chemical composition shown in the study, it has
been estimated that the salinity would be in the range of 4,000 mg/I


http://en.wikipedia.org/wiki/Bar_(unit)

58

the concentrate flow in the study ranged from 258 to 437 I/h® which is much lower than
the minimum recommended concentrate flow, i.e. 700 I/h, for the RO module model
used® (DOW Chemical Company, 2013c). Moreover, the maximum recommended RR
for this RO membrane is 19% while it was tested at RR’s of up to 45%. Exceeding the
maximum recommended RR and operating at concentrate flows less than the minimum
recommended value would greatly increase CP®® and scaling potential which will
increase the SEC. The RO membrane also operated at fluxes of less than 21 I/m%h
while the manufacturer recommends an operating flux of 30 I/m?/h (DOW Chemical
Company, 2013c). Operating at low fluxes reduces the SEC values but more RO
modules would be required to obtain the desired permeate flow which will increase the

costs.

Similar operation outside the manufactures operating windows was also observed in the
studies by Schafer et al. (2007), Richards et al. (2008) and De Munari et al. (2009)
which also investigated the effect of the intermittent nature of solar energy on the

membrane performance in a directly coupled PV-RO plant.

Schafer et al. (2007) particularly investigated the operating window at which each
membrane can produce good quality permeate water as well as determining the
operating conditions at which the SEC is minimal. The SEC of the RO membrane
varied from approximately 2.1 kWh/m?® at a RR of 21%, dipping to 1.8 kwh/m®at a RR
of 35%, than increasing again to 2 kWh/m® at a RR of 45% for the low feed flow case
(300 I/n). In their study, the concentrate flow was less than the minimum recommended
value®®. Operating at low concentrate flow will result in an increase in the CP and
therefore the scaling potential which could be the reason behind the increase in the SEC
when the RR exceeded 35% while it is expected to keep decreasing at this low RR

range.

83 Assuming that the feed pump is operating at its rated capacity of 470 I/h

* FILMTEC BW30 4 inch membrane

% Concentration polarization refers to the local concentration of salts at the membrane surface as the
water crosses the membrane leaving salts behind. A high concentration polarization factor increases then
osmotic pressure and therefore the feed pressure required to obtain the same permeate flow. It also
increases the amount of salts diffusing to the permeate reducing its quality

% The maximum operating feed flow, i.e. 500 I/h, which is already lower than the minimum
recommended concentrate flow
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In Richards et al. (2008), the RO unit desalinated water with 5,300 mg/I salinity and had
an average SEC of 2.3 kWh/m®at an average RR and flux of 28% and 17 I/m%h
respectively. In De Munari et al. (2009), the feed salinity was about 4,700 mg/l and the
unit operated at an average RR and flux of 20% and 10 I/m?/h at which the average SEC
was 3.2 kWh/m®. While the same PV-RO rig was used in both studies, it is observed
that the SEC reported in De Munari et al. (2009) was higher than that reported in
Richards et al. (2008) despite the lower feed salinity, flux and RR. This is likely due to
improper pre-treatment and cleaning which would lead to the build-up of scales on the
membrane surface and/or membrane fouling as the authors noted. This should be
particularly expected given that in both studies the FILMTEC BW30 RO membrane
was operating outside the manufacturer recommended guidelines (DOW Chemical
Company, 2013c) particularly in terms of the minimum concentrate flow. Therefore, if
De Munari et al. (2009) used the same RO membrane used in Richards et al. (2008), it
is likely that it must have been already in a bad condition. It should be also noted that in

both studies, the membrane operated a low fluxes than the recommended value.

Finally, Hrayshat (2008) investigated the feasibility of applying PV-RO brackish GW
desalination plants in several regions in Jordan through computer modelling at different
feed water salinities. The study did not discuss the RO plant operating conditions, e.g.
the RR and daily operating hours. The exact method used in modelling the performance
of the RO plant is also not clear but it seems that the author assumed that the RO plant
productivity is proportional to the available solar energy. In this case, the RO plant
productivity significantly varied from periods of low solar irradiance and those of high
solar irradiance. Accordingly, it is likely that for an actual plant, the RO modules will
be operating outside their recommended specifications. With such large variation in the
productivity it is even expected that the modules will be damaged in periods of high
solar irradiance due to the high feed pressure applied. The effect of the battery bank on
the plant performance which was expected to make the productivity curve more uniform

than that shown in the study is also not clear.

From the review carried out in this section, it is observed that almost all the brackish
PV-RO plants were operating at low RR’s, i.e. less than 50%, while RR’s of up to 90%
could be obtained from RO plants (DOW Chemical Company, 2013f) depending on the

water salinity and its scaling potential, to reduce the wasted water. Low RR operation of
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PV-RO plant was also observed from the review carried out in de Carvalho et al. (2004)
concerning PV-RO plants. Moreover, as discussed in section 2.5.2, low RR operation

will result in a significant increase in the SEC of the plant.

Furthermore, it is observed that all of the BW PV-RO plants were designed in an ad-hoc
manner or the design and the operating conditions were not reported. Accordingly, the
membranes were either not or there was no indication that they are operating at optimal
conditions. Working outside the membrane’s optimal operating specifications can
increase its SEC as well as the risk of fouling. Moreover, almost none of the reviewed
studies on the economic feasibility of PV-RO plant considered the effect of the PV-RO
plant operating hours on its LCOW. This is except the study by Al Suleimani and Nair
(2000) which concluded that increasing the operating hours of the PV-RO plant would
make it less economically competitive with a DG-RO plant. However, their study was
only limited to an RO plant desalinating 1,100 mg/l and it is not clear whether the same

conclusion applies for other feed water salinities as well as other RR’s.

For this reason, the RO plants in this study will be designed to operate within their
optimal operating window as recommended by the manufacturer, which will minimize
cleaning requirements hence the costs and the impact on the environment (Kucera,
2010d), and increase the lifetime of the RO membranes and give more realistic SEC and
costs values. The effect of scaling on the maximum attainable RR of the RO plant will

be also investigated for the range of GW chemical compositions found in Egypt.

2.5.3 Hybrid RO/MD plants

The concept of integrating RO with an MD process to increase the RR is already being

investigated in the literature.

Drioli et al. (1999) carried out an experiment where an MD process was used to treat the
brine from an SW RO plant (45 g/l feed water salinity). The RO brine was concentrated
to saturation (approximately 320 g/l salinity) and the RR increased from approximately
40% for the RO only plant to 86% for the hybrid plant. The study also showed that the
unit water cost of a hybrid plant with 26,000 m*/d capacity could be similar to that of an
RO only plant with the same capacity, estimated to be 1.25 USD/m?, if the MD plant
installation costs were 116 USD/m?.
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Reference

(Alawaji et al., 1995)

(Al Suleimani and
Nair, 2000)
(Joyce et al., 2001)

(Weiner et al., 2001)

(Richards and Schafer,
2003)

(de Carvalho et al.,
2004)
(Schafer et al., 2005)

(Schafer et al., 2007)

(Richards et al., 2008)
(De Munari et al.,
2009)
*Average productivity

Plant
Capacity
m®/d
15
6.5*

0.02

0.1

250 I/h

~ Based on operating costs only

Table 2-6: Summary of some of the BW PV-RO plants reported in the literature

Feed Water
Salinity g/l

Brackish
unspecified
11

1.3t0 3.2**
Lab prepared
water
4

3.2
1.2

53

5.3
4.7

**using a factor of 0.64 to convert from pS/cm to mg/

87 Maximum Power Point Tracker

SEC
kWh/m®

Approx. 1.08

25.5t032.4

21t02.25

8
3.03

1.8

2.3
3.2

RR

65-70%

<2.4%

50%

27%

45%

35%

28%
15 to 20%

Unit Water
Costs
usb/m?

6.52"

Energy Storage

Battery Bank 5.5 days
autonomy
Battery Bank for Power
Conditioning
Direct Coupling

Battery Bank for Power
Conditioning
Direct Coupling via a MPPT®’

Battery bank

Simulated PV supply through
a constant power source
Simulated PV supply through
a constant power source
Direct Coupling via a MPPT
Direct Coupling via a MPPT

Other details

GW pumping systems is separate
from the RO plant.
Evaporation pond used for brine
discharge
Lab scale unit

Wind energy as backup

Experimental unit

Experimental unit
Experimental unit

Experimental unit
Experimental unit
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While the study does not give much detail on the experiment carried out or the
methodology used for the cost analysis, the reported hybrid plant RR and its unit water
costs were based on experimental MD fluxes ranging from 2.4 to 1.4 kg/m?/h at feed
water salinities of 75 and 320 g/, respectively, and at a feed water temperature of

35°C.These values seem to be high and questionable for the following reasons:

1- The flux values reported were attained after heating the feed water from 25°C to
only 35°C which is questionable given that high fluxes can be usually attained at
higher temperatures. For example, the manufactures typically report the nominal
flux values of commercial MD modules at temperatures ranging from 75 to
80°C (Table 2-7), knowing that the MD flux increases exponentially with the
increase in the feed water temperature due to an exponential increase in the
water vapour pressure (Banat and Simandl, 1998, El-Bourawi et al., 2006).

2- The analysis in Drioli et al. (1999) was based on a lab scale MD module which,
under the same operating conditions, is expected to have higher fluxes than full
scale modules, on the expense of high SHC. This is due to the short length of the
channel in a lab scale module which causes the average water temperature in the
evaporator channel to be nearly equal to that at the evaporator inlet resulting in a
maximization of the vapour pressure hence the flux. In contrast, with full scale
MD modules the water temperature in the evaporator channel keeps decreasing
along the channel as heat is being transferred to the cooling channel®® lowering
the average flux of the module. For the same reason, high temperature gradient
can be achieved across the membrane in lab scale modules which will also
increase the flux.

3- The flux reported at 320 g/l, i.e. 1.7 kg/m?/h, is very high for such salinity and is
likely to be unsustainable given that studies on concentrating sodium chloride
solutions using an MD process such as those of Tun et al. (2005) and Yun et al.

(2006) reported a sharp decline in the MD flux to eventually reach zero when the

% For example, for the PGMD module discussed in Winter et al. (2011), the temperature of the feed water
exiting the evaporator channel could be more than 50°C lower than its value at the inlet of the channel.
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solution concentration reached 260 g/

deposits on the membrane surface.

|69

due to the rapid growth of crystals

Table 2-7: Flux and SHC of currently available full scale commercial MD modules

Brand/
Manufacturer
SolarSpring

MEMSYS

Aquaver

MEMSTILL/

Keppel Seghers

Description

Spiral
wound
PGMD

6 effects
vacuum
multi-effect
MD

Vacuum
multi-effect
MD

Multi-Stage
AGMD

Flux

1-2.5 I/m?/h
(depending on
the feed flow
rate and the
cooling water
temperature)

6 1/m?/h

8.5 I/m/h

2.5-3 I/m?h
reported for 2
pilot
MEMSYS
plants in the
Netherlands

SHC

127-207
kWh/m?
(depending
on the feed
flow rate)

158 kWh/m®

180 kWh/m®

SHC as low
as 55.5
kwh/m®
reported for
a MEMSYS
pilot plant in
Singapore™

Notes

Flux and SHC are
obtained with tap
water as the feed
water and an
evaporator inlet
temperature of
80°C

Flux and SHC are
obtained with tap
water as the feed
water and a steam
raiser water
temperature ranging
from 75 to 80°C

The operating
conditions at which
the flux and SHC
values are obtained
are not indicated

The 2 plants in the
Netherlands
desalinated BW
while that in
Singapore
desalinated SW.
Other operating
conditions at which
the flux and SHC
values are obtained
are not indicated.

Reference

(Winter et
al., 2011)

(memsys,
2015)

(Aquaver,
2015)

(Dotremont
etal., 2010,
Jansen et al.,
2010,
Tarnacki et
al., 2012)

%9 Yun et al. (2006) observed that the sharp decline in the flux occurred near saturation (NaCl
concentration of 260 g/l) due to the effect of concentration polarization where the NaCl solution was
already saturated at the membrane surface
" SHC values as low as 22 kWh/m® were also reported for the MEMSTILL module on the expense of
using more modules (Jansen et al., 2010), however such low SHC was not obtained with real test data
(Cipollina et al., 2012). A SHC value of approximately 278 kWh/m? and 550 278 kWh/m® was also
reported for the same plant in Dotremont et al. (2010) and Nijskens et al., (2011), cited in (Cipollina et al.,
2012), respectively
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Criscuoli and Drioli (1999) also investigated the feasibility of integrating an SW RO
plant (39 g/l feed water salinity) with an MD process for a large scale plant
(approximately 24,000 m®d™) to enhance the RR. The hybrid RO/MD plant
performance in their study was based on the study of Drioli et al. (1999) where the RR
increased from 40% for the RO only plant to approximately 86% for the hybrid plant.
The additionally required thermal energy to drive the MD process increased the specific
energy consumption (heat and electricity) from 4.85 kWh/m? for the RO only plant to
15 kWh/m? for the hybrid plant. The study also concluded that the hybrid plant would
be ideal when waste heat is available from another process to drive the MD process.
However, based on the data reported in their study, the MD plant SHC was estimated to
be approximately 13 kWh/m? for a feed water with an average’® salinity of
approximately 175 g/l, which seems to be a highly underestimated value for the

following reasons:

1- Asdiscussed above, the analysis in their study was based on the performance of
the lab scale MD module discussed in Drioli et al. (1999). While the SHC of a
lab scale module is expected to be higher than that of a full scale module
because the larger the area of the membrane the lower is the SHC similar to heat
exchangers (Cheng et al., 2008, Winter et al., 2011), it can be clearly observed
from Table 2-7 that the lowest SHC obtained from commercial full scale
modules is much higher than the 13 kWh/m? value calculated from Criscuoli and
Drioli (1999). That in addition that the values shown in Table 2-7 are for either
tap water or seawater, while the average feed water salinity in Criscuoli and
Drioli (1999) was approximately 175 g/l which should further increase the SHC.

2- The latent heat of the condensed vapour in the MD process was not recovered in
Criscuoli and Drioli (1999) study which is expected to significantly increase the
SHC.

Drioli et al. (2006) and Macedonio et al. (2007) investigated the combination of an MD,
as well as an MCr process” to recover the salts, with an RO and an Nano-Filtartion

™ Assuming 24 hours operation

"2 The average salinity between the MD feed and concentrate salinities

" The MCr process consists of an MD process combined with a crystallization tank”® (Curcio et al., 2001,
Tun et al., 2005)
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(NF)™ processes” in a large scale plant. Both studies showed that the unit water costs
of the hybrid plant become more competitive when waste heat is available to drive the
MD and the MCr processes. However, similar to the study by Criscuoli and Drioli
(1999), the SHC of the MD was also underestimated compared to current commercial
MD modules with a value of approximately 45.5 kwh/m®. Moreover, both studies based
their analysis on the MD plant performance reported in Drioli et al. (1999), which is
questionable given that the MD plant in both studies operated at a feed water
temperature of 50°C compared to 35°C in the latter. It should be also noted that the
higher feed water temperature used in Drioli et al. (2006) and Macedonio et al. (2007)
with the same flux values obtained in Drioli et al. (1999) explains the higher SHC than
the value estimated from Criscuoli and Drioli (1999). Finally, it is worth mentioning
that while both studies concluded that the annual profit from selling the salts recovered
from the MCr process in a hybrid plant using NF, RO, MD and MCr, offset its life cycle
costs’®, the underestimated SHC, the likely overestimated flux, and the low specific cost
assigned to the MD modules’’, are expected to significantly increase the LCC of the
MD plant and therefore likely to result in a positive life cycle unit water costs.

Martinetti et al. (2009) considered the effect of scaling on the maximum attainable RR
for a hybrid RO/MD plant which was not considered in any of the previously reviewed
studies. In particular, Martinetti et al. (2009) investigated the use of a vacuum enhanced
DCMD process, where the cooling water flows under vacuum conditions, to treat the
brine from a brackish GW RO desalination plant. The experiments conducted with
actual BW and using a bench scale MD unit, showed that, as expected, the presence of
silica and calcium sulphate was a major RR limiting factor that caused a sharp decline
in MD fluxes due to scale formation on the membrane surface that clogged its pores.
Nevertheless, the study showed that an overall RR of up to 98% can be obtained from

the hybrid plant after proper pre-treatment of the RO brine.

" NF membranes are similar to RO membranes but have larger pores which increases their permeate flux
and RR compared to RO membranes operating at the same pressure; and therefore have lower SEC but on
the expense of water quality

> The MD process was used to treat the brine of the NF process where the latter was used to pre-treat the
feed water before going to the RO plant. The MCr process was used to treat the brine of the RO process
"®j.e. negative life cycle unit water costs

" For example, the MD membrane specific cost in Drioli et al. (2006) and Macedonio et al. (2007) was 4
times lower than the full scale commercial MD module discussed in Winter et al. (2011)
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Other studies, such as Karakulski et al. (2002) and Macedonio and Drioli (2008),
considered using the MD process for RO permeate polishing. Macedonio and Drioli
(2008) specifically investigated the use of the MD process to improve the rejection of
Boron and Arsenic which otherwise have negative impact on crops and potentially
human health, especially Arsenic. The study verified through experimental work that
because the MD is a phase change process, the permeate flow was completely free from
Arsenic and Boron. Macedonio and Drioli (2008) concluded that in this case, only a
fraction of the RO permeate would need to be treated by the MD process to obtain
Arsenic and Boron content that is within the World Health Organization (WHO)
guidelines instead of using a second RO stage to treat the entire permeate of the first RO

stage.

Based on the review carried out in this section, it is observed that all feasibility studies
in the literature carried out on hybrid RO/MD plants were based on the fluxes reported
in Drioli et al. (1999). The fluxes reported in Drioli et al. (1999) were obtained from a
laboratory scale MD module and therefore may not be achieved with full scale modules
under the same operating conditions. Moreover, Drioli et al. (1999) reported high flux
values at feed water salinities near saturation which are likely to be unsustainable due to
the effect of scaling. Furthermore, it was shown that in all studies where the economic
feasibility of the hybrid plant was investigated, the SHC of MD plant was significantly
underestimated. It was also shown that these studies ignored the effect of the operating
conditions on the MD process performance where the same flux values reported in
Drioli et al. (1999) were used with a different feed water temperature which raises

questions on the accuracy of these analyses.

On top of that, most studies on hybrid RO/MD plants were used with SW applications
except that of Martinetti et al. (2009) which investigated the use a hybrid plant with
BW. However, the latter only focused on investigating the limiting effect of scaling on
the RR, but neither carried out a cost analysis nor discussed the energy performance of
the MD process.

For the aforementioned reasons, it has been concluded that the existing feasibility
studies on hybrid RO/PMD plants are not reliable and a new feasibility study based on
the more realistic performance of a full scale commercial MD module is required, which
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will be carried out in this thesis. The hybrid RO/MD plant will be also designed to
operate with solar energy which, to the author’s knowledge, has not been investigated in
the literature. Finally, similar to the work of Martinetti et al. (2009), the effect of scaling
on the maximum attainable RR of a hybrid RO/MD plant will be also considered as it
was not considered in any of the studies concerned with investigating the techno-

economic feasibility of hybrid RO/MD plants.

2.5.4 MD process modelling

In the previous section it was concluded that a new feasibility study on hybrid RO/MD
plants based on the performance of a full scale commercial module will be carried out in
this thesis.

The MD plant performance will be particularly based on the spiral wound PGMD
module developed by the Fraunhofer Institute for Solar Energy Systems (ISE) and
manufactured by SolarSpring’®. While there are other available commercial full scale
MD modules (Table 2-7), this particular module was selected due to the availability of
experimental data in the literature that can be used in modelling validation as well as
having access to more detailed information on the module geometry and dimensions

from the Fraunhofer ISE solar desalination team.

Permeate gap MD is a special configuration of DCMD (Khayet and Matsuura, 2011a)
where, similar to the latter, the permeate channel is in direct contact with the membrane
surface. However, in PGMD the water vapour condenses in a separate channel from the

cooling channel”

similar to the AGMD configuration but without the extra air gap.
Accordingly, this configuration allows for internal heat recovery by using the feed flow
as the cooling fluid to recuperate the latent heat from the permeate channel hence
increasing the thermal efficiency of the process without an additional mass transfer

resistance from the air molecules®’.

However, due to the lack of commercial simulation tools for the MD process, a
mathematical model is required to simulate the performance of the MD module at

different operating conditions.

"8 http://www.solarspring.de/
™ A condenser foil is added to separate the permeate and the cooling channels
8 Mass transfer in an MD process is discussed in more details in Chapter 6
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Numerous studies®* on MD modelling are found in the literature. In all of the modelling
studies a mathematical model is discussed and usually validated through experimental
data. The modelling studies have, however, different emphasises and could be classified
as follows: studies concerned about mass transfer in an MD process investigating the
mechanism by which mass transfer occurs through experimental work then developing
semi-empirical or theoretical equations, or assessing the validity of existing theoretical
equations to predict the MD mass transfer coefficient (MTC) and/or the flux, for
example (Kimura et al., 1987, Schofield et al., 1987, Schofield et al., 19903, Ding et al.,
2003, Martinez et al., 2002, Fernandez-Pineda et al., 2002, Imdakm and Matsuura,
2004, Srisurichan et al., 2006); studies with an emphasis on the heat transfer in an MD
process investigating the suitability of existing semi-empirical equations from the
literature, that are initially developed for heat exchangers, to estimate the convective
heat transfer coefficient through the boundary layers in the MD channels by comparing
the predicted MD flux values from the model to that obtained experimentally, for
example (Gryta et al., 1997, Gryta and Tomaszewska, 1998, Phattaranawik et al., 2003,
Qtaishat et al., 2008); and studies using existing semi-empirical equations to estimate
the convective heat transfer coefficient, and existing theoretical or semi-empirical
equations to estimate the MD MTC to build a mathematical model and validate it
through experimental work where the model is either used for optimization work, to
perform a parametric study, or simply to build a model to predict the MD process flux at
different operating conditions that those tested experimentally, for example (Fane et al.,
1987, Gostoli and Sarti, 1989, Schofield et al., 1990b, Martinez-Diez and Vazquez-
Gonzalez, 1999, Banat and Simandl, 1998, Martinez-Diez and Florido-Diaz, 2001, Yun
et al., 2006).

From the review carried out, it was observed that all of the available models in the
literature were based on laboratory scale MD modules and mostly using flat sheet
membranes (Table 2-8). Accordingly, in almost all of the reviewed studies a simple
model using the average bulk water temperatures of the evaporator and cooling channels

8 It should be noted that the review carried out on MD modelling studies mainly focused on studies using
AGMD and DCMD module configurations due to their resemblance to that of PGMD as the pressure
gradient, the main driving force, is maintained by a temperature difference between the evaporator and
the cooling channels which is further discussed in Chapter 6.
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was typically used to calculate the flux given the short length of the channel/membrane.
In contrast, in a spiral wound full scale (e.g. area=10 m?) module, a finite element series
analysis, such as that carried out by Fane et al. (1987) and Cheng et al.(2008) for a
hollow fibre DCMD module, is necessary to predict the module performance given the

large length of the channel which in the module modelled in this study is 7 m.

Table 2-8: Different module configurations and membrane types modelled in the literature

Reference Module Membrane Membrane Channel/
Configuration Type Scale/Area Fibre Length
(Kimura et al., 1987) AGMD Flat Sheet Lab scale/100 cm? 15¢cm
(Fane et al., 1987) DCMD Hollow Fibre Lab scale/1 m? 40 cm
(Gostoli and Sarti, 1989) AGMD Flat Sheet Lab Scale/- -
(Kurokawa et al., 1990) AGMD Flat Sheet Lab Scale/142 cm? 24 cm
(Schofield et al., 1990b) DCMD Flat Sheet Lab scale/28 cm? 11.4cm
(Gryta et al., 1997) DCMD Flat Sheet Lab scale/28 cm? 66 cm
(Banat and Simandl, 1998) AGMD Flat Sheet Lab scale/160 cm? 21.5cm
(Gryta and Tomaszewska, DCMD Capillary Lab Scale/- -
1998)
(Martinez-Diez and DCMD Flat Sheet Lab scale/33.7 cm? 5.5cm
Vazquez-Gonzalez, 1999)
(Martinez-Diez and DCMD Flat Sheet Lab scale 55cm
Florido-Diaz, 2001)
(Fernandez-Pineda et al., DCMD Flat Sheet Lab scale/260 cm? 17.7cm
2002)
(Ding et al., 2003) DCMD Flat Sheet Lab scale/40 cm? -
(Srisurichan et al., 2006) DCMD Flat Sheet Lab scale/47 cm? -
(Yun et al., 2006) DCMD Flat Sheet Lab scale/40 cm? 10cm
(Qtaishat et al., 2008) DCMD Flat Sheet Lab scale/236 cm? 8cm
(maximum
value)

While Koschikowski (2011) modelled the full scale PGMD module developed by the
Fraunhofer ISE, the author assumed a simplified flat geometry for the spiral wound
module (J. Koschikowski 2015, pers. Comm., 16 Jan.). In this thesis, however, the
model will account for the spiral wound geometry of the module considering the
complex heat transfer interactions between the different membrane layers. This is in
contrast with flat sheet geometries where there is only one membrane layer which
greatly simplifies the models discussed in the literature including those carried out for

lab scale modules.
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2.5.5 PVT driven RO plants

Increasing the feed water temperature increases the RO permeate flux (Porteous, 1984)
due to the reduction in the water viscosity hence the water molecules can flow more
easily through the membrane (Kucera, 2010b). For example, according to Al-
Karaghouli et al. (2010) preheating the feed water could increase the permeate flux by
20 to 30%. As the aforementioned increase in permeate flux occurs at the same feed
pressure, the SEC is reduced. Accordingly, heating the feed water could potentially
reduce energy related costs. Moreover, Thomson and Infield (2003a) showed, through
simulation work, that an RO system with feed water preheated from 15 to 35°C by a
solar water heater could increase the permeate flux by 60% and concluded that the extra
costs of equipment to preheat the water could be justified. It should be noted, however,
that Thomson and Infield (2003a) neither discussed the methodology used in their

model nor gave detailed results of the model.

For this reason, the economic feasibility of pre-heating the feed water through PVT
systems to decrease the RO process’s SEC will be examined in this thesis. The annual
performance of coupling both glazed and unglazed PVT collectors with RO plants is
also considered. While the concept of preheating the feed water to reduce the RO
energy requirements is already exploited, to the author’s knowledge, no studies using
PVT with RO plants could be found in the literature.

2.5.6 Brackish GW potential in Egypt

In Chapter 1, it was concluded that GW extraction will be more suitable to establish
decentralized communities in Egypt. Brackish GW extraction and desalination was
particularly suggested as Egypt could potentially have more brackish GW accessibility

and reserves than fresh GW.

Accordingly, in this thesis, GW properties in the seven main hydro-geological systems
across six regions in Egypt are investigated to identify aquifers with access to brackish
GW. These aquifers are then investigated for their potential for sustainable
development. A similar work was carried out by Salim (2011) to assess the site
appropriateness for solar driven brackish GW extraction in Egypt considering factors
such as GW depth, GW salinity, distance from the Nile valley and delta and solar

resources. The study carried out in this thesis extends on that of Salim (2011) with a
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greater focus on the potential of sustainable extraction of brackish GW in terms of

productivity and renewability.

2.6 Summary and Conclusion

In this chapter, different desalination processes were reviewed and compared. It was
concluded that PV driven RO desalination plants are the most suitable for small scale
applications in rural areas in Egypt. Membrane distillation driven by FPC’s was also

proposed to be combined with the RO process to increase the overall RR.

Different work carried out on BW PV-RO plants and the application of such plants in
Egypt, hybrid RO/MD plants, and MD process modelling, was reviewed. It was shown
that existing economic feasibility studies on solar driven RO plants in Egypt were
unreliable and considered narrow operating conditions. Moreover, it was shown that
most PVV-RO plants in the literature are not operating within their optimal window and
were mostly operating at low RR. Furthermore, the existing feasibility studies on hybrid
RO/MD plants are unreliable and based on laboratory scale membranes and therefore
new feasibility studies based on the more realistic performance of a full scale
commercial MD module is required.

Accordingly, in this thesis the feasibility of PV-RO plants for a wide range of brackish
GW salinities is examined. The plants will be designed to operate at the maximum
attainable RR to decrease the amount of wasted GW. The designs will be also carried
out according to the manufacturer’s recommended specifications to give more realistic
results. The feasibility of the PV-RO plant will be also investigated for two cases: a case
where the RO plant operates only during day time such that the PV system costs are
minimized; and a case where the RO plant is operating for 24 hours to increase its

capacity factor.

Investigating the use of FPC driven MD to increase the RR of the PV-RO system will
be investigated using full scale commercial MD membranes considering the effect of
scaling to guarantee more realistic results. Finally, the economic feasibility of using
PVT to preheat the feed water going to the RO system to reduce the latter’s energy

consumption will be also investigate.



3. Brackish Groundwater Potential Iin
Egypt

In Chapter 1, it was shown that GW extraction could help establishing decentralized
agricultural communities in areas away from the Nile valley and delta in Egypt.
Brackish GW extraction in particular was suggested as Egypt could potentially have
more brackish GW accessibility and reserves than fresh GW. Therefore, in this chapter
the potential for brackish GW to be the main water resource for the proposed

decentralized communities is assessed.

Firstly, the seven main hydro-geological systems across six regions in Egypt are
reviewed in terms of their GW properties, productivity and the amount of surface
recharge. Secondly, the methodology used in classifying the brackish GW aquifers
based on their potential for sustainable water extraction is presented. Locations with the
highest priority for establishing decentralized agricultural communities based on
brackish GW extraction and desalination are then identified. Finally, the suitability of

BW for drinking and agricultural use is assessed.

3.1 Salinity Definition

The term salinity used in this thesis needs to be clarified to avoid any ambiguity. There
are several definitions of water salinity discussed in Pawlowicz and Feistel (2012).

First, there is the solution salinity which is the summation of the measured dissolved
constituents in the water and is usually estimated by only summing the major anions

and cations in addition to nitrate and silica. There is also the ionic salinity which is
similar to the solution salinity but only sums the ions in the water. The water salinity is
also estimated through electro-conductivity (EC) measurements which only accounts for
the ionic content in the water. Finally, the total dissolved solids (TDS) is an American
term (HOmig, 1978) often used in the literature to indicate the water salinity and is
similar to the solution salinity accounting for both the dissolved inorganic and organic

constituents in the water (WHO, 2011). The TDS is usually estimated by measuring the
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EC of the water then multiplying it by an empirical factor based on the chemical

composition of water.

Therefore, in this study the TDS is used when available and is referred to directly as the
water salinity. Otherwise when only the GW chemical composition is available, the
solution salinity is estimated by adding the concentrations of major ions in addition to
nitrate and silica if included in the analysis. The solution salinity is assumed to be equal
to the TDS and will be also referred to as the water salinity. When EC’s are reported,
the general conversion factors indicated by the Food and Agriculture Organization
(FAO) (Rhoades et al., 1992) are used to convert the value to TDS.

3.2 Targeted Water for Treatment

Brackish water, defined as water with salinities exceeding 1,000 mg/l (Carter et al.,
2005, Water Quality Association, 2012), is according to the WHO guidelines (WHO,

2011) not suitable for drinking, mainly due to taste considerations®.

Conversely, the suitability of water for agriculture purposes depends on its salinity and
specific elements concentrations in addition to the type of crops and animal species
(Ayers and Westcot, 1994)%. In this study, the suitability of brackish GW for irrigation
and livestock use is therefore investigated, based on the FAO guidelines (Ayers and
Westcot, 1994)% in locations where GW chemical analyses are available in the
literature to determine if desalination is required. The suitability of water for irrigation
will be particularly investigated for HVLWC crops that are recommended to be grown
in Egypt by EI-Sherif (1997), Abdin and Gaafar (2009), Gad and Ramadan Ali (2009),
the International Fund for Agricultural Development (2008, 2009), and Fahim et al.
(2011). While cotton is a water intensive crop (Gad and Ramadan Ali, 2009), it is also

82 According to the WHO guidelines, water with salinities exceeding 1,000 mg/I, though may not
necessarily affect human health as long as specific chemical substance do not exceed the guideline limits,
becomes increasingly unacceptable for drinking.

8 Appendix D
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suggested to be cultivated as it one of Egypt’s traditional crops most important export
crops®® (El-Sherif, 1997).

3.3 Review of Groundwater in Egypt

Groundwater in Egypt is found in seven main hydro-geological systems: the Nubian
sandstone aquifer, the fissured carbonate aquifer, the basement fissured hard rock
aquifer, the Al-Moghra aquifer and the Quaternary aquifer which includes the Nile
basin aquifer, the alluvial deposits aquifers and most of the coastal aquifers. Figure 3-1
shows the main aquifers in Egypt and is based on the hydro-geological map from the
Research Institute for Groundwater (RIGW) (1988) in addition to the studies by Gheith
and Sultan (2002) and Sultan et al. (2008) which were used to identify the alluvial
deposits Quaternary aquifer in the main wadis® in the Eastern Desert.

Brackish water is defined by the U.S Geological Survey Organization (Carter et al.,
2005) and the Water Quality Association (2012) as those with salinities ranging from
1,000 to 10,000 mg/l and 1,000 to 15,000 mg/l respectively. In this study, the definition
by the U.S Geological Survey Organization is used especially that most salinity maps in
the literature do not indicate the 15,000 mg/l iso-salinity line.

Aquifer productivity and the amount of surface recharge were mainly based on the
qualitative data compiled by RIGW (1988). The data was complemented by more recent
quantitative and qualitative data available in literature. To relate quantitative and
qualitative data, qualitative descriptions are compared to available well productivities
and rainfall recharge estimates reported in the literature for the same region to get a
rough estimate on the equivalent range related to each description. For example, well
yields less than 5 m*/h are reported in areas described to have low productivity while
areas described to highly productive have well yields with average values exceeding

150 m*/h, accordingly quantitative values could be roughly assigned to each description.

8 Cotton is also a drought resistant and a salt tolerant crop which makes it ideal for areas away from the
Nile valley and delta where brackish GW is used.
8 Drainage Basins
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3.3.1 Nubian sandstone aquifer

The Nubian sandstone aquifer is the most important source of GW in areas away from
the Nile valley and delta (Hefny and Shata, 2004) and stretches over the Western
Desert, Eastern Desert and the Sinai Peninsula and also to neighbouring Libya, Chad,
Saudi Arabia and the Republic of Sudan. Groundwater reserves in the Nubian aquifer in
Egypt are estimated to be at least 200,000 bcm and are mainly non-renewable.
However, as the GW in the Nubian aquifer is shared with other countries, there could be
a limit imposed on the amount of GW that could be annually extracted by each
country.(Shata, 1982, Hefny et al., 1992, Hassan et al., 2004)

In the Western Desert, the Nubian aquifer stretches over the entire desert and is mainly
unconfined south of 25° latitude where the aquifer outcrops, then it becomes confined
northward where it is overlain by the fissured carbonate aquifer (Figure 3-1) (Nour,
1996, Sultan et al., 2007). According to Shata (1982) and Nour and Khattab (1998), the
Nubian aquifer contains brackish GW (1,000 to 10,000 mg/I) within a narrow belt
stretching along the Al-Qattara depression north of latitude 29° then southward along
the Nile River western bank. In the north of the Al-Qattara Depression and EI-Minya
city, GW becomes saline and hyper saline. South of latitude 29°, the Nubian GW is
fresh (<1,000 mg/l) and is mainly exploited from the New Valley oases (Hefny et al.,
1992). Shata (1982) and Nour and Khattab (1998) also show that the Nubian aquifer is a
deep aquifer system where well depths in the oases area range from 250 to 1,000 m
below ground level (BGL) while at the Al-Qattara depression area, the GW is found at
even larger depths that could exceed 2 km. However, as the aquifer is mainly confined,
GW in most wells is flowing above ground level while in the unconfined area the depth
to water table in the BW zone ranges from 30 to 110%” m BGL. The Nubian aquifer in
the Western Desert is a highly productive aquifer with reported average well yields
exceeding 150 m*/h in the oases area (Nour and Khattab, 1998) and therefore, assuming
similar aquifer properties as the fresh GW zone, the brackish GW zone is likely to be as
highly productive. Moreover, the aquifer has a high development potential where for
example in the New Valley oases, one of the most important sites from which GW is

extracted, approximately half of the estimated amount that could be economically

87 Actual depth data are with respect to mean sea level therefore the depths with respect to ground level
were approximately estimated based on ground elevation.
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exploited was reported to be extracted (Hefny and Shata, 2004) while the brackish GW

zone is likely to be unexploited as no wells in this zone were reported in the literature.

In the Eastern Desert, the Nubian aquifer outcrops in the southern parts but further north
near Qena city the aquifer is overlain by the fissured carbonate aquifer (Figure 3-1).
While the aquifer is mainly non-renewable, it receives some recharge by occasional
infiltrating rainfall particularly where the aquifer outcrops (Abdel-Moneim, 2005). The
Nubian aquifer in the Eastern Desert mainly contains BW (1,000 to 10,000 mg/I)
(Hefny et al., 1992) except north of EI-Minya city where the GW is mainly saline based
on the aquifer’s fresh /saline GW boundary line shown in Sultan et al. (2007). The depth
to water table was only reported in the main wadis north of Aswan city where the
aquifer is confined and it ranges from 20 to 50 m BGL while the depth to top aquifer is
only reported in Qena area and ranges from 100 to 250 m BGL (Hefny and Shata,
2004). However, based on schematic cross sectional maps and well depth data from
Sultan et al. (2000, 2007), the depth to the top of the Nubian aquifer is likely to exceed
1 km BGL north of Qena city except near the areas where the aquifer outcrops.
Regarding the aquifer’s productivity, while the Nubian aquifer in the Eastern Desert is
described by RIGW (1988) to be moderately to highly productive similar to its
counterpart in the Western Desert, test wells in wadi Qena and wadi Hammamat have
well yields ranging from 2.7 to 83 m*h (Idris and Nour, 1990) which are much lower
than those in the Western Desert. The Nubian aquifer in the Eastern Desert in general is
likely to have lower GW reserves than in the Western Desert. For example in the East
Oweinat area located south of the Western Desert and occupying an area of 16,000 km?
(Nour and Khattab, 1998), it is estimated that an amount of 2.35 bcm per year could be
economically extracted from the Nubian aquifer compared to less®® than 0.07 bcm/year
from wadi Qena and wadi Hammamat in the Eastern Desert (Hefny and Shata, 2004)
which stretch over a larger area of about 23,500 km? (Gheith and Sultan, 2002)
Nevertheless, the Nubian aquifer in the Eastern Desert has high development potential
given that the absolute maximum GW that could be extracted from the Nubian aquifer

8 0.07 bcm/year is the maximum recharge rate for the Nubian aquifer which if extracted will lead to a
drop in GW levels beyond economical limits therefore the amount that could be economically extracted is
expected to be lower
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underlying main wadis north of Aswan city is estimated to be 0.21%° bcm/year while
GW extracted from the whole Eastern Desert including the coastal aquifer was reported
to be only 0.05 bcm/year (Hefny and Shata, 2004).

The Nubian aquifer also covers the Sinai Peninsula stretching from the southern parts of
the peninsula, north of the outcropping basement fissured hard rock aquifer, to the
northern parts at the Gabal-El- Maghara and Gabal-El-Halal zones (Abd-El-Rahman,
2001) located near the towns of Gifgaga and EI-Quseima (Figure 3-1). The aquifer is
recharged by infiltrating rainwater especially in the south where the aquifer outcrops
(Abd-EI-Samie and Sadek, 2001), however the recharge amount is small estimated to be
about 33 million m*/year (Nour and Khattab, 1998). The following data on the GW
properties have been obtained from RIGW (1988), Mills and Shata (1989), and Nour
and Khattab (1998). The Nubian aquifer’s GW in the Sinai Peninsula is mainly brackish
except in the south where the sandstone aquifer outcrops the GW is fresh (< 1,000
mg/l). The GW salinity then increases gradually northward to values exceeding 10,000
mg/l north of Gifgafa and also westward along the Suez Gulf coast where the GW is
mainly saline or hyper saline with salinities as high as 220,000 mg/I (except the Ayun-
Musa area where the GW is brackish). Groundwater in the Nubian aquifer in the Sinai
Peninsula is found at large depths where the depth to top aquifer ranges from 500 to
1,100 m BGL and the depth to water table ranges from 100 to 400 m BGL (except for
Ayun-Musa where the water flows above ground level). The Nubian aquifer in the Sinai
Peninsula is not as productive as its counterpart in the Western Desert with reported
well yields ranging from 20 to 80 m%h. Nevertheless, the aquifer has large GW reserves
with an estimated amount of 1,100 bcm out of which at least 117 bcm is available for
extraction (Hefny and Shata, 2004). Moreover, the aquifer has the highest development

potential compared to other aquifers in the Sinai Peninsula (Nour and Khattab, 1998).

3.3.2 Fissured carbonate aquifer

The fissured carbonate aquifer covers almost half of Egypt’s area (Hefny et al., 1992)
and stretches over the central and northern parts of the Eastern Desert, Western Desert
and the Sinai Peninsula (Figure 3-1). The aquifer is recharged by leaked water from the

underlying Nubian aquifer through deep fractures and fissures in addition to occasional

8 The maximum recharge rate for the Nubian aquifer which if extracted will lead to a drop in GW levels
beyond economical limits
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surface recharge from flash floods mainly occurring in the Eastern Desert and the Sinai
Peninsula. However, the aquifer is composed of massive impervious rocks with low
infiltration capacity reducing the aquifer’s recharge potential except in areas that are
highly fractured allowing water to percolate and recharge the aquifer (Shata, 1982,
Gheith and Sultan, 2002, Abdel-Moneim, 2005). While RIGW (1988) described the
fissured carbonate aquifer all over Egypt to have moderate productivities, wells tapping
the aquifer in most areas were reported to have low productivities. Allam et al. (2003)
also indicated that low amounts of GW reserves could be exploited from the carbonate
aquifer, especially when compared to the large area covered by the aquifer. The aquifer
is, however, not well studied (Nour and Khattab, 1998, Hefny and Shata, 2004) and
little data on its GW potential and other GW properties were found in literature.

In the Western Desert, the fissured carbonate aquifer’s water bearing horizons are the
Upper Cretaceous and Eocene formation in addition to the Middle Miocene formation
in the northern parts of the Western Desert (RIGW, 1988). Data on GW properties in
the fissured carbonate aquifer were mainly reported in Nour and Khattab (1998).
Brackish GW exists in the Upper Cretaceous and Eocene aquifers in the Al-Qattara
depression area with salinities ranging from 2,000 to 5,000 mg/I and reaching up to
10,000 mg/l northeast near the Mediterranean coast. The entire Middle Miocene aquifer
contains BW with salinities ranging from 1,600 to 2,800 mg/l in the Siwa oasis area
then increasing further north reaching 10,000 mg/I near the Mediterranean coast. No
data about GW depths were found in literature except for the Middle Miocene aquifer in
the Siwa depression area where GW is found at relatively shallow depths ranging from
20 to 150 m BGL with mostly flowing GW above ground level. The Upper Cretaceous
and Eocene aquifers have low well yields, i.e. <5 m*/h, while the Middle Miocene
aquifer have higher yields ranging from 10 to 35 m*/h in the Siwa depression area. It is
not clear however whether other areas in the Middle Miocene aquifer have similar
moderate productivities to that of the Siwa depression area or low productivities as the
Upper Cretaceous and Eocene aquifers, and no data were found in literature on other
wells tapping the aquifer in other locations.
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In the Eastern Desert, scarce data were found on the fissured carbonate aquifer. The GW

salinities range from 1,000 to 9,000 mg/l but could reach 12,000 mg/l in some areas
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such as Wadi-Araba®. Groundwater in the fissured carbonate aquifer in the Eastern
Desert is reported to be accessed in different locations at ground surface either from
springs or flowing artesian wells and the depth to top aquifer is generally shallow with
values up to 100 m BGL reported in the Wadi-Araba area. Springs tapping the aquifer
are also reported to have limited productivities. (Hefny et al., 1992, Abdel-Moneim,
2005)

In the Sinai Peninsula, the fissured carbonate aquifer consists of the Upper Cretaceous
and Eocene aquifers and their GW properties are reported in Mills and Shata (1989) and
Nour and Khattab (1998). Groundwater in both aquifers is mainly brackish where the
average salinity in the Eocene aquifer is estimated to be about 5,150 mg/l while the
Upper Cretaceous aquifer has lower average salinity of about 2,750 mg/I. Saline and
hyper saline GW is also reported in the Eocene aquifer in the area between Ras-Sudr
and Hammam-Faraon, and the area north of Al-Quseima. No data were found in
literature regarding GW depths in the Eocene aquifer while few wells tapping the Upper
Cretaceous aquifer in different parts of the Sinai Peninsula have drilling depth and depth
to water table ranging from 189 to 980 m BGL and 21 to 220 m BGL respectively. The
Upper Cretaceous aquifer has one of the lowest productivities compared to other
aquifers in the Sinai Peninsula and is considered as an aquifer with very poor
productivity hence not recommended for future exploitation. Conversely, the Eocene
aquifer is reported to have a moderate productivity with values close to that of the
Nubian aquifer in this area. However there is an uncertainty about the Eocene aquifer’s

productivity as scarce data were found in the literature on wells tapping this aquifer.

3.3.3 Quaternary aquifer

The Quaternary aquifer is divided into several hydro-geological systems that are
different in lithology, recharge resources and productivity (RIGW, 1988). The
Quaternary aquifer includes the Nile basin aquifer and the alluvial deposits aquifer
which mainly exists in the Eastern Desert and the Sinai Peninsula. The Quaternary
aquifer is also part of the Red Sea and Suez gulf coastal aquifers which are discussed

separately.

% 5outh of Ain-Sokhna
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3.3.3.1 Nile basin aquifer

The Nile basin aquifer covers all the area along the Nile River basin underlying the
cultivated lands (Idris and Nour, 1990). The aquifer mainly consists of the Quaternary
Pleistocene epoch sand and gravel aquifer. The Pleistocene aquifer is overlain by a silt
and clay cap belonging to the Holocene epoch which acts as a semi confining layer. The
silt and clay cap disappears in the desert fringes where the aquifer becomes unconfined
(Idris and Nour, 1990, Abdalla et al., 2009). The Nile basin aquifer is continuously
recharged by water leaking from irrigation canals and drains as well as water leaching
from excess irrigation water (Idris and Nour, 1990). Therefore, the aquifer is a
renewable source of GW and is considered by RIGW (1988) as the most productive
aquifer in Egypt except in the northern areas where the large thickness of the
impervious clay lenses reduces the aquifer’s productivity. Infiltrating rainfall also
recharges the aquifer in the Nile Delta area mainly in the unconfined zone particularly
in winter where rainfall ranges from 25 mm in the south to 200 mm per year in the north
near the Mediterranean Sea (Geirnaert and Laeven, 1992). The aquifer is separated into
the Nile Delta aquifer and the Nile Valley aquifer as the thickness of the Nile basin
aquifer decreases from south to north near Cairo where it becomes very thin, then

increases again further north, forming the Nile Delta aquifer (Hefny et al., 1992).

The Nile Valley aquifer stretches in the vicinity of the Nile River from Cairo in the
north to Aswan southward (Figure 3-1). Its GW is mainly fresh with an average salinity
of 800 mg/l (Hefny et al., 1992) although brackish GW might be found at the fringes of
the Nile valley where some wells analysed by Abdalla et al. (2009) in Qena area have
GW salinities with values up to 3,000 mg/l. The fresh GW zone in the Nile basin
aquifer is, however, polluted and will require treatment to be suitable for drinking.
According to Abdel-Lah and Shamrukh (2001), Abdalla et al. (2009), Abdel-Latif and
El-Kashouty (2010) and Ahmed and Ali (2011), e.coli bacteria and high levels of nitrate
and iron were detected in many wells due to leaking sewage systems and septic tanks,

mainly used in rural areas, and the excessive use of fertilizers.

The Nile Delta aquifer stretches east to the Suez Canal, north to the Mediterranean Sea
and south to Cairo. Westward, the aquifer is bordered by the Al-Moghra and the
fissured carbonate aquifers. Its GW is fresh in the southern and central parts of the delta

but the GW salinity increases eastward and northward to become brackish and saline
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due to salt water intrusion from the Mediterranean Sea and the northern saline lakes.
Groundwater salinity also increases westward due to its contact with the Al-Moghra
aquifer (Hefny et al., 1992, Sharaky et al., 2007). The area containing brackish GW was
identified based on the study by Sherif et al. (2012). The GW salinity maps in the study,
which were based on simulation work and field observations, included the variation of
salinity within a depth ranging from zero to 400 m below mean sea level. However,
only the data for depths of zero and 100 m below mean sea level is included as this is
where brackish GW mainly exists. It should be noted that in the transition areas between
fresh/brackish and brackish/saline GW, fresh and brackish GW respectively might be
only found at very shallow depths and within a very thin zone in the range of few
meters and therefore the available GW quantities could be small. The GW salinity data
were complemented from the iso-salinity map by Geirnaert and Laeven (1992) for the
western fringes although the study did not consider the variation of salinity with depth.
However, the fresh/brackish and the brackish/saline iso-salinity boundary lines agree
well with those of Sherif et al. (2012) for the rest of the Nile Delta aquifer. It should be
noted that while the study by Sherif et al. (2012) showed that all of the northern parts of
the Nile Delta aquifer contains saline water, a study by Ebraheem et al. (1997) to
determine the fresh/brackish/saline zone location and thickness showed that brackish
GW also exists in the middle part of the northern delta but with a small thickness of
about 60 m and is underlain by saline GW. Hefny and Shata (2004) also mentioned the
presence of brackish GW in the northern delta at depths less than 100 m. However,
based on field observations it is likely that only small volumes of brackish, as well as
fresh, GW exist in this area (M. Sherif, 2013, pers. comm., 28 Nov.); accordingly it is
concluded that the whole northern delta contains saline water. The study by Ebraheem
et al. (1997) also showed that a thin zone, around 20 m in thickness, of brackish GW
overlies the fresh GW zone in the middle area south of the 1,000 mg/I iso-salinity line,
whose presence is attributed to salt leaching from irrigation water return. Regarding
GW depths, the depth to top aquifer in the confined area of the Nile Delta aquifer is
very shallow ranging from zero to 30 m BGL and the depth to water table ranges from
zero (flowing wells) to few meters (<5 m) (RIGW, 1988, Dawoud et al., 2005, Sherif et
al., 2012). In the unconfined areas in the western delta, the depth to water table and well
depths are also shallow ranging from 35 to 60 m BGL and 40 to 80 m BGL respectively
(Sharaky et al., 2007).
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3.3.3.2 Quaternary alluvial deposits aquifer

The Quaternary alluvial deposits aquifer mainly covers wadi floors in the Eastern Desert
and the Sinai Peninsula. The aquifer is renewable and has a high storage capacity and
infiltration rates which increases its surface recharge potential (Gheith and Sultan, 2002,
Abdel-Moneim, 2005).

In the Western Desert, the Quaternary alluvial deposits only exist in some areas along
the Nile River’s desert fringes and in the Siwa oasis area. Scarce data were found in the
literature on the alluvial deposits aquifer in the former, but Hefny et al. (1992) reported
that the aquifer in the fringes of the Western Desert and Eastern Desert in general has
GW salinities ranging from 500 to 3,000 mg/I. In the Siwa oasis area, the Quaternary
alluvial deposits aquifer is recharged from return irrigation water and from the
uncontrolled flow of GW from wells tapping the Middle Miocene aquifer in addition to
upward leakage of GW from the underlying carbonate aquifer. Groundwater salinities in
the Quaternary aquifer in this area are high ranging from 5,000 up to 40,000 mg/I near
the salt lakes while the depth to water table is very shallow ranging from 1 to 5 m BGL
(Nour and Khattab, 1998).

In the Eastern Desert, the Quaternary alluvial deposits aquifer is the most important
shallow GW supply in this area (Abdel-Moneim, 2005) and also has good potential for
sustainable extraction (Sultan et al., 2000, 2002). Several wells analysed by Sultan et al.
(2000) and Sturchio et al. (2005) in different wadis in the Eastern Desert showed that
the GW is mainly brackish with salinities reaching up to around 5,500 mg/l but some
wells contain fresh GW. The depth to water table ranges from 31 to 65 m BGL (Sultan
et al., 2007). The aquifer is renewable and mainly recharged by flash floods surface
runoff, where rainwater over the Red sea hills is channelled through the wadis towards
the Nile valley, with an amount estimated to be from 2.9 to 54.1 million m®/year
(Milewski et al., 2009). The aquifer in this area is reported by RIGW (1988) to have
lower productivities than other rainfall recharged aquifers such as the Mediterranean
coastal aquifer. Nevertheless, Sultan et.al (2007) showed that the thick alluvium
Quaternary aquifer in wadi Asyuti is recharged by ascending Nubian GW through deep
seated faults which increases its potential for GW extraction (Sturchio et al., 2005) and
its productivity. Sultan et.al (2007) reported that wells in this area have moderate to

high well yields ranging from 50 to 100 m®h. The authors also identified other localities
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within the Nile flood plain and along the Suez Gulf and Red sea coast that are
potentially recharged by ascending Nubian GW and therefore are also likely to have

moderate to high productivities.

The Quaternary alluvial deposits aquifer in the Sinai Peninsula is recharged by flash
floods surface runoff channelled through main wadis draining towards the
Mediterranean Sea and both the Al-Agaba and Suez gulfs (Gheith and Sultan, 2001).
Scarce data were found in the literature regarding GW salinities, but according to Mills
and Shata (1989) the Quaternary aquifer in the coastal areas and main wadis mainly
contains brackish GW with an average salinity of 2,300 mg/Il. The depth to the water
table is shallow ranging from 3.5 to 45 m BGL (El-Fiky, 2010, Elewa and Qaddah,
2011). The aquifer receives much higher rainfall recharge than its counterpart in the
Eastern Desert. According to Milewski et al. (2009), the alluvial deposits aquifer in
wadi Al-Arish watershed, which stretches from Al-Arish city to the central parts of the
Sinai Peninsula and encompasses most of alluvial deposits aquifers in the Sinai
Peninsula, is annually recharged by an estimated amount of 381.6 million m*/year.
Assuming that, based on the geological map by Milewski et al. (2009), roughly 50% of
the wadi Al-Arish watershed is covered by alluvial deposits, the amount of rainfall
recharge per unit area is at least 2.5 times higher than the alluvial deposits aquifers in
the main wadis in the Eastern Desert. Therefore, while RIGW (1988) described the
alluvial deposits aquifer in the Sinai Peninsula to be low to moderately productive and
receiving insignificant rainfall recharge similar to its counterpart in the Eastern Desert,
it is concluded that the Quaternary alluvial deposits in the Sinai Peninsula is likely to be

more productive.

3.3.4 Coastal aquifers

The coastal aquifers cover coastal areas along the Mediterranean Sea and the Red Sea in
addition to the Suez gulf and the Suez Canal (Figure 3-1). The coastal aquifer along the
Mediterranean coast includes the North Sinai coastal area, the North West
Mediterranean coastal area and the northern delta area which is part of the previously

discussed Nile Delta aquifer.

The North West Mediterranean coastal aquifer stretches from Alexandria city to Egypt’s
western borders. According to Hefny and Shata (2004) and Atta et al. (2005), the
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aquifer belongs to the Quaternary age and is recharged by: rainfall which could reach
200 mm/year; lateral seepage from the Nile Delta aquifer; excess irrigation water
especially in the Maryut area where a large area is cultivated; and seepage from
irrigation canals transporting Nile water to west Alexandria. The coastal aquifer in the
North West Mediterranean area mainly contains BW with salinities ranging from 1,000
to 6,000 mg/l and the GW is found at shallow depths where the depth to water table is
15 m BGL on average. The aquifer in this area receives a high amount of rainfall
recharge and is described as a moderately to highly productive aquifer (RIGW, 1988).
The aquifer in this area is also heavily underutilized where only 10% of its estimated 50

million m*/year of exploitable GW is extracted (Hefny and Shata, 2004).

The Red Sea coastal aquifer mainly consists of the Miocene sandstone aquifer and the
Quaternary alluvial deposits aquifer where the latter exists in the deltaic areas of the
main wadis in the coastal plains (Abdel-Moneim, 2005). The Nubian aquifer is also
found along the Red Sea coast but it mainly exists at large depths reaching 3 km BGL
(Sultan et al., 2007) while in the area where the aquifer outcrops the GW is likely to be
saline based on the aquifer’s fresh /saline GW boundary line. The Quaternary and the
Miocene aquifers are recharged by infiltrating surface runoff water from flash floods.
However, according to RIGW (1988) they receive an insignificant amount of surface
recharge compared to the Mediterranean coastal aquifer and therefore are considered to
have a lower productivity except in the extreme southern parts where the aquifers
receive higher amount of surface recharge and have a moderate to high productivity,
which is because the amount of precipitation in this area is high (Abdel-Moneim, 2005).
Nevertheless, while RIGW (1988) described the coastal aquifers’ productivity and
surface recharge in the extreme southern parts of the Red Sea to be similar to that of the
Mediterranean coast, they are expected to be lower as the amount of precipitation in the
former is in the range of 33 to 60 mm/year compared to at least 75 mm/year in the latter
based on the precipitation map shown in (Milewski et al., 2009).The precipitation map
also shows that the Red Sea coastal area at Suez city has a high precipitation rate similar
to that of the extreme southern parts and therefore the coastal aquifer in this area is
likely to have similar productivities. Moreover, the area extending from Hurghada to
Ras-Ghareb city was identified by Sultan et al. (2007) to be a potential discharge area

for the Nubian aquifer and therefore the Quaternary aquifer could have higher
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productivities. Regarding GW properties, water salinity data in the Quaternary aquifer
could be only found in the Al-Quseir/Safaga area where the salinities range from 1,500
to 9,500 mg/l (Awad et al., 1996). In general, the Quaternary alluvial deposits aquifer
contains brackish GW and with relatively higher salinities than its counterpart near the
Nile valley which is attributed to SW intrusion (Abdel-Moneim, 2005). Groundwater in
the Miocene aquifer is also brackish with salinities ranging from 2,000 to 2,500 mg/I
(Hefny et al., 1992). Hefny et al. (1992) also reported that GW in the Quaternary aquifer
is shallow where the alluvial deposits are found at depths ranging from 1 to 15 m. For
the Miocene aquifer, scarce data were found regarding GW depths, however it is likely
to be shallow as the aquifer outcrops in many locations and also the depth to water table
of two artesian wells analysed by Awad et al. (1996) in the Al-Quseir/Safaga area is
only 12 m BGL in both wells while the drilling depths are 12 and 78 m BGL. The Red
Sea coastal aquifer has a high development potential as out of the estimated 31 million
m?>/year of GW that is available for extraction from the aquifer, only 5 million m*/year
was reported to be extracted from the entire Eastern Desert which includes other
aquifers (Hefny and Shata, 2004).

The coastal aquifer in the Sinai Peninsula consists of the Quaternary and Miocene
sandstone aquifers. Both aquifers are recharged by local rainfall in the northern coastal
area, which could reach values as high as 300 mm/year at Rafah city (Abd-EI-Samie
and Sadek, 2001), and flash floods over the Sinai hills channelled towards main wadis
and draining towards the Mediterranean Sea and the Al-Agaba and Suez gulfs (Gheith
and Sultan, 2001, Allam et al., 2003). The Quaternary aquifer in the Northern coastal
area is also recharged from return imported Nile water (Abdallah, 2006). According to
RIGW (1988), the Quaternary aquifer is moderately to highly productive along the
Mediterranean coast and most of the Al-Qaa plain along the Suez gulf which is
supported by well yield data reported in Mills and Shata (1989) with values up to 65
and 115 m*h in the Al-Arish area and the Al-Qaa plain respectively. The Miocene
sandstone and the Quaternary aquifer in other areas along the Suez gulf is described by
RIGW (1988) to have low to moderate productivities and to be limitedly recharged by
rainfall similar to its counterpart in the Eastern Desert. Nevertheless, as the Sinali
Peninsula receives higher rainfall than the Eastern Desert and according to Mills and

Shata (1989) wells tapping the Miocene and the Quaternary aquifer in general have the
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highest productivities in the Sinai Peninsula, it is concluded that the coastal aquifer in
the Sinai Peninsula is likely to be more productive than its counterpart in the Eastern
Desert. The Suez gulf coastal aquifer has also high development potential as the GW is
heavily underutilized where only 10% of the Suez gulf coastal aquifer’s annual rainfall
recharge rate is extracted (Hefny and Shata, 2004). The following data on GW
properties have been obtained from RIGW (1988), Mills and Shata (1989), Hefny and
Shata (2004), Abdallah (2006), and Elewa and Qaddah (2011). Groundwater in the
Quaternary coastal aquifer is mainly brackish (1,000 to 10,000 mg/l) but fresh GW
exists in some areas in the Al-Qaa plain and Rafah area while saline GW is reported
south of the Al-Bardaweel Lake and the western corner of the North Sinai coastal
aquifer. The Miocene aquifer’s GW is also mainly brackish but more saline than the
Quaternary aquifer with an average salinity of 5,500 mg/l. Saline and hyper saline GW
with salinities ranging from 27,200 to 84,700 mg/l are also reported in the Miocene
aquifer in the area between Ras-Sudr and Hammam-Faraon. The depth to water table in
the Quaternary aquifer in northern Sinai is less than 15 m BGL while it can reach 70 m
in the Al-Qaa plain and it ranges from 16 to 45 m BGL in the Miocene sandstone

aquifer.

3.3.5 Basement fissured hard rock aquifer

The basement fissured hard rock aquifer belongs to the Pre-Cambrian Supereon and
mainly outcrops in the mountainous area of the Eastern Desert and south of the Sinai
Peninsula. Groundwater in this aquifer is limited to areas where the rocks contain cracks
and fractures acting as a water bearing zone where rainfall is the only source of recharge
(Sturchio et al., 2005). In the Eastern Desert, GW in the Pre-Cambrian aquifer varies
from fresh to brackish with salinities up to 3,500 mg/l (Abdel-Moneim, 2005). The
depth to water table and the drilling depth of some wells, reported in the literature
(Awad et al., 1997, Sultan et al., 2007) range from 3 to 30 m BGL and 6.4 to 38.2 m
BGL respectively. In the Sinai Peninsula, the Pre-Cambrian GW also exists at shallow
depth (<50 m) and has low salinities ranging from 1,000 to 2,000 mg/l (RIGW, 1988)
although GW with salinities up to 5,123 mg/l are reported (Hefny and Shata, 2004). The
aquifer also contains fresh GW (<1,000 mg/l) especially in the Saint Catherine area
(Tantawi et al., 1998). According to Hefny and Shata (2004), the aquifer has very

limited potential for sustainable GW extraction because it is limitedly recharged by the
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occasional rainstorms over mountainous areas due to its hard rock composition which
has negligible porosity increasing surface run off potential. The authors have also

reported that most springs tapping the aquifer have very limited productivity.

3.3.6 Al-Moghra aquifer

The Al-Moghra aquifer belongs to the Lower Miocene age and is located in the Western
Desert stretching from west of the Nile delta to, and encompassing most of, the Al-
Qattara depression in the west covering an area of 50,000 Km? (Dawoud et al., 2005).
The aquifer contains fossil water, which came from an old Nile delta that existed in this
location millions of years ago (Allam et al., 2003). The following data on the aquifer’s
sources of recharge and GW properties were obtained from Rizk and Davis (1991),
Hefny et al. (1992), Nour and Khattab (1998) and Hefny and Shata (2004). The Al-
Moghra aquifer is recharged from several sources: lateral seepage from the Nile Delta
aquifer in the east with an estimated amount of 50 to 100 million m®/year; direct rainfall
on the aquifer’s outcrops with an estimated amount of 100 million m®/year; leaking
water from the underlying Nubian aquifer through cracks particularly in its southern
parts by an amount preliminary estimated to be 1 bcm/year; seepage from the overlying
Middle Miocene aquifer in the west; and Mediterranean SW from the north. The Al-
Moghra aquifer’s GW is mainly brackish (1,000 to 10,000 mg/1) except some areas in
the east close to the recharge areas from the Nile delta where the aquifer contains fresh
GW with salinities as low as 350 mg/l. Salinities as high as 15,000 mg/I are also
reported in the northern parts of the aquifer near the Mediterranean coast. Groundwater
in the Al-Moghra aquifer is shallow to moderately deep where the depth to top aquifer
ranges from zero to 200 m BGL and based on piezometric contour map of the aquifer®,
the depth to water table ranges from zero, especially in the central areas of the aquifer
and up to 290 m and 350 m BGL in some locations in the north western and south
eastern parts respectively. The aquifer could have a promising potential for GW
extraction due to its large GW stored volume that could reach 10,000 bcm (Hefny and
Shata, 2004) and because the aquifer partially receives renewable water. However
according to Allam et.al (2003) there is no estimation of the exploitable GW from the
aquifer. No data regarding well yields were found in the literature but the aquifer is

generally described by RIGW (1988) as a low to moderately productive aquifer.
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The Pliocene epoch aquifer is another important aquifer that is sometimes associated
with the Al-Moghra aquifer (Allam et al., 2003). The aquifer is recharged through
lateral seepage from the Nile Delta aquifer, upward leakage from the Al-Moghra aquifer
and drainage water from the Al-Nubareya reclamation project in the western delta
(Hamza et al., 1984, El-Kashouty and El-Sabbagh, 2011). The Pliocene aquifer is
described by RIGW (1988) to be a moderately to highly productive aquifer which is
likely due to its closeness to the recharge areas in the Nile delta. The aquifer mainly
contains brackish GW with salinities up to 5,000 mg/l (Ammar, 2010) but also contains
fresh GW especially in the southern and eastern parts close to the recharge area from the
Nile Delta aquifer (Sharaky et al., 2007). Groundwater depth in the Pliocene aquifer is
mainly shallow where the drilling depths of several wells tapping the aquifer are
reported to range from 23 to 119 m BGL (ldris and Nour, 1990).

3.4 Constraints Limiting Groundwater Development

There are several hazards that may limit brackish GW development and the
establishment of decentralized communities away from the Nile valley and delta area.
Sand drift is reported to constrain the development of cultivated lands and to cause
damage to infrastructure such as houses, roads, irrigation canals and drains (Philip et al.,
2004, EI-Gammal and EI-Gammal, 2010, Hereher, 2010). Sand drift hazard can
however be combated by preserving natural vegetation, planting drought resistant trees
and shrubs to break wind force, and mechanical stabilization of sands either through

chemicals or through mulching® (Misak and Draz, 1997).

Flash floods is another constraint and is mainly affecting the Eastern Desert and the
Sinai Peninsula causing damages to roads and residential areas (El-Fiky, 2010). For
example, in 2010 flash floods affecting both areas caused the death of few as well as
injuring and displacing hundreds of people in addition to roads and infrastructure

damage (International Federation of Red Cross and Red Crescent Societies 2010).

For this reason, in the study by Salim (2011) to assess different sites’ appropriateness
for solar driven GW extraction, most flash floods prone areas were excluded. However,

flash flood prone areas offer an opportunity to exploit this otherwise wasted water

%1 Covering sand dunes by sheets made of synthetic and dry plant materials
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through the use of small dams across flood ways, settling tanks and trenches to recharge
the underlying aquifers, as discussed in Sonbol (2009) and Masoud (2011), hence
increasing their potential for sustainable extraction.

The presence of landmines in addition to unexploded ordnances (UXO) is another
hazard that may limit GW extraction and development in Egypt because of the extra
costs required for their clearance. The presence of landmines and UXO, mainly from the
second world war, has affected and impeded the development of agricultural, touristic
and irrigation projects (Trevelyan, 2001, Abdel-Kader and Yacoub, 2005, Hoelzgen,
2008, International Campaign to Ban Landmines, 2010, Egypt State Information
Service, 2011).

3.5 Classification of Brackish Water Aquifers:
Methodology

Brackish water aquifers in Egypt are classified for their potential for sustainable GW
extraction based on their productivity, amount of surface recharge, GW depth and
development potential. A multi-criteria analysis is used to rank the aquifers in the six
main regions in Egypt and those having similar scores are assigned a similar rank.

The aquifer’s productivity determines the size of the supported decentralized
community which is important as the established decentralized community should
produce enough revenue exceeding the costs of extracting GW (Hefny and Shata, 2004),
therefore it was given the highest weight (Table 3-1). The productivity factor is divided
into five classes ranging from low to high. The highest rank is assigned to aquifers
described by RIGW (1988) to have very high productivity as well as aquifers with
reported well yields exceeding 150 m%h.

The amount of surface recharge reflects the potential for long term GW extraction hence
the potential for sustainable development. Sustainability is important to justify the high
cost of the infrastructure required to establish decentralized communities (Lamoreaux et
al., 1985). Extracting non-renewable GW will result in a continuing decrease in GW
levels which increases water lifting costs and compromises the sustainability of the
community relying on GW. Large drops in water levels have been already reported in

the oases area in the Western Desert where many wells tapping the Nubian aquifer
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ceased to flow naturally due to heavy extraction and digging closely spaced wells
(Shata, 1982, Sultan et al., 2007). On the contrary, extracting GW from a renewable
aquifer should not result in a drop in water levels as long as GW extraction rates do not
exceed the surface recharge rates. A renewability factor is therefore used to differentiate
between renewable and non-renewable aquifers and is given a weight of 10%. The
renewability factor is divided into three classes: renewable aquifers which are mainly
recharged from surface water; partially renewable aquifers which contain fossil water
and are also renewed by surface water; and non-renewable aquifers which mainly
contain fossil water with insignificant surface recharge.

Table 3-1: Weights and ranks of factors used to assess the aquifers’ potential for brackish GW
extraction

Factor Weight Class Average Rank
Productivity 75% High 90
Moderate to High 70
Moderate 50
Low to Moderate 30
Low 10
Renewability 10% Renewable 100
Partially Renewable 50
Non Renewable 0
Groundwater Depth 15% Shallow 90
Shallow to moderate 70
Moderate 50
Moderate to Deep 30
Deep 10

Groundwater depth determines the water lifting and drilling costs. The GW depth factor
is divided into five main classes ranging from shallow to deep. Aquifers with depths to

water table and depths to GW® less than 100 m BGL are classified as shallow aquifers;
while aquifers with depth to water table and depth to GW exceeding 200 m and 500 m

respectively are classified as deep aquifers. Confined aquifers with shallow water tables
and deep depth to GW are assigned to the moderate GW depth class. It should be noted
that all aquifers existing at depths larger than 1 km BGL are not considered for brackish

GW extraction due to the high cost of extracting water.

% Depth to GW is the depth at which GW is found and reflects the drilling depth required. The depth to
GW is determined either from well depth or depth to top aquifer data available in the literature. The depth
to water table represents the actual water level in the well casing which determines the dynamic head
required for water lifting and may differ from the depth to GW in confined aquifers
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Aquifers where further GW extraction is not recommended because the maximum
amount of exploitable GW is either reached or exceeded are considered to have low
development potential and are assigned to the lowest potential class regardless of their
productivity, renewability and depth to GW.

Each area’s potential for brackish GW extraction is then determined based on the
highest class aquifer as more than one aquifer may exist in the same area at different
depths. It should be noted, however, that shallow/outcropping aquifers that have lower
potential compared to the underlying aquifer could still be attractive for brackish GW
extraction due to fewer costs of drilling wells and water lifting provided that sufficient

GW is available to sustainably meet the demand of the decentralized community.

Finally, the locations of sand dunes and other Aeolian forms, hence area exposed to
sand drift hazards, are identified from the study by Misak and Draz (1997).
Furthermore, the whole Eastern Desert and the Sinai Peninsula is considered to be
exposed to flash flood hazards based on the study by Abdel-Moneim (2005) and Salim
(2011). Moreover, the studies by Trevelyan (2001), Said (2003) and Abdel-Kader and
Yacoub (2005) are used to identify areas affected by landmines and UXO. It should be
noted, however, that the available minefields records and maps are reported to be
limited, lost, inaccurate or incomplete and the existence of UXO is usually not covered
as it extends over a large area (Trevelyan, 2001, Said, 2003, Abdel-Kader and Yacoub,
2005, Megahed et al., 2010). In addition, as all available maps are before 2000 while
land landmines and UXO clearance activities had been carried out until at least 2009
(Megahed et al., 2010, Abdel-Mohsen, 2012) the identified locations are likely to be
overestimated. Therefore, while some areas that are already developed have been
excluded, the locations identified will only be indicative of areas that are potentially
affected.

3.6 Classification of Brackish Water Aquifers: Results
and Discussion

The results of the classification are presented in Table 3-2, Figure 3-2 and Figure 3-3
and are discussed separately for each of the six main regions in Egypt which are: the
Western Desert, the Eastern Desert, Nile valley and delta, the Sinai Peninsula, the
Mediterranean and the Red Sea coastal areas.
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Table 3-2: Classes of the aquifers and their associated productivity, renewability and GW depths
classes in addition to the area covered by each aquifer class

Aquifers Productivity Renewability Groundwater depth Percentage of
Ranking Egypt’s Area
Class | High Renewable Shallow 0.8%
(Highest (Approx. Area:
Potential) 7,500 km?)
1 Moderate to High Renewable Shallow
16.6%
High Non Renewable = Moderate to deep drilling ~ (Approx. Area:
depth & shallow depthto 164,300 km?)
water table
Moderate to High Partially Shallow
Renewable
11 Moderate Renewable Shallow
8.3%
Moderately to High  Non Renewable Moderate to Deep (Approx. Area:
drilling depth with 82,100 km?)
shallow depth to water
table
Moderate Non Renewable Shallow
v Moderate to High ~ Non Renewable Deep 7.9%
(Approx. Area:
Low Renewable Shallow 78,600 km?)
Partially Shallow to Moderate
Low to Moderate Renewable
\Y/ Low Non Renewable Shallow
Partially Shallow
Renewable or
Renewable 14.7%
(Approx. Area:
Partially Deep 145,400 km?)
Renewable or
Renewable
Very Low Renewable Shallow

Class V also includes aquifers where further extraction is not
recommended as the maximum amount of exploitable GW is either

reached or exceeded



94

V-Ill/Lack Low or Moderate Non Renewable in Shallow 6.6%
of Data productivity. Uncertainty the Western Desert ~ exceptinthe  (Approx. Area:
due to lack of data in the Partially renewable Sinai 65,500 km?)
literature or renewable in the Peninsula
Eastern Desert and where
the Sinai Peninsula. depths are
Moderate to
deep
Saline GW Aquifers mainly containing GW with salinities > 10,000 mg/I 1.1%
(Approx. Area:
11,200 km?)
No GW Includes all aquicludes where there are no available data on the 1.3%
underlying aquifer in addition to aquifers which are likely to (13,400 km?)

contain no GW due to absence of recharge resources.

Fresh GW Groundwater with salinities < 1,000 mg/I not exposed to pollution 40.3%
(Approx. Area:
399,900 km?)

Fresh Groundwater with salinities < 1,000 mg/l which are polluted with 2.5%
Polluted pathogens, nutrients and trace elements caused by anthropological (Approx. Area:
GW activities 24,500 km?)

3.6.1 The Western Desert

The Western Desert occupies approximately 69% of Egypt’s area (approx. 684,100
km?) and has a great potential for brackish GW extraction. One fifth of the Western
Desert’s area has access to brackish GW from the Nubian aquifer which has large GW
reserves and was considered as a class Il aquifer due to its high productivity and high
development potential in this region. In addition, while the Nubian aquifer is a deep
aquifer system which increases drilling costs, GW in most wells is flowing to the

surface which decreases water lifting costs.

Nearly 60% of the Western Desert’s area, however, contains fresh GW found in the
Nubian aquifer (Figure 3-2) and therefore the priority for establishing decentralized
communities based on GW extraction should be given to this area as only simple GW
treatment will be required. Groundwater treatment is required in the fresh GW zone of
the Western Desert due to high concentrations of iron and manganese (Gossel et al.,
2010, Hamza et al., 2000, EIl Tahlawi et al., 2008) exceeding the WHO guidelines
(WHO, 2011). In this case, instead of desalination, an oxidization process is sufficient
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which is achieved through aeration® or oxidizing chemicals® to make iron and
manganese insoluble hence can be easily removed® with media filters (National
Drinking Water Clearinghouse, 1998, Colter and Mabhler, 2006).

Nevertheless, given that the brackish GW zone in the Western Desert mainly occurs
along the Nile River, establishing decentralized communities in this area would be more
attractive due to its closeness to the Nile valley and therefore less investment will be
required for providing the infrastructure needed to attract new immigrants (Lamoreaux
et al., 1985) such as healthcare and educational services. For example, according to
Lonergan and Wolf (2001), developing fresh water resources in areas close to major
populated areas in Egypt, such as the Al-Nubareya canal, was more successful in
attracting new families as opposed to isolated projects in the deserts such the Toshka
project in the New Valley area in the Western Desert where farmers temporarily move
to work without settling due to lack of infrastructure. The brackish GW zone is also less
exposed to sand drift hazards opposed to the fresh GW zone where around 83% of sand
dunes in the Western Desert are concentrated. Furthermore, most of the brackish GW
zone along the Nile River has high potential for brackish GW extraction (Class II) as it
has access to the Nubian aquifer in addition to the shallow Quaternary aquifer which in
some areas has high potential for GW extraction as it is likely to be a discharge area of

the Nubian aquifer.

In the northern parts of the Western Desert, the Nubian aquifer exists at large depths (>1
km BGL) and is mostly saline and therefore is not economical for extraction. Brackish
GW could be extracted from the lower potential Middle Miocene and the Al-Moghra
aquifers which outcrop in this area. Nevertheless, the northern part of the Western
Desert may not be suitable for establishing decentralized communities due to its
remoteness. Moreover, the northern area east of the Al-Qattara depression is exposed to
sand drift hazard and many areas near the Mediterranean coast are likely to be affected
by landmines and UXO. Furthermore, according to Masoud and Koike (2006), as Al-

Qattara is a depression area with extremely arid climate, irrigation water demand as well

% Water is oxidized using Oxygen available in the air. Aeration is less efficient than using oxidizing
chemicals

% E.g. chlorine, chlorine dioxide, potassium permanganate, and ozone

% Note that the type of treatments depends on the type of iron present in GW such as whether it is
Ferrous, Ferric iron or lron Bacteria.
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as soil salinisation will increase due to high evaporation rates which will constrain the
development of agricultural communities. Brackish GW extraction and desalination
would be, however, ideal to supply water for the oil and gas exploration companies
concentrated in this remote area (Oil&Gas, 2012), instead of transporting fresh GW

with trucks which could be expensive.

The Siwa depression is another important area for brackish GW extraction. The area is
an important site for agricultural development, the main activity in this area (Masoud
and Koike, 2006, EI-Naggar, 2010), and due to its remoteness, water demand is met
through GW extracted from the brackish Middle Miocene aquifer and the fresh Nubian
aquifer. While the priority for GW extraction should be given to the Nubian aquifer as it
contains fresh water, most agricultural water demand in the past was met through
brackish GW from the Middle Miocene aquifer (Nour and Khattab, 1998) as its water is
naturally discharged in springs or exists at shallow depths hence can be accessed
through cheaply hand dug wells. While there are no recent data in the literature
regarding GW extracted from each aquifer, it is likely that agricultural water demand is
still and will continue to be mainly met from the Middle Miocene aquifer due to its
shallowness, while GW extracted from the Nubian aquifer is likely to be reserved for
domestic purposes. It should be noted that the cultivated zone of the Siwa depression
area is reported to suffer from soil salinisation caused by water logging due to improper
drainage systems, overuse of water in irrigation and the uncontrollable discharge of the
natural flowing wells (Masoud and Koike, 2006, EI-Naggar, 2010), therefore further use
of brackish GW directly in irrigation will exacerbate soil salinisation. Accordingly,
desalinating the naturally flowing brackish GW from the Middle Miocene aquifer might
be a necessity to avoid further soil salinisation and also to make use of this wasted
resource which is otherwise causing water logging problems. Extracting brackish GW
from the Quaternary aquifer is also recommended to lower the water table in this area

hence avoiding further soil salinisation problems.

Finally, as all aquifers in the Western Desert are non-renewable, studies are required to
determine the maximum withdrawal rate and the duration at which extracting GW

would still be economical despite of increasing water lifting costs.
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3.6.2 The Eastern Desert

The Eastern Desert occupies 19% of Egypt’s area and is an important area for brackish
GW extraction as 98.7% of the area has access to brackish GW. However, the Eastern
Desert has a lower potential for brackish GW extraction compared to the Western
Desert as approximately 60% of the area is covered by the low productive Pre-
Cambrian and carbonate aquifers (Figure 3-2). Nevertheless, the Eastern Desert
receives relatively high amounts of rainfall which mainly recharges the shallow
Quaternary aquifer increasing its potential for sustainable extraction compared to the
Western Desert whose GW is mainly non-renewable. Furthermore, the Eastern Desert is
bordered by the populated areas all over the Nile valley and the reasonably populated
Red sea coastal cities, such as Suez, which allows a gradual expansion of decentralized

communities.

The Quaternary aquifer in wadi Qena, Hammamat and Asyuti, has the highest potential
for brackish GW extraction (Class Il) in the Eastern Desert as the aquifer is recharged
by rainfall and is also likely to be recharged by ascending Nubian GW hence the GW
could be produced sustainably and with high productivities. Therefore, priority for
brackish GW extraction and establishing decentralized communities should be given to
the shallow Quaternary aquifer in those wadis due to their high brackish GW potential
and also their closeness to populated areas. Wadi Asyuti in particular is an important
area for brackish GW extraction especially that the area is planned to be a major

agricultural site relying on GW(Sultan et al., 2007).

The second priority should be given to the Nubian aquifer which covers one third of the
Eastern Desert and has similar productivities as the Class Il shallow Quaternary aquifers
in the Eastern Desert. However due to its non-renewability and higher depths to GW,
the aquifer was considered to have a lower potential (class 1) for brackish GW
extraction. Both areas where the Quaternary and the Nubian aquifer are accessed are
also relatively plain compared to the rigorous mountainous area of the Pre Cambrian

basement complex and therefore are more suitable for establishing new communities.
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Figure 3-2: Aquifers potential for brackish GW extraction

The entire Eastern Desert is, however, exposed to flash floods hazard given that most of

the Eastern Desert is covered by impervious limestone rocks which have low infiltration
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capacity. Abdel-Moneim (2005) classified the main wadis in the Eastern Desert based
on their infiltration capacity and most of the wadis were shown to have poor recharge
potential and therefore high probability of experiencing flash floods. Nevertheless, with
proper measures flash floods offers an opportunity to increase shallow aquifers’

recharge hence their potential for GW extraction.

3.6.3 The Sinai Peninsula

The Sinai Peninsula occupies approximately 6% of Egypt’s area and is experiencing
water shortages (Rayan et al., 2001) that hinders development efforts especially that the
area has a high potential for tourism, agricultural, industrial and mining activities (Abd-
El-Samie and Sadek, 2001). According to Rayan et al. (2001) and Elewa and Qaddah
(2011), the current water demand in the Sinai Peninsula is met by SW desalination and
GW extraction mainly in the north eastern Mediterranean coastal area. Drinking water is
also transported by trucks in areas that are not connected to the water distribution
network. The Al-Salam Canal which transports Nile water to be used in irrigation is
another main source of water in the Sinai Peninsula. However, it has an unreliable water
supply with reported water shortages in the canal and high salinity of the transported
water (Abdallah, 2012). Therefore, given that approximately 85% of the Sinai Peninsula
area has access to brackish GW aquifers, decentralized brackish GW extraction and
desalination could be more economical and reliable to meet the water demand in this
area. A local water supply would also save in costs associated with transporting water
by trucks. Moreover, as previously discussed in Chapter 1 and 2, BW desalination is a
better alternative than SW desalination due to the former’s low energy consumption and
pre-treatment requirements which decrease the costs especially when compared to the
Red Sea water which has high fouling potential requiring expensive pre-treatment
(Hafez and EI-Manharawy, 2003).

Approximately 68% of the Sinai Peninsula has access to aquifers with moderate to high
potential for brackish GW extraction (Class IV to 1) (Figure 3-3).
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Figure 3-3: Aquifers potential for brackish GW extraction in the Sinai Peninsula
Base map modified after (Elewa and Qaddah, 2011)

The coastal and the alluvial deposits Quaternary aquifers have the highest potential due
to the high amounts of rainfall in the Sinai Peninsula that recharges the aquifers
especially the areas along the Mediterranean coast and in the Al-Qaa plain. However,
some areas in North Sinai with access to the Quaternary aquifer are exposed to sand
drift hazard and many parts are likely to contain landmines and UXO which will

constrain the development of new communities. Therefore, priority for establishing
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decentralized communities based on brackish GW extraction and desalination should be
given to the area accessing the Quaternary aquifer in the central parts of the peninsula.
Further brackish GW extraction is also not possible from the Quaternary aquifer in the
north eastern Mediterranean coastal area as GW extraction has already exceeded the
annual rainfall recharge (Hefny and Shata, 2004) as it is heavily used to meet domestic
and agricultural water needs. It should be noted, however, that brackish GW
desalination is strongly required in this area as the GW is mostly brackish and, based on
the chemical analysis carried by EI-Alfy (2012), is heavily polluted and therefore is not
suitable for human consumption and is, according to Kaiser and Greish (2007),
associated with the widespread of diseases such as diarrhoea and kidney diseases in the
area. Groundwater over extraction is also continually increasing the salinity of the water
due to mixing with the higher saline GW from the underlying Miocene aquifer in
addition to SW intrusion (Abdallah, 2006, Shawki, 2011).

The Nubian aquifer is also an important aquifer for brackish GW extraction and has the
highest development potential in the peninsula. The Nubian aquifer in this area has
large GW reserves and it contains brackish GW within a significant area of the
peninsula (27%) particularly in the central parts. However, the main limitation for GW
extraction from the aquifer is the large depths at which GW is found, which is the
largest in Egypt in terms of drilling depths and depth to water table. Therefore, areas
accessing the Nubian aquifer should have the second priority for brackish GW
development. It should be noted that the Eocene aquifer which overlies the Nubian
aquifer in many locations in the Sinai Peninsula may have more potential than the latter
as it was reported to have a similar productivity but with shallower GW depths and
therefore would be more attractive for brackish GW extraction; however little data on

the aquifer’s productivity were found in the literature to confirm its high productivity.

Finally, the Sinai Peninsula is exposed to flash flood hazard which will require
additional costs to adopt proper measures to reduce the damages caused by such events
but it also offers an opportunity to recharge the aquifers hence increasing their potential

for GW extraction.
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3.6.4 Nile valley and delta

The Nile valley and delta is an important agricultural site where most of the cultivated
lands are concentrated (FAO AQUASTAT, 2005). Groundwater in this highly
populated area is already being used as a secondary source of water to meet domestic
and irrigation water demand especially in the desert fringes (Hefny et al., 1992,
Dawoud, 2004, Ahmed and Ali, 2011). Therefore, while the area is not suitable for
establishing decentralized communities as it is already heavily populated, the
availability of water that is suitable for irrigation is essential to keep lands cultivated
hence keeping the jobs of a large segment of the population who are working in

agriculture.

Approximately 62% of the Nile valley and delta area has access to fresh GW from the
Nile basin aquifer. However, approximately 35% of the Nile delta’s area has access to
brackish GW. The Nile Delta aquifer has the highest potential (Class I and Il) for GW
extraction in Egypt due to its high productivity and continuous recharge by excess
irrigation water. Brackish GW extraction from this area will also reduce the water table
especially in the northern parts where continuous soil salinisation is reported due to the
presence of brackish GW at very shallow depths (Franken, 2005, Elewa and El Nahry,
2009). Seawater intrusion is, however, a main limitation for further GW extraction from
the Nile Delta aquifer (Idris and Nour, 1990, Sherif and Singh, 1996) as it will increase
GW salinity with continuous extraction. Therefore studies to estimate the maximum
amount of brackish GW that could be extracted while minimizing SW intrusion are
required, similar to the study carried out by Sherif and Singh (2002) which investigated
the maximum amount of fresh GW extraction from the Nile Delta aquifer. It should be
also noted that while brackish GW may exist in the fresh GW zone due salt leaching
from irrigation water return, the priority should be for fresh GW extraction to reduce

treatment costs.

Wadi-Al-Natrun is a depression area of around 500 km? (Idris and Nour, 1990) located
on the western borders of Beheira governorate and is considered as part of the Nile delta
area. Groundwater extraction, which is mainly brackish, is important in this area as it is,
according to El-Kashouty and El-Sabbagh (2011), the main water source for the
reclamation projects and the development of new communities in this area that started

since the 1960’s. However, further extraction from the Pliocene aquifer, the main
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aquifer in this area, is not recommended as over extraction was already reported by
Hamza et al. (1984) and El-Kashouty and El-Sabbag (2011) causing a drop in
piezometric heads and salt water intrusion from deeper aquifers. Brackish GW
desalination is however required because most of the extracted GW is brackish and is
not suitable for drinking. In some cases, the GW was also not suitable for irrigation as
some wells, based on the study by Sharaky et al. (2007), have high levels of chloride,
sodium and bicarbonate in addition to high levels of nickel exceeding the limits
recommended by the FAO guidelines (Ayers and Westcot, 1994) for most of the major
crops cultivated in Egypt.

3.6.5 Mediterranean North West and Red Sea coastal Areas

The Mediterranean North West and Red Sea coastal areas are important touristic sites
where water demand is mainly met through SW desalination and transported Nile water
(RIGW, 1988). Transported Nile water, however, may not be a reliable source of water
because, as discussed in Chapter 1, the Nile water is fully utilized and therefore would
not be sufficient to meet additional water demand. For example, in 2012 a drop in the
water level has been reported in the Al-Hammam Canal, which transports Nile water to
the north west of the Mediterranean coast, due to unofficial use of the water in irrigation
by the farmers, which led to severe water shortages in Marsa-Matruh city and required
military interference to stop unofficial use of the water (Abd-Allah, 2012, Mashaly,
2012, Saleh, 2012). Moreover, while there are already three pipelines transporting Nile
water to the Red Sea coast, the construction of additional pipelines is hampered by the
high costs given that the area is separated from the Nile River by rigorous mountainous
area (Hafez and EI-Manharawy, 2003). For this reason, decentralized brackish GW
extraction could be a more reliable alternative for both coastal areas. Moreover, as
previously discussed in Chapter 1 and 2, BW desalination is a better alternative than
SW desalination due to the former’s low energy consumption and pre-treatment
requirements which decrease the costs especially when compared to the Red Sea water
which has high fouling potential requiring expensive pre-treatment (Hafez and El-
Manharawy, 2003). Coastal areas are also suitable for establishing decentralized
communities due to their closeness to infrastructure found in main coastal cities such as

Alexandria, Marsa-Matruh, Suez and Hurghada.
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Groundwater in the coastal aquifers is a heavily underutilized resource and the aquifers
have a great potential for future development. The Mediterranean North West coastal
aquifer, covering an area of approximately 4,070 km?, has high potential (Class ) for
brackish GW extraction and therefore the area is very suitable for establishing
decentralized communities. The Red Sea coastal aquifer, covering an area of
approximately 15,200 km?, has lower potential than the Mediterranean coastal as
approximately half of its area has access to aquifers in the 111 to IV class range due to
lower rainfall rates. However, in the area stretching between Hurghada and Ras-Ghareb
cities, the Quaternary aquifer has high potential for brackish GW extraction (Class I1)
because it is likely to be a discharge area of the Nubian aquifer and therefore should

have the priority for establishing decentralized communities along the Red Sea coast.

The main limitation for GW extraction from coastal aquifers, however, is SW intrusion
which will require further studies to assess the maximum extractable amount of GW
that will limit SW intrusion. The Red Sea coastal aquifer is also exposed to flash flood

hazards and some areas are or likely to be affected by mines and UXO.

Brackish GW is favoured over fresh GW extraction because while the latter essentially
needs no or little treatment to be suitable for consumption, it was found to be only
confined to the overpopulated Nile delta and valley area and the Western Desert.
Conversely, aquifers containing brackish GW cover more than half of Egypt’s area. In
addition, areas like the Eastern Desert have access to only brackish GW therefore
brackish GW extraction and desalination will be a necessity to establish decentralized
communities in this area. Brackish GW is regarded by many studies, such as (Ahmad
and Schmid, 2002, Allam et al., 2003, Talaat et al., 2003, El-Sadek, 2010), as an

important source to meet Egypt’s growing water demands.

3.7 Groundwater Suitability for Agriculture Use

Detailed water chemical analyses are found for wells in the following areas: the Siwa
oasis in the Western Desert (Abdel-Shafy et al., 1992); Wadi Asyuti and Qena area,
which includes Wadi Qena and Wadi Hammamat, in the Eastern Desert (Sturchio et al.,
2005); Central Sinai area (Abd El Samie and Sadek, 2001), Al-Qaa plain (Gorski and
Ghodeif, 2000 cited in Sultan et al., 2009) and the vicinity of Al-Arish city (El Alfy,
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2012) in the Sinai Peninsula; Wadi-Al-Natrun and the delta area (Sharaky et al., 2007);
and Alexandria (Atta et al., 2005). Using FAO guidelines (Appendix D), the following
have been observed: sprinkler irrigation may not be suitable to be used with the water in
most of the reviewed wells due to high concentrations of sodium and chloride; water in
most wells is likely to cause severe clogging issues with drip irrigation equipment due
to high salinity in addition to high pH in some locations such as Siwa oasis, the delta
area and Alexandria; and water in some areas may not be suitable for irrigation due to
high concentrations of trace elements exceeding FAO guidelines such as fluoride,
selenium, and manganese and nickel found in all of the analysed wells in the Al-Qaa
plain and the vicinity of Al-Arish city and most of the analysed wells in Wadi-Al-
Natrun respectively. The high concentrations of selenium and manganese found in most
wells and all the wells in the vicinity of Al-Arish city and Wadi-Al-Natrun respectively

will also make the water unsuitable for livestock use.

Moreover, based on the FAO guidelines (Ayers and Westcot, 1994), water salinities
exceeding 1,220 mg/l are expected to cause more than 25% losses in the yield of
sensitive crops and accordingly BW in general is not suitable for such crops. This also
applies for moderately salt sensitive crops, which encompasses most of the HVLWC
considered in this study, given that the average salinity of the reviewed wells in most of
the aforementioned locations exceeded 2,500 mg/l which is expected to cause more than
25% losses to such crops. Furthermore, water may not be suitable at all for irrigation
and livestock use in some areas such as the extreme northern parts of Central Sinai and

of the BW zone in the delta area.

Therefore, it can be safely concluded that BW in Egypt will need to be desalinated to be
suitable for irrigation and in some case livestock use. Using fresh water (< 1,000 mg/l)

in irrigation also offers additional advantages:

1- Any crop could be cultivated without yield losses

2- Less leaching requirements, i.e. less leaching factor, reducing the water needed
for irrigation to just what is needed by the crop. This is especially important
when using a limited resource such as GW

3- Prevent long term soil salinisation problems as fewer salts would be

accumulating in the soil. Experiments using RO and UF for irrigation are
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already carried to desalinate the water to drinking quality to prevent soil
salinisation such as the ones carried out by Oron et al. (2006, 2008).

4- Irrigating with drinking quality water may increase the yield and enhance crop
development. For example, Oron et al. (2006, 2008) showed that irrigating corn
and watermelon crops with RO permeate achieved better crop development, in
terms of height and diameter size, and yield compared to using lower quality

water.

Finally, it should be noted, that water quality is not enough to assess land suitability
for cultivation as there are other important factors to be considered, for example soil
texture, depth and salinity, terrain slope and drainage conditions (Arnous and
Hassan, 2006).

3.8 Conclusion

Reviewing GW in the main seven hydro-geological systems in Egypt showed that the
country has a great potential for brackish GW exploitation. More than half of Egypt’s
area was found to have access to BW aquifers with whole regions such as the Eastern
Desert and the Sinai Peninsula mostly having access to only BW. Conversely, fresh GW
was found to be only confined to the overpopulated Nile delta and valley area in
addition to the western and south western parts of the Western Desert which are
exposed to sand drift hazard and are not attractive to establish communities due to its
remoteness. The study also showed that 47% of BW aquifers have moderate to high
potential for sustainable extraction. Five main areas were identified to have priority for
establishing decentralized agricultural communities based on brackish GW extraction
and desalination: areas along the Nile River in the Western Desert and the Eastern
Desert having access to the Nubian aquifer and the shallow Quaternary aquifer; the
central parts of the Sinai peninsula tapping the Quaternary and the Nubian aquifer; the
coastal area along both shores of the Suez gulf; and the Mediterranean North West
coastal area. Brackish GW extraction and/or desalination could be also required in: the
northern parts of the Western Desert to supply water for oil and gas companies; in the
Siwa depression area and the Nile delta to lower the water table and prevent soil
salinisation; and in the north east coastal area of the Sinai Peninsula as brackish or

polluted GW was reported to be used for drinking causing diseases. Finally, it was



107

shown that brackish GW desalination will be required for water to be suitable for

human consumption as well as agricultural use.



4. Feasibility Study of PV Driven
Brackish Water RO Plants

As concluded from Chapter 1 and 2, PV driven high RR RO plants are suggested to
establish decentralized communities in remote/rural areas. A PV system, and solar
energy in general, is a sustainable and an ideal energy source for a place with high solar
resources like Egypt. Moreover, the RO process is currently the cheapest and most
suitable process for BW desalination. High RR operation is also suggested due to the
limited GW resources in Egypt where GW is mostly non-renewable, that in addition to
reducing the environmental impact and additional costs associated with brine disposal in

inland areas.

It was shown that most BW PV-RO plants reported in the literature are not operating
within their optimal window and were mostly operating at low RR. This will result in a
significant increase in the SEC and will also compromise the performance of the RO
modules by increasing the risk of scaling occurrence. Moreover, almost none of the
reviewed studies on the economic feasibility of PV-RO plant considered the effect of
the PV-RO plant operating hours on its LCOW or the effect was only considered for a
specific operating condition. Furthermore, there is a lack of studies concerning the
economic feasibility of BW PV-RO particularly in Egypt and the existing studies are

not reliable and/or do not consider the different operating conditions of the RO plant.

For this reason, in this chapter the feasibility of BW PV-RO plants operating at the
maximum attainable RR is investigated in terms of their energy performance and life
cycle unit water costs. The designs will be carried out according to the manufacturer’s
recommended specifications using a commercially available simulation tool. The
feasibility of the PV-RO plant will be also investigated for two cases: a case where the
RO plant operates only during day time; and a case where the RO plant is operating for
24 hours.

Firstly the methodology used for estimating the maximum attainable RR of the RO

plant, designing and modelling the RO plant and the PV energy supply, and determining
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the life cycle costs (LCC’s) of the plant is presented. Secondly, the maximum attainable
RR of the RO plant and its main limiting factors are then discussed; followed by the
economic feasibility of PV driven RO plants in comparison with a similar plant driven
by a DG.

4.1 Methodology

4.1.1 General design considerations

In this section, the general design methodology which applies for all the configurations

considered in this chapter is discussed.

4.1.1.1 Desalination plant size selection

As discussed in Chapter 1, this thesis focuses on small scale decentralized desalination
plants. In the literature the capacity associated with small scale plants significantly
varies. Small scale plants have been defined as plants with capacities up to 50 m*/day
(Tzen et al., 2008, Eltawil et al., 2009), less than 10 m*/day (Fiorenza et al., 2003), less
than 1000 m*/day (Sagie et al., 2001, IDA, 2013) and 0.5 to 100 m*/day (Miiller-Holst,
2007), and other studies, such as Ayoub et al. (1996), defined the scale according to the

number of persons the water plant supplies.

In this study, the desalination plants are designed to have a production capacity of 500
m?*/day to 1,500 m*/day depending on the number of operating hours of the plant (see
section 4.1.4.2). The former is a conservative value enough to irrigate 2.9 hectares of
land; an area, based on data from Allam and Allam (2007), enough to produce a revenue
exceeding the minimum annual wage in Egypt, i.e. 14,400 EGP® (Ahram Online,
2013), when high value crops are cultivated. The aforementioned capacity range could
be also met by most wells in Egypt as they have average yields ranging from

approximately 400 to 3900 m®/day®’.

4.1.1.2 Product water target salinity
While water with salinities up to 1,000 mg/l is suitable for drinking (WHO, 2011), in

this study the product water salinity is targeted to be in the range 500 mg/l to increase

% Egyptian Pounds
% Based on the GW review carried out in Chapter 3
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the water acceptability by the population®. Moreover, water with 500 mg/I salinity is
suitable for irrigating almost all crops without yield losses (Appendix D). The 500 mg/I
limit is also used in numerous desalination studies and existing brackish GW RO plants
(Herold et al., 1998, Soltan, 1998, Richards and Schafer, 2002, Martinetti et al., 2009,
Riffel and Carvalho, 2009).

4.1.1.3 Groundwater blending

To reduce the energy consumption in addition to reducing, if not eliminating, the need
to re-mineralize the permeate water (Watson et al., 2003), some of the GW is directly
blended with the desalinated water such that the overall salinity stays in the range of
500 mg/l.

4.1.1.4 Solar irradiation

Solar irradiation is expected to play a major role in the PV system sizing. For this
reason the different solar driven desalination plant configurations considered in this
study are investigated with two extreme climate conditions: the low solar irradiation
(LST) zone which applies for areas along the Mediterranean coast and the Delta area and
is represented in this study by the city of Alexandria; and the high solar irradiation
(HSI) zone which applies for the central and southern parts of Egypt as well as the
southern parts of the Sinai Peninsula and is represented in this study by the city of
Aswan. Table 4-1 shows the solar resources of few cities in Egypt and it is clear that
cities in the LSI and the HSI zones have almost similar solar resources.

4.1.1.5 Groundwater temperature

In this study, the temperature of the feed water to the desalination plant is assumed to be
the same as that of the GW. This is safe to assume as the desalination plants will be
designed to treat the extracted GW within the same day. Therefore the water is expected
to have a low settling time hence its temperature is less affected by the ambient.
Moreover, given the small scale capacity of the RO plant and its decentralized nature,
the water conveyance distance from the well to the RO plant is expected to be small for
its temperature to be affected by the ambient.

% The WHO (2011) considers water with salinities less than 600 mg/I to have good palatability
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Table 4-1: Solar irradiation and ambient temperatures data for several cities in Egypt

Latitude and  Annual Average Air Annual Average Latitude Tilt

Longitude Temperature (°C) Daily Global Irradiation
(kwh/m?/day)
Low Solar Irradiation Zone
Marsa-Matruh 31.35-27.2 20.9 3.8-6.95 (av. 5.65)
Alexandria 31.2-29.95 20.7 3.75-6.6 (5.5)
Al-Arish 31.15-33.8 19.8 4.4-6.85 (5.9)
High Solar Irradiation Zone
Siwa 29.2-25.5 22.3 5.15-7.25 (6.55)
El-Tor 28.25-33.6 20.9 5.8-7.45 (6.8)
Asyut 27.2-31.2 22.8 5.65-7.4 (6.8)
Hurghada 27.2-33.8 23.1 5.7-7.35 (6.7)
Qena 26.15-32.7 23.6 5.9-7.3 (6.8)
Aswan 24.1-32.9 25.3 6.0-7.2 (6.75)

Data are obtained from the SWERA website (NREL, 2013)

Groundwater in the LSI zone is found in the shallow Mediterranean coastal aquifer in
addition to the delta aquifer where the depths to water table range from 0 to 85 meters
(Appendix E). For this reason the GW temperature could be assumed to be constant and
close to that of the annual average air temperature (Kasenow, 2001, Popiel et al., 2001)

which in this study is taken to be approximately 20°C.

In the HSI zone, GW is found at larger depths as it is mainly accessed from the deep
Nubian aquifer where the depth to GW ranges from 100 to 1100 meters (Appendix E).
In this case, the GW temperature will depend on its depth (Hamza et al., 2000). Based
on the thermal gradients reported in the literature (Hamza et al., 2000, Swanberg et al.,
1983, Nour, 1996) and a GW surface temperature equal to the mean annual ground
temperature in Egypt (Swanberg et al., 1983), it is expected that for the reported GW
depths in the Nubian aquifer, GW temperature should not exceed 40°C. In this study,
GW temperature extracted from the HSI zone is assumed to range from 30°C to 40°C
(Table 4-2) where the latter value applies only for GW extracted from the Nubian
aquifer in the Sinai Peninsula where the depth to GW ranges from 500 to 1100 m (Nour
and Khattab, 1998). It should be noted that if GW is extracted from larger depths or the
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thermal gradient is high, GW temperatures may exceed 45 °C*® and therefore cooling

towers will be necessary to prevent damaging the RO membrane (Sobhani et al., 2012).

4.1.1.6 Groundwater salinity and chemical composition

Groundwater salinity affects the energy requirements of the RO plant where, as
observed from the Van’t Hoff equation (Crittenden et al., 2012d), the osmotic pressure
is directly proportionate to the number of moles of solutes in the water. For this reason,
the RO plant designs are carried out for the expected salinity range of BW, i.e. 1,000 to
10,000 mg/I.

Furthermore, it is observed that in contrast with SW, which is mainly composed of
sodium and chloride (H6mig, 1978), treating BW as a sodium chloride solution is found
by the author to cause an inaccurate estimation of the osmotic pressure hence the energy
consumption. For example, using the Reverse Osmosis System Analysis (ROSA)
software (DOW Chemical Company, 2013e), the average osmotic pressure'® and the
RO plant SEC when the feed water has a salinity of approximately 4,000 mg/l and a
chemical composition similar to that of a well tapping the Mediterranean costal aquifer,
obtained from Atta et al. (2005), is found to be 25% and 7.6% respectively lower than
that of a sodium chloride solution with the same salinity. The permeate salinity when
treating the GW as a sodium chloride solution is also found to be 20% higher than the
case where the actual chemical composition is used. The reduction in the osmotic
pressure is because for the same water salinity GW typically contains a higher
percentage of the heavier, i.e. higher molar mass, bicarbonate and sulphate ions.
Accordingly, lower number of moles is present in the GW compared to a sodium
chloride solution with the same salinity. Moreover, the RO membrane higher rejection
to multivalent ions (Crittenden et al., 2012¢) resulted in a lower permeate salinity when

the actual composition of GW is used.

For this reason, the actual GW composition is needed for an accurate estimation of the
SEC. However, as the GW composition varies from one well to another even within the
same area (Sultan, 1999 cited in Masoud et al. 2003), in this study three GW

compositions are considered: typical GW composition, represented by a well in the Al-

% As the Nubian aquifer is a deep aquifer, GW temperatures ranging from 30 to up to 60°C are reported
in the literature (Morgan and Swanberg, 1978, El Tahlawi et al., 2008, Gad, 2009, Gossel et al., 2010).
100 Osmotic pressure based on the average salinity between the feed water and the RO concentrate
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Arish area tapping the Quaternary aquifer, which has a percentage composition of major
ions close to the average of that of other wells in several locations in Egypt; GW with
dominating sodium and chloride ion composition represented by a well in the Al-
Quseir/Safaga area tapping the Red Sea coastal aquifer; and GW with dominating
multivalent ion composition, i.e. calcium, sulphate and bicarbonate ions, represented by
a well in Wadi Al-Tarfa tapping the Quaternary aquifer. The percentage major ions
composition in each case is then applied at the different water salinities considered in
this study.

4.1.1.7 Groundwater extraction power consumption

The power associated with GW extraction is included in sizing the energy supply. The
power is calculated based on the expected depth to water table. Based on the data
reported in several locations in the LSI and HSI zones (Appendix E), few values were
chosen to represent the depth to water table expected in both zones and are shown in
Table 4-2.

Table 4-2: Depth to water table and the corresponding assumed GW temperatures in the LSI and
HSI zones

Depth to Areas where the depth to water table applies GW
water table Temperature
LSl 10m GW extracted from the coastal aquifer in 20°C
Alexandria, and the confined delta aquifer
50 m GW extracted from the coastal aquifer in the Al-
Arish and the unconfined delta aquifer
HSI 20m GW extracted from the confined Nubian aquifer 30°C
in the eastern and western deserts
50 m GW extracted from the unconfined Nubian

aquifer in the eastern and western deserts or the
Quaternary aquifer from any location in the HSI
zone
200 m GW extracted from the confined Nubian aquifer 30°C,40°C
in the Sinai Peninsula

4.1.1.8 Recovery rates

As discussed in Chapter 1 and 2, this study mainly focuses on high RR operation. The
RR for the RO plant is limited by the scaling potential of the desalinated water in
addition to the maximum pressure that the RO membranes can withstand.
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A) Feed pressure limited recovery rate
The RO modules used in this study are the FILMTEC modules manufactured by the
DOW Chemical Company. These modules are not recommended to concentrate water to
salinities beyond 70 g/l of sodium chloride in order not to exceed the maximum feed
pressure of the company’s highest salt rejection RO membranes and to maintain a
reasonable amount of permeate flow production (DOW Chemical Company, 2011).
This imposes a limit on the concentration factor (CF), i.e. the ratio between the
concentrate salinity and the feed water salinity, hence the maximum attainable RR.

It should be noted however that, as discussed in section 4.1.1.6, for the same water
salinity the osmotic pressure of GW is usually lower than that of a sodium chloride
solution. Accordingly, the RO membrane should be able to concentrate GW to salinities
higher than 70 g/kg. Nevertheless, as the RO plant design can get very complex at high
CF’s, in this study the maximum salt concentration is taken to be 70 g/l. In this case, the
maximum attainable feed pressure limited RR of the RO plant is calculated using
equations (4-1) and (4-2).

RR = 1 1 (4-1)
- CF
CF = Smax /Sfeed ,RO (4_2)

where Sy, is the maximum is concentrate salinity limit, i.e. 70 g/kg, and Sgg feeq IS

the RO feed water salinity.

B) Scaling limited recovery rate
The presence of reactive silica, calcium carbonate and calcium sulphate in addition to
barium and strontium sulphates limits the maximum attainable RR of the RO plant as
they have a low solubility in pure water forming precipitates that clog the membrane

pores and other issues as discussed in Chapter 2 (section 2.4.1.2).

The three GW compositions discussed in section 4.1.1.6 are particularly chosen as they
represent GW with low, typical and high scaling potential. Using the GW chemical
analyses data of several wells in different areas in Egypt (Abdel-Shafy et al., 1992,
Abd-El-Samie and Sadek, 2001, Masoud et al., 2003, Atta et al., 2005, Sturchio et al.,
2005, Sharaky et al., 2007, Abdalla et al., 2009, Elewa and El Nahry, 2009, EIl Alfy,
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2012), wells with water containing the lowest, average, and highest percentage of
calcium, sulphate and bicarbonate ions are selected to represent each type of GW

respectively'®* (Table 4-3).

Table 4-3: Chemical composition of GW with low, typical and high scaling potential

Major Low scaling Typical scaling High scaling
lons potential GW potential GW potential GW
composition composition composition
Na 21% 16.8% 14.1%
Ca 7.4% 11.9% 13.8%
Mg 5.5% 5.4% 2.8%
K 0.45% 0.4% 0.9%
Cl 63.7% 38.9% 17.9%
SO, 1.1% 20.1% 46.3%
HCO; 0.8% 6.5% 4.2%
SiO, 1 mg/l 20.2 mg/l 50 mg/l
PO, 0 mg/l 0.1 mg/l 3 mg/l
Sr 1 mg/l 6.5 mg/I 22.5 mg/l

Notes: The percentages given are with respect to the sum of major ions only.

It should be noted however, that because silica, strontium and phosphate content is not
reported in most wells, the maximum, average, and minimum concentration of each
element in the reviewed wells are assigned to the high, typical and the low scaling

potential GW respectively.

A chemical simulation software is then used to determine the maximum attainable RR
that could be attained without scaling issues after the use of scale inhibitors and acid
dosing. Given that the solubility limit of different ions in water varies with temperature,
the maximum attainable RR is examined at the expected water temperature range i.e. 20
to 40°C for the RO plant. For simplicity, the pH of water for all the considered GW
compositions is initially assumed to be 7.7, the average value of the reviewed wells, and

is reduced to 6.0*% through sulphuric acid'® dosing to limit scaling issues.

101 Magnesium content is not considered in the high scaling potential case as the main limiting scalant is
found to be calcium sulphate and calcium carbonate. For low scaling potential GW, only calcium content
is considered as none of the most common scales would occur unless calcium is present in water
regardless of sulphate and bicarbonate content, while barium and strontium contents, which can form
scales with sulphate ions, are assumed to be negligible.

102 ower pH values may cause pipe corrosion (DOW Chemical Company 2013, pers. Comm., 8 Jun.)
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Finally, it should be noted that while iron and manganese in addition to barium, whose
concentration is not reported in all of the reviewed wells, could cause major fouling
issues with the RO membranes, they are not considered in this study to be a RR limiting
factor. This is because iron and manganese are typically removed during the pre-
treatment phase as discussed in Chapter 2 (section 2.4.1.2). Conversely, because barium
sulphate is the most insoluble sulphate scale in water (DOW Chemical Company,
2014b), it is found, using the chemical simulation software, that even with scale
inhibitors small concentrations of Barium significantly reduced the maximum attainable
RR and therefore it is better to be removed during pre-treatment either through lime

softening or ion exchange (DOW Chemical Company, 20139).

4.1.2 System configuration

4.1.2.1 Diesel generator driven RO plant

In remote areas away from the grid, DG’s are typically used in Egypt which could be
particularly observed in most of the oil fields located in the desert areas'®. This is
especially true given that diesel is heavily subsidized by the GOE (section 4.1.5.2). For
this reason, in this study an RO plant driven by a DG represents the base case as the

latter is suitable for decentralized applications away from the Nile valley and delta.

The system configuration is shown in Figure 4-1. The brackish GW is extracted from
the well then mostly goes to the RO plant where the water is desalinated and stored in
the permeate tank. The remaining portion of the extracted water is mixed with the RO
plant permeate water in the permeate tank. The RO concentrate is discharged to a deep
injection well. The DG supplies the electricity necessary for GW extraction and the RO

plant.

193 While hydrochloric acid (HCI) might be a better option to lower pH compared to sulphuric acid as it
does not add sulphate ions to the water, the latter is more readily available and easier to handle (Prihasto
et al., 2009, DOW Chemical Company, 2013g) and therefore suits remote area applications (Kucera,
2010d).

104 personal observation by the author from his previous work experience in oil industry
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BW Well | ROPIlant |Permeate Water | Permeate
R > Tank
4 H
Diesel Concentrate Deep Injection
Generator - Well
Water Line

------------ Electricity Line
Figure 4-1: Schematic diagram of a DG driven RO plant
4.1.2.2 PV driven RO plant

The PV driven RO plant is similar to the base case, however the DG is replaced by a PV

system with battery storage as shown in Figure 4-2.

BW Well | ROPIlant |Permeate Water | Permeate
e > Tank
é H
PV Concentrate Deep Injection
Svstem " Well
Water Line

------------ Electricity Line
Figure 4-2: Schematic diagram of a PV driven RO plant

4.1.3 RO plant modelling and design

In this study, the RO plant is modelled using the ROSA software (DOW Chemical
Company, 2013e). Using this existing commercial modelling software is preferred to
building a new model because, while the latter gives more flexibility, ROSA is a mature
commercial tool where calculations are based on the manufacturer’s field experience

which guarantees more accurate results.

The RO plant is designed to operate within the recommended operating specifications
of the manufacturer which ensures a stable performance and minimizes the fouling
potential where no more than 4 cleanings a year are likely to be needed (DOW

Chemical Company, 2013d). The guidelines recommend the operating limits shown in
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Table 4-4 when GW with SDI less than 3 is used with different types of the 8 inch RO
DOW FILMTEC modules used in this study.

Table 4-4: Recommended operating limits for the DOW FILMTEC 8 inch RO Modules

Max. Permeate Flow 1.58 m*/h Min. Concentrate 2.95 mh
Rate Flow Rate
Average RO System Flux 27.2-341/m/h Max. Module RR 19%
Max Feed Flow Rate 17.03 m%h for BW 440 Max. Feed Pressure ~ 41.37 bar for
ft> modules BW modules
17.99 m3/h for SW 440 82.74 bar for
ft* modules SW modules

To ensure that the designed RO plant will not operate beyond the recommended limit, a
safety factor of 5% is used for the maximum permeate flow and feed pressure and 10%

for the RR and the minimum concentrate flow.

In all designs booster pumps are used to uniformly distribute, as much as possible, the
permeate flow over the RO modules in the plant which helps to attain the highest
possible RR without exceeding the recommended operating specifications. It should be
noted that high RR operation could be also achieved through recirculating the
concentrate flow; however such measure may not be practical due to the difficulties in
determining the required dose of scale inhibitors (P. Roginson, 2013, pers. Comm., 27
Jul).

Given that the RO plants are designed for a range of feed water salinities and
temperatures, the designs must be consistent to ensure that they can be fairly compared.
For example, operating the RO plant at a small flux reduces the SEC on the expense of
using larger number of modules which increases the costs, and vice versa. Moreover,
using RO modules with high salt rejection would improve the permeate quality on the
expense of increasing the SEC, and vice versa.

For this reason the RO plants are designed based on the following criteria:

e The number of RO modules is selected such that the flux is in the range of 30
I/m?/h for all designs
e Uniformly distributing the permeate flow over every RO module in the plant as

much as possible using booster pumps
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e The RO module type, i.e. degree of salt rejection, and the RO array
configuration, i.e. number of modules in series and pressure vessels in each
stage, are chosen to minimize the SEC

e The RO module type and the RO array configuration are also determined such
that the maximum permeate flow produced by each module is close as possible
to, but not exceeding 1.5 m*/h which is 95% of the maximum recommended
permeate flow rate limit

e The RO module types are also chosen such that the permeate water salinity does
not exceed 100 mg/I

Accordingly, for each design various configurations of RO module types and
configurations are considered until the aforementioned criteria are satisfied. An example

of an RO design is shown in Appendix F.

4.1.3.1 Recovery rate

The initial RO RR is set to be the lowest of that calculated based on the maximum
recommended concentrate salinity and that limited by scaling. If it is not possible to
obtain a design satisfying the criteria discussed in the previous section and operating
within the manufacture’s operating specifications, then the plants are re-designed to

operate at a 5% lower RR.

4.1.3.2 Flow factor

The flow factor considers the long term reduction in the nominal permeate water flow
rate due to reversible and irreversible fouling in addition to membrane aging (DOW
Chemical Company, 2012). Based on the DOW guidelines, the RO plant should be
designed to operate within the recommended specifications at both a flow factor of 1
and 0.75. The former value applies for a newly operated RO plant where there is a great
risk of exceeding the maximum recommended permeate flow, while the latter value
accounts for the reduction in permeate water flow after 3 years of operation due to
membrane fouling where a larger feed pressure would be required to obtain the desired

permeate water flow.
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The RO plant power requirements used in sizing the energy supply are those estimated
at a flow factor of 0.75 to ensure that the designed permeate flow can be obtained

throughout the RO module lifetime.

4.1.3.3 Flow rates
The extracted GW, blended GW and the RO plant feed flow rates are determined based
on the operating RR, the required water production, and the feed water salinity by

simultaneously solving the following equations:

Vblend = Vfleed,GW - Vf.eed ,RO (4-3)
V;;rod_tot = Vélend + Vfleed ,RO * RRRO (4_4)
Vitend * Sew + Vieea ,ro * RRro * Sro p (4-5)

Sprod max — 0.5=

VBlend + Vfleed RO * RRpo

RRjy, is the RO plant RR which is determined as discussed in section 4.1.3.1. S;y,

S

prod max and Sgo , are the GW, overall produced water, and RO permeate salinities

respectively. While the RO permeate salinity will vary according to the RO plant
design, e.g. the type of module and the feed water temperature, for simplicity the
extracted GW, the blended GW and RO plant feed volumetric flow rates, Vi,.q cw,
Vitena .aNd Vieq o respectively, are estimated based on a constant permeate salinity of

50 mg/l. As discussed in section 4.1.1.2, the overall produced water salinity should not

exceed 500 mg/l and therefore S,,,4 max 1S S€t to be equal to 500 mg/l. V.4 ¢, is the

overall produced water volumetric flow rate of the desalination plant and as discussed in
section 4.1.1.1, should be at least 500 m*/d.

4.1.3.4 High pressure pump efficiency

Finally, while within the expected operating conditions, motor-pump efficiencies
ranging from 85 to 95% could be attained commercially, e.g. with the DANFOS APP
axial piston pumps (Danfoss, 2014), a conservative value of 70% is used in this study to
account for the worst case where lower quality pumps might be only available in the

local market.
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4.1.4 Photovoltaic system design
The PV energy supply consists of the PV modules, the battery bank, the solar inverter
and the interactive inverter which acts as a battery charge controller and also supplies to

AC signal required for the solar inverter to operate (Figure 4-3).

PV Array

A

Solar Inverter

Load

Y

HF

s

Interactive
Inverter

Figure 4-3: Simplified schematic diagram of the PV energy supply

The diagram is modified after the AS/NZS 4509.2 Australian standards (Committee EL-042, 2010)

In this study, PVSYST simulation tool is used to design and model the PV energy
supply. PVSYST performs yearly simulations using hourly weather data which are
more accurate over manual calculations using average monthly or yearly irradiation
data. PVSYST also performs detailed analysis on the performance of the battery bank
particularly in terms of the battery state of charge (SOC), which helps in obtaining more

accurate battery sizing.

4.1.4.1 Weather data

Instead of using the default weather data in PVSYST, weather data from the weather
library in TRNSYS is used. TRNSYS is a simulation tool that will be used to model the
PVT collectors and the solar driven MD plant discussed in Chapter 5 and 7. Therefore,
the same weather data is used such that there will be consistency in the results between

the different desalination plants configurations considered in this study.

It should be noted that the default weather data in PVSYST for example is found to give
a yearly global horizontal irradiation (GHI) 8.3% lower than that based on the TRNSYS

weather data.
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4.1.4.2 Operating hours

In this study the feasibility of a PV driven RO plant is investigated under daytime only
operation, and 24 hours operation. In the first case, the PV-RO plant operates only
during daytime and for 8 hours on average to match the typical irrigation practices in
Egypt (Sultan et al., 2007). In this case, the battery bank is only used for power
conditioning to ensure that the RO modules keep operating within their recommended
operating specifications as discussed in Chapter 2. Accordingly, the battery bank and
the array sizes are minimized which reduces the system costs and its maintenance
requirements; that in addition to reducing the environmental hazards associated with
battery disposal. However, the RO plant in this case has a low capacity factor’® which

Is expected to increase the life cycle unit water costs.

In the second case, the PV-RO plant operates the whole day, i.e. 24 hours, which
increases the capacity factor of the plant but on the expense of requiring a larger battery

bank and array size.

4.1.4.3 Battery sizing

The battery bank capacity for both the day only and 24 hours operation cases is
designed such that the maximum depth of discharge (DOD) does not exceed the typical
recommended value of 70% (GSES, 2009).

While for standalone designs, 4 to 5 days of autonomy are usually recommended for PV
driven loads (Committee EL-042, 2010), as the battery bank in the daytime only
operation case is only used for power conditioning, it is designed to cover only
40%"%of the daily energy requirements of the RO plant. For the day and night
operation, the battery bank is selected to provide one day of autonomy assuming that it
will be more economical to store water needed for urgent uses, i.e. domestic purposes,
in cloudy days rather than over sizing the battery bank. With such smaller battery sizes,

the number of hours at which the battery bank will not be able to supply the load due to

195 The ratio between the actual water/electricity produced and the maximum water/electricity that could
be produced if the plant is operating continuously during the same period (The U.S. Nuclear Regulatory
Commission, 2014)

196 This value was particularly chosen as it is found to give the minimum battery bank and array size that
satisfies the maximum DOD considered in this study
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low SOC, particularly during cloudy days, is expected to increase which will be

examined during the analysis.

4.1.4.4 Array sizing

The PV array is designed based on the module specifications of the SUNTEC STP305
module (Table 4-5). The U-value used to calculate the thermal losses, hence the array
temperature, is assumed to be constant at 29 W/m?.K based on PVSYST
recommendation for free standing arrays which is based on the assumption of a constant
wind velocity due to the lack of reliable data on the coefficient of wind velocity'®’
(PVSYST, 2013a). As Egypt is mostly a desert area, a soiling de-rating factor of 10% is
assumed to account for the losses caused by the expected dust accumulation on the

module cover.

To maximize the battery life time, the array size is chosen such that the monthly average
daily SOC does not go below 80% (GSES, 2009). Finally, to account for the module
performance degradation over its lifetime, the array is oversized by 10%. It should be
also noted that another 5% safety factor was applied on the overall power demand by
the RO plant and by the GW pump.

4.1.4.5 Module orientation and operating hours

198 are chosen such

The module orientation and the exact operating time of the RO plant
that the incident solar irradiation in each month matches the load energy requirements
as much as possible to minimize the required battery bank capacity and array size. In

this case, the system operates more efficiently particularly in terms of minimizing the
wasted PV array energy when the batteries are fully charged and the number of hours

when the PV system cannot meet the load energy requirements.

In this case, using PVSYST, several module orientations and operating hours are
examined. For the day only operation case, it is found that tilt angles of 18 and 38° for
Aswan and Marsa-Matruh respectively give the best match between the available solar

irradiation and the load energy requirements.

197 The coefficient used to estimate the wind heat losses as a function of the wind velocity
108 Applies only when the RO plant is designed to operate only during daytime
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Table 4-5:

Vmpp (STC)
Impp (STC)
Voc (STC)
Isc (STC)
Isc Temperature Coefficient
(STC)

Voc Temperature
Coefficient (STC)
Max. Power Temperature
Coefficient (STC)
Module Efficiency (STC)
Packing factor
UL
Module Cover
Transmittance
Module Absorption
Coefficient
Battery Specifications

Battery Voltage
Battery capacity

DOD Max
Max Monthly Average Daily
DOD

Mismatch Losses
Manufacturer Tolerance
Cable Losses
Annual Soil Losses

Inverter Efficiency
Battery Energy Efficiency

Battery Columbic Efficiency

PV Module Specifications'®

36.2V
8.43 A
447V
8.89 A
5.956 mA/°C

-168.5 mVv/°C
-0.43%/°C

15.7%
0.9

29 W/m?.K
0.92

0.9

2 V/Cell*°
3450 Ah

70%
20%

Array De-rating Factors
2%
3%
2%
10%
Equipment Efficiencies
95%
80%

90%

Parameters used in designing the PV energy supply

Module specifications based on
the Suntech STP305-24/Ve
commercial PV module

(PVSYST, 2013a)
(Bilbao and Sproul, 2012a)

(PVSYST, 2013a)

Specifications are based on the
Excide OPzS Solar 4600
battery™*

(GSES, 2009)

(Jacobson et al., 2013)
(Tzen et al., 1998, GSES, 2009,
Rehman and Al-Hadhrami, 2010,
Jacobson et al., 2013)
(GSES, 2009)

199 Module specifications are based on the Suntech STP305-24/Ve commercial PV module which,
according to the manufacturer, is designed for open space systems. Data sheet can be accessed at
http://file4.fanyacdn.com/imglibs/files/STP305_Ve(H4 305 300 295).pdf

119 The battery is sold in one cell units and the batteries are then connected in series to attain higher

voltages

111 Battery model details could be found at
http://www.exide.com/Media/files/Downloads/IndustEuro/Classic%20Solar.pdf



http://file4.fanyacdn.com/imglibs/files/STP305_Ve(H4_305_300_295).pdf
http://www.exide.com/Media/files/Downloads/IndustEuro/Classic%20Solar.pdf
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The suitable operating hours for each season and each city are shown in Table 4-6
which as expected increase in seasons with high solar irradiation and therefore matches
the expected increase in water consumption caused by the high ambient temperature®*2.
It should be noted that the operating hours are varied such that their daily average is
always 8 hours. For the 24 hours operation case, the optimal module orientation is

found to be 52 and 26° for Marsa-Matruh and Aswan respectively.

Table 4-6: Optimal operating hours of the RO plant when designed to operate only during daytime

Season Operating Time  Total Hours
Aswan (HSI Zone)
Summer & Spring 7:30 to 16:00 8.5
Autumn & Winter 8:00 to 15:30 7.5
Marsa-Matruh (LSI Zone)

Winter 7:30 to 14:00 6.5
Spring & Summer 7:30 to 16:30 9

Autumn 7:30 to 15:00 7.5

4.1.5 Cost analysis

In this study, the levelized cost of water (LCOW) is used to assess the feasibility of the
different desalination plant configurations considered in this study. The LCOW is the
cost necessary such that the present value of the income obtained from selling the water
covers the system capital and operating costs during the lifetime of the project (National
Energy Technology Laboratory et al., 2013) and is calculated as follows (Kolhe et al.,
2002, Ghosh et al., 2003, Al-Hallaj et al., 2006, Branker et al., 2011, Kost et al., 2013):

ocC
CCrop +RCpop + Y LP, —=tot
B LCC . tot tot Z}—l (1+1R)] (4'6)
LCOW = —= —
ZLfl p,to i ZLP pro _to?
J= (+IRyY J=1 (1+1Ry Y

where LCCis the life cycle cost, LP is the evaluation period which is taken to be the

lifetime of the PV modules, CC,,; and RC,,; are the total capital and replacement costs
of the equipment respectively, OC,,; is the total yearly maintenance and operation

cost, Vg is the overall annual water production of the desalination plant, and IR, is

112 \Water evaporation losses are expected to increase in warmer seasons
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the real interest rate and is calculated using equation (4-7) obtained from Koner et al.
(2000).

IR, — f (4-7)
IR == +f

where IR,, is the nominal interest rate and f is the inflation rate. The inflation is obtained
from the central bank of Egypt website*™ (f=8.87%). For the interest rate, while the
base value indicated in the central bank of Egypt website is 9.25%, a more conservative
value of 13% is used. It should be noted that for calculating the fuel costs of the DG, the
diesel prices escalation costs should be used instead of the inflation rate (Kolhe et al.,
2002, Ghosh et al., 2003), but in this study it is assumed to be the same as the inflation

rate.

The annual operation and maintenance cost as well as the annual water production are

assumed to be constant. In this case the LCOW is calculated as follows:

CCipt + RCiyy + PWF x OCyp; (4-8)
PWF = Vb

LCOW =

rod

where PWF is the present worth factor and is calculated as follows:

o= Ll 1 (4-9)
= — x B — Y
IR, (1+ IR )LP

The capital cost is divided into direct and indirect costs. Direct costs are the costs
associated with all the components of the system including construction and land costs.
Indirect costs include, among others, construction overhead, contingency, engineering,
insurance and administration costs as well as import duties, and are often estimated as a
percentage of the direct capital costs (EI-Dessouky and Ettouney, 2002, Ghaffour et al.,
2013).

In this study, the cost of the land is assumed to be zero (Banat and Jwaied, 2008) as the
analysed desalination systems are aimed for remote desert areas in Egypt. Furthermore,

when no data is available, the indirect costs are assumed to be 30% of the direct capital

13 http://www.cbe.org.eg/English/
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costs which falls within the typical values reported in the literature (Wade, 2001, El-
Dessouky and Ettouney, 2002, Drioli et al., 2006, Ghaffour et al., 2013).

The replacement cost of each asset RC; is calculated as follows (Bhuiyan et al., 2000,
Kolhe et al., 2002):

i 1 (4-10)
=1 (1+IR, Y LT

where Y; is the number of times the i asset will be replaced during the lifetime of the

project and LT; is the lifetime of the i asset.

4.1.5.1 PV system costs
The PV system consists of the PV modules, the mounting supports, the battery bank, the

solar inverter and the interactive inverter'*

that in addition to the balance of system
(BOS) which includes the wiring, instrumentation, and other electrical equipment such

as switches and fuses.

In this study, the average market spot price of the PV module (Table 4-7), obtained
from (PV Insights, 2013), is used after increasing it by 40% to estimate the retail price
(The International Renewable Energy Agency, 2012).

For the solar inverter and the interactive inverter, the retail prices of commercially
available inverters are used. A scaling factor is applied for the solar inverter based on
the retail price of a 250 kW and 500 kW size inverters. Conversely, no scaling factor is
used with the interactive inverter as it seems that this type of inverter, e.g. SUNNY
ISLAND, is only available at small sizes and therefore several inverters need to be
connected in parallel to meet the desired load. For the same reason, a slightly higher
price per kW is used to account for the interconnection costs between the interactive
inverters'> and communication devices between the PV and the interactive inverter.
The size of the PV inverter and the combined size of the interactive inverters are chosen

to be 140% of the power required by the load after assuming a load power factor of 0.8

114 Acts as a charge regulator
15 For example the manufacturer supplies a multi-cluster box to interconnect several SUNNY ISLAND
inverters with an overall capacity up to 180 kW
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and 10% safety factor based on the AS/NZS 4509.2 standard design guideline
(Committee EL-042, 2010).

Regarding the battery bank, numerous cost values are used in the literature ranging from
89 to 278 USD/kWh as shown in Table 4-7. While the retail price of the actual battery
used in the modelling is 265 USD/kWh, a value of 200 USD/kWh is used in this study
as a cheaper alternative is likely to be available locally without compromising the
battery lifetime; especially that the battery bank is operating under a favourable
condition in terms of the DOD with an average monthly value lower than 20%.
Regarding the battery lifetime, while a typical lifetime of 10 years is expected (GSES,
2009) especially if the DOD is lower than 20% (The International Renewable Energy
Agency, 2012), a conservative value of 5 years is used to account for the effect of high
temperature in Egypt which is expected to reduce the battery lifetime by 50%
(PVSYST, 2013b)**°.

For the operation and maintenance costs, including labour costs, different figures used
in the literature (Table 4-7) are found to give similar annual costs except that of Dufo-
Ldpez and Bernal-Agustin (2005) which gives much lower operating costs and is also
independent of the system size. In this study, the annual operation cost is assumed to be
1.5% of the direct costs which give annual cost values close to the average of those
calculated using the figure by Muselli et al. (1999), Koner et al. (2000) and Jacobson et
al. (2013).

Finally, for the BOS and the site preparation and mounting costs, the figure by the
International Renewable Energy Agency (2012) (Table 4-7) give a 4 to 5 times higher
estimation than those estimated using the figures by Koner et al. (2000) and Mahmoud
and Ibrik (2006). The figure by the International Renewable Energy Agency (2012) is
estimated based on data compiled from existing PV systems in the United States where
higher labour costs and materials are expected hence the figure is likely to overestimate
the BOS costs for a PV system installed in Egypt. Conversely, the figure by Koner et al.
(2000) seems to underestimate the costs given that the construction costs alone could
reach 25% of the module costs (Muselli et al., 1999).

18 509% reduction in the lifetime of the battery is expected for every 10°C increase in ambient
temperature above 20°C
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Therefore, in this study the BOS cost including construction costs is assumed to be 35%
of the total equipment costs which gives a cost estimation that falls between those
calculated using the figure by the International Renewable Energy Agency (2012) and
that of Mahmoud and Ibrik (2006).

Table 4-7: PV system capital and operating costs available in the literature and the actual values
selected for the cost estimation

Cost/Lifetime Reference Value Used
Capital Costs
Polycrystalline 0.66 USD/Wp (PV Insights, 2013) 0.924 USD/Wp
Silicon Module
Solar Inverter 300 USD/KVA™' (250 kW (EnergyBay, 2014a) 300 USD/KVA
size) & 260 USD/KVA™’ (500 Scaling factor=0.8
KW size) Base
570 USD/KW (10 kW size) & (The International Capacity=250
230 USD/KW (100 kW size) Renewable Energy kVA
Agency, 2012)
Interactive 830 USD/kVA™M (5 kW (EnergyBay, 2014b) 900 USD/kVA
Inverter capacity)
Batteries 89 USD/kWh (Lead Acid) (Arun et al., 2008) 200 USD/kWh
82 USD/KWh™'® (battery type (Kolhe et al., 2002)
not specified)
150 USD/kWh (Battery type (The International
not clear but likely to be lead Renewable Energy
acid) Agency, 2012)

124 USD/kWh (battery type (Bhuiyan et al., 2000)
not specified)
130 to 217 USD/kWh (Muselli et al., 1999)
(battery type not specified)
113 to 256 USD/kWh'* McLennan Magasanik and
(battery type not specified) Associates (2009) cited in
(Jacobson et al., 2013)
1329 USD™%/524 Ah 12V (Dufo-L6pez and Bernal-
Battery (211 USD/kWh) Agustin, 2005)
(Battery type not clear but
likely to be lead acid)

265 USD/kWh (2443.5 (MERKASOL, 2014)
USD/unit)* (Lead Acid)
278 USD'#/kWh (Battery (Tzenetal., 1998)
type not clear but likely to be
lead acid)

17 The commercial inverter has a power factor of 1 hence the real power=apparent power

8 Original cost given in Indian Rupees and is converted to USD based on the 2002 exchange rate
119 Original cost given in AUD and is converted to USD based on the 2009 exchange rate

120 Original cost given in Euros and is converted to USD based on the 2005 exchange rate

121 Original cost in Euros converted to USD using 1.387 conversion rate

122 Original cost given in Euros and is converted to USD based on the 1999 exchange rate
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Balance of 5-10% of the PV array cost
System 0.25 USD/Wp (25kWp
including system)
construction 1.35 USD/Wp for ground
costs mounted systems

35% of the
equipment cost

(Koner et al., 2000)
(Mahmoud and lbrik,
2006)

(The International
Renewable Energy
Agency, 2012)

Operating Costs

Maintenance 63 USD/year? for battery

Costs
346 kWh + 50 USD/year for

PV array size ranging from
5.61t017.6 kWp
926 USD/year & 1,482
USD/year for a battery bank
with 50 & 100 battery units
respectively.
3,162 USD/year &15,808
USD/year for a 100 & 500
kWp PV array respectively
0.5-2.4% of the PV system
direct cost
2% of the PV system direct
cost
10 USD/Battery/year

50 USD/kW/year for the PV

system

Insurance
Annual Costs

bank size ranging from 13.8 to

0.5 % of the total capital cost

1.5% of the direct
cost for the PV
system

(Dufo-Lépez and Bernal-
Agustin, 2005)

(Jacobson et al., 2013)

(Koner et al., 2000)
(Muselli et al., 1999)

(Rehman and Al-
Hadhrami, 2010)

0.5% of the total
capital costs

(Drioli et al., 2006)

Equipment Lifetime

Battery 5 years
6 years

5 to 8 years
7 years

10 years
15 years

Inverter 10 years

(Arun et al., 2008, Ahmad 5 years
and Schmid, 2002, Muselli
et al., 1999, Rehman and
Al-Hadhrami, 2010)
(U.S. Department of
Energy, 2011)
(Richards and Schafer,
2002)
(Tzen et al., 1998)
(Jacobson et al., 2013)
Lifetime of the Enersol
OPzS battery used in this
study (MERKASOL,
2014)
(Arun et al., 2008, GSES, -
2009, U.S. Department of
Energy, 2011)

123 Original cost in Euros then converted to USD using 2005 exchange rate then value converted to

today’s USD value
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PV 20 years (Tzenetal., 1998, Al -
Module Suleimani and Nair, 2000,
de Carvalho et al., 2004,
Laborde et al., 2001, De
Munari et al., 2009)

4.1.5.2 Diesel generator costs
A wide range of values is reported in the literature (Table 4-8) for the capital costs of
the DG. The correlation by developed by Muselli et al. (1999) to estimate the specific
cost of the DG was found to significantly underestimate the cost for large generator
sizes (i.e. 200 kw). Conversely, the specific costs used by Jacobson et al. (2013) seem
to be exaggerated especially when compared to typical online retail prices. In this study,
the values indicated by the Australian Greenhouse Office (1999) cited in (Jacobson et
al., 2013) are used as they seem to be more consistent with online retail prices'?.
Moreover, as a conservative approach, the BOS is assumed to be included with the
generator purchase cost. The generator size, i.e. real power, is chosen to be 110% of the

load.

The diesel prices in Egypt are currently heavily subsidized where the selling price is
approximately 6 times lower than the actual price (Ministry of Petroleum of Egypt,
2014, pers. Comm., 7 May). The subsidized and unsubsidized fuel costs are considered
in this study. In both cases, as the diesel prices are expected to be higher in rural/remote
areas due to the transportation costs (Lau et al., 2010)*%, in this study the prices are
increased by 20%.

The fuel consumption of the DG is estimated based on the calculations used in
TRNSYS. The calculations uses fuel efficiency curves based on the average of 5
generator sets and incorporates a correction factor based on actual fuel consumption
measurements of several generator systems with average power ranging from 5 to 186
kW126.

124 Online retail prices could not be used as they show wide variations and some prices are for used DG’s
or low quality ones.

125 | au et al. (2010) reported that the diesel costs in a remote inland area in Malaysia is 4 times higher
than in urban areas

126 The value calculated using TRNSYS approach was tested and gave a similar value to that indicated by
a commercial DG
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Regarding the annual maintenance cost, the figures used by Jacobson et al. (2013) seem
to exaggerate the costs which is likely because it was used for DG systems in Australia
where high labour costs are expected. Conversely, the value used by Rehman and Al-
Hadhrami (2010) gives an unrealistically low annual O&M cost. The figures used by
Lau et al. (2010) and Biermann et al. (1995) cited in (Ghosh et al., 2003), and the
correlation developed by Muselli et al. (1999) give close annual maintenance cost. In
this study the correlation developed by Muselli et al. (1999) is used to estimate the
annual maintenance cost as it takes into account the effect of the generator size on the

costs.

Regarding the DG lifetime, a wide variation in the values is also reported in the
literature (Table 4-8). It should be noted that the lifetime of the generator depends on its
type, where low speed generators (1,500-1,800 RPM) last more due to slower wear of
its components (Muselli et al., 1999). In this study, conservative values of 10 and 7
years are used for daytime only, and 24 hours operation cases respectively.

Table 4-8: DG system capital and operating costs available in the literature and the actual values
selected for the cost estimation

Cost/Lifetime Reference Value Used
Capital Costs
DG Capital 199 USD/KW & 133 USD/kW  Australian Greenhouse 199 USD/kW
Cost for generator capacities of 100  Office (1999) cited in Scaling factor=0.75
& 500 kW respectively (Jacobson et al., 2013) Base Capacity=100
593 USD/KW & 494 USD/kW  (Jacobson et al., 2013) kW

for a capacity of 50 & 100 kw
respectively.
3362.2 (Prated) ®"***USD/kW  (Muselli et al., 1999)
(1,500 RPM DG)
BOS including Included with the generator costs
transportation
Operating Costs

Fuel Cost 0.157 USD/I after incentives  (Ministry of Petroleum 0.157 USD/I after
0.935 USD/I before incentives = of Egypt, 2014, pers. incentives
Comm., 7 May) 0.935 USD/I before
incentives
+20% for
transporting the
diesel
Operation & 4.7USD/h & 8.9 USD/hfora  (Jacobson etal., 2013)  Using the correlation
Maintenance 50 &100 kW generator size developed by Muselli
Cost 0.025 USD/h/kW (50 kW (Lau et al., 2010) etal. (1999)

generator)
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5 to 20% of the total capital (Biermann et al., 1995)

cost cited in (Ghosh et al.,
2003)
[0.242 + 0.3505 = Ppg] * 15.2 - (Muselli et al., 1999)
600
USD/h
0.012 USD/h (150 to 2500 kW (Rehman and Al-
rated power) Hadhrami, 2010)
Insurance 0.5 % of the total capital cost (Drioli et al., 2006) 0.5% of the total
Annual Costs capital costs
Equipment Lifetime
DG Lifetime 7,000 hours (Dufo-L6pez and 10 years for day
Bernal-Agustin, 2005) operation case

10,000 hours (1500 RPM DG)  (Muselli etal., 1999) 7 yeare for 24 hours

6 years (Kolhe et al., 2002) operation case
20,000 hours (DG (Rehman and Al-
unspecified) Hadhrami, 2010)
5 to 10 years (Al Suleimani and
Nair, 2000)

30,000 hours (Saengprajak, 2007)

13 years (Mahmoud and lbrik,

2006)

60,000 hours (Jacobson et al., 2013)

4.1.5.3 RO plant costs

The RO plant capital costs include the RO process equipment (e.g. RO modules,
pressure vessels and pumps), the pre-treatment and post treatment equipment, and
construction costs (EI-Dessouky and Ettouney, 2002), that in addition to the indirect

costs.

Unless detailed cost breakdown is available, the capital cost of the RO plant is usually
determined using specific costs with respect to the plant capacity. Miller (2003) used a
value of 1 USD per gallon per day (approximately 264 USD per 1 m®d), obtained from
Pittner et al. (1993), to estimate the RO process equipment costs for a BW RO plant.
For the pre-treatment and post-treatment equipment, and construction costs, they were
estimated to be 30% and 30-50% of the RO process equipment costs, and 30% of the
total equipment costs, respectively. It is not clear, however, whether the aforementioned
values include the indirect capital and brine discharge costs. Fiorenza et al. (2003) used
a figure of 1000 USD per 1 m*/d to estimate the total capital cost (direct and indirect
costs) for a SW RO plant with 10,000 m® capacity and used a scale factor of 0.9 to
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estimate the costs for other plant capacities. The authors, however, did not clarify the
method by which the aforementioned figure was estimated. Hafez and EI-Manharawy
(2003) listed a detailed cost breakdown of an actual 500 m®/d SW RO plant in Egypt

and estimated its specific capital cost to be 2095 USD per 1 m*/d of plant capacity.

In this study the costs indicated by Hafez and EI-Manharawy (2003) are used for the
following reasons: the cost figures are for an actual RO plant located in Egypt which
guarantees more realistic costs; the plant has an almost similar capacity to that analysed
in this study hence the costs can be used directly without applying scaling factors; and
the costs include all of the equipment related to the RO plant including the deep

injection well used for brine discharge.

It should be also noted that in the author’s opinion, it is not accurate to directly use the
specific RO plant costs reported in the literature as they are given with respect to the
plant production capacity while RO plants even those with similar capacities operate at
different RR’s, and in this study even at different operating hours, which affects the size
of the process equipment. For example, a 500 m*/d capacity RO plant operating at 40%
RR would require larger pumps, more pre-treatment equipment (e.g. more cartridge
filters or MF modules) and more RO modules than an RO plant with the same capacity
but operating at 70% RR. Therefore, great caution should be taken when using the
specific cost figures commonly used in the literature particularly with BW RO plants
where the RR would significantly vary depending on the feed water salinity. In this
case, the RR of the plant discussed in Hafez and EI-Manharawy (2003) is known and
accordingly the actual process equipment size could be estimated more accurately as
follows: the specific costs of the pre-treatment process equipment and pumps,
infrastructure and indirect costs are calculated with respect to the feed water flow rate;
the specific cost of the post-treatment process equipment is calculated with respect to
the plant capacity, i.e. permeate water; and the specific cost of the brine discharge
process is calculated with respect to the concentrate flow rate. The cost of the RO
modules and pressure vessels is calculated separately using the current retail prices
(Table 4-9).

It should be noted that some process equipment included in the cost breakdown in
Hafez and ElI-Manharawy (2003) such as the settling equipment, media filtration and
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ERD’s are not included as they are not needed when brackish GW is the feed water as
discussed in Chapter 2 (section 2.4.1.2). The cost of well construction is also calculated
separately using the figure indicated by El-Dessouky and Ettouney (2002), i.e. 650
USD/m, which is for a well with 20.8 m*/h capacity. A scaling factor of 0.9 is then used
to estimate the cost at different capacities. The well depth is roughly assumed to be 1.5

times*?’

that of the depths to GW in the LSI zone where the aquifers are mainly
unconfined based on the data shown in Appendix E. In the HSI zone, average well
depths of 250 m and 750 m are assumed when the GW is accessed from the Nubian
aquifer in the eastern and western desserts, and the Sinai Peninsula, respectively. For
the areas where the Nubian aquifer is unconfined or could be tapped from the
Quaternary aquifer such as in Wadi Asyuti, the well depth is assumed to be 1.5 the

depth to the water table.

The operating costs include that of labour, RO module replacement, chemicals, and
maintenance and spare parts costs (Porteous, 1984, Ghaffour et al., 2013). The labour
costs for the 500 m*/d capacity SW RO plant discussed in Hafez and El-Manharawy
(2003) is used in this study as the plant is in Egypt hence the labour costs are more

realistic and there is no need to apply a scale factor'?.

For maintenance and spare parts (excluding RO module replacement costs), the annual
costs shown in Hafez and EI-Manharawy (2003) for the 500 m*/d capacity SW RO plant
were approximately 7.5% of the plant total capital costs. In other studies, such as (El-
Dessouky and Ettouney, 2002, Fiorenza et al., 2003), a figure of 2% is used. In this
study, a conservative value of 5% of the total capital cost is used rather than 7.5% as it
is expected that the maintenance and spare part costs for a BW RO plant to be lower
than those of a SW RO plant as it has less equipment particularly for pre-treatment.

Regarding the pre-treatment chemical costs, as the GW has variable composition in
contrast with SW, in this study the costs are will depend on the considered GW

composition where the dosage is determine using a chemical simulation software. It

127 Roughly estimated from the GW depth data reviewed in Chapter 2

128 The significance of the effect of scale on the labour costs can be observed from the specific daily
labour costs used by Drioli et al. (2006) and El-Dessouky and Ettouney (2002) for SW RO plants with
capacities of 12,423 and 94,625 m®/d respectively which are 4 to 6.5 folds lower than that shown in Hafez
and El-Manharawy (2003).
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should be noted that it is assumed that pre-chlorination (hence de-chlorination) is not

needed due to the low bio-fouling potential of the GW.

Other equipment cost and lifetime and operating costs used in this study are shown in
Table 4-9.

Finally, in this study the RO plant availability is assumed to be 95% for the daytime
only operation case as a conservative value to account for the times of low solar
irradiance when the battery bank SOC goes below 30%. For the 24 hours operation case
lower plant availability of 90% is used to account for the downtime needed for chemical
cleaning of the RO modules.

Table 4-9: Capital and operating costs of the RO plant available in the literature and the actual
values selected for the cost estimation

Component Cost/Lifetime Reference Value Used
Equipment Capital Costs
RO Module 30 USD/m? (i.e. 1226 (Ettouney et al. 2002) 630 USD/unit for
Cost USD/440 ft* RO module) cited in (Macedonio et BW module type
al., 2007)
575-630 USD/Unit BW Online retailers* 820 USD/unit for SW
Module Type module type
685-820 USD/Unit SW
Module Type
700 to 900 USD/module (Hafez and EI-
Manharawy, 2003)
500 to 1000 USD/module (El-Dessouky and
Ettouney, 2002)
Pressure 1529, 1739 and 2539 USD Online retailers™ 1.2*1529 USD/PV
Vessel for a 6 module PV with (max pressure 31 bar)
maximum pressure of 31, 41 1.2*1739 USD/PV
and 69 bar respectively (max pressure 41 bar)

1.2*2539 USD/PV
(max pressure 69
bar)*®*

129 hitp:/lwww.thefind.com/appliances/info-filmtec-seawater-membrane
http://www.bigbrandwater.com/

http://www.shop.discountedwaterfilters.com/main.sc

http://www.thepurchaseadvantage.com/

http://www.kfswater.com/membranes/membranes.asp

http://americanro.com/1772776.html

130 http://www.thepurchaseadvantage.com/page/tpa/CTGY/codeline_side_entry ro_pressure_vessels
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Pre-treatment
Equipment
Cost
Post-treatment
Equipment
Cost
RO Equipment
Cost excluding
RO modules
and vessels
Brine
Discharge
Capital Cost

Infrastructure
Costs
Indirect Costs

Well Costs

Maintenance
& Spare parts
(not including
RO module
replacement)

Labor

Post-treatment
Chemicals

666 USD per 1 m*h of feed
water

141 USD per 1 m*/h of
produced water

1847 USD per 1 m*/h of
feed flow

905 USD per 1 m%h of
concentrate flow

3793 USD per 1 m*h of
feed water
934 USD per 1 m*h of feed
water
650 USD/m (20.8 m*/h
capacity

(Hafez and EI-

Manharawy, 2003)

(El-Dessouky and
Ettouney, 2002)

Operating Costs

0.033 USD/m® of plant
capacity
2% of the total plant capital
cost

Approximately 7.5 % of the
total plant capital cost

0.03 USD/m® of RO
produced water per day**
(plant capacity 12,423
me/d) 13
0.05 USD/m® of RO
produced water per day**
(RO plant capacity 94,625
me/d)1
0.2 USD/m® of RO produced
water per day™* (plant
capacity 500 m%/d)**
0.091 USD/m’ of RO
produced water per day (500
m*/d plant)***

(Drioli et al., 2006)

(El-Dessouky and

Ettouney, 2002, Fiorenza

et al., 2003)
(Hafez and EI-

Manharawy, 2003)

(Drioli et al., 2006,
Macedonio et al., 2007)

(El-Dessouky and
Ettouney, 2002)

(Hafez and EI-

Manharawy, 2003)

(Hafez and EI-

Manharawy, 2003)

650 USD/m
Scaling factor=0.9
Base Capacity=20.8
m®/h

5% of the total capital
costs

0.2 USD/m® per day

0.091 USD/m® of
total*** produced
water per day

31 The pressure vessel price is increased by 20% as it seems the original prices include special discounts

that may not be normally available. The prices indicated are also for 6 modules pressure vessels and for
simplicity will be used for all pressure vessels regardless of its number of modules
132 To get the annual costs, the specific cost is multiplied by the annual produced water

133 Calculated assuming a plant availability of 0.9



138

Brine Disposal
operating costs
Insurance
Annual Costs

Scale
Inhibitors

Acid

Pressure
Vessel
Lifetime
RO Module
Lifetime

Pump
Lifetime

0.0142 USD/m?® of brine per (Hafez and EI-
133

day Manharawy, 2003)
0.5 % of the total capital (Drioli et al., 2006)
cost

Pre-treatment chemicals Costs

1.9 USD/kg (El-Dessouky and
Ettouney, 2002)
6.6 USD/Kkg (pers.Comm., ROB
GOODLETT, 21 Jan.
2014)
8.8 USD/kg (Kucera, 2010c)
0.504 USD/kg (El-Dessouky and
Ettouney, 2002)
0.6 USD/kg (Kucera, 2010c)

Equipment Lifetime

Replaced after 3to 4 RO (BCC Research, 2009)
module changes

2 to 5 years (Thiesen, 2007)

3 year
2001, Laborde et al.,
2001, Drioli et al., 2002,
Miller, 2003)
(DOW Chemical
Company, 2013c)

> 3 years

5 years (Wade, 1993, AWWA
Research Foundation
Staff et al., 1996, Ahmad
and Schmid, 2002, Drioli
etal., 2002)
(Hydraulic Institute et

al., 2001)

15 to 20 years

20 years (Richards and Schafer,

2003)

(El-Kady and EI-Shibini,

0.5% of the total
capital costs

6.6 USD/kg

0.6 USD/kg

4 module changes
(i.e. 20 years)

4 years

20 years

134 Total produced water includes that obtained by blending GW
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4.2 Results and Discussion

4.2.1 RO plant maximum recovery rate

Without considering the limiting effect of scaling, it is found that the system design is
the main RR limiting factor for an RO plant rather than the concentrate salinity
particularly at low feed water salinities (Table 4-10). This is because achieving high
RR’s, i.e. > 90%, requires more RO modules in series on the expense of reducing the
number of modules in the first two stages which made it impossible to keep the

permeate flow of the RO modules in these stages within the recommended limits.

The highest RR at 40°C is also slightly lower than that attained at lower temperatures
due to the increase in the permeate flow which made it extremely difficult to get a

design within the recommended limits using the same number of RO modules.

Table 4-10: RO plant maximum RR without the limiting effect of scaling

Feed Water Salinity (mg/l) 2,000 4,000 6,000 8,000 10,000

Max. RO RR at Maximum Recommended
Concentrate Salinity 97% 94% 91.5% 88.5% 85.5%
Design Limited Max. RO RR at 20-30°C 90% 90% 90% 85% 85%
Design Limited Max. RO RR at 40°C 90% 90% 85% 80% 80%

Figure 4-4 shows the maximum attainable RR for the three different types of GW
considered in this study at the expected GW temperature range, i.e. 20 to 40°C** when
the effect of scaling is considered. It is found that after using acid dosing and scale
inhibitors, the RO plant maximum attainable RR’s with the typical GW compositions
found in Egypt are slightly limited by scaling where RR’s slightly lower than those
limited by the plant design were obtained. Conversely, with low scaling potential GW,

the RO plant maximum attainable RR’s are limited by the plant design and not scaling.

With high scaling potential GW, the maximum attainable RR is significantly reduced
and therefore, in addition to the increased costs of pre-treatment chemicals, such water
type is not recommended for extraction and will not be considered in the modelling

work carried out in this thesis.

135 The maximum attainable RR varies slightly at the considered temperature range and only the lowest
value is considered
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Figure 4-4: Comparison between the maximum scaling limited RR’s achieved with simple pre-
treatment for different GW compositions and those limited by the RO plant design at the expected
GW temperature range in Egypt

4.2.2 Effect of water temperature on RO plant energy consumption
Figure 4-5 shows the SEC of the RO plants designed to operate with 20, 30 and 40°C

feed water temperatures, i.e. the expected GW temperatures in the LSI and HSI

zones™ ¢,

3.5 R—

2.5 4 20°C Design

2 ;;—ﬁ
X 30°C Design
15 *
1 - 40°C Design

0.5

RO SEC (kWh/m?)

0 5000 10000 15000 20000
Water Salinity (mg/l)
Figure 4-5: Comparison of the SEC of an RO plant designed to operate within the manufacture’s

recommended parameters at 20, 30 and 40°C at different water salinities and with low scaling
potential GW ™

It is observed from Figure 4-5 that while the increase in the feed water temperatures is
expected to reduce the RO SEC, the values are almost similar for the considered
temperature range. This is explained by the increase in the permeate flow rate associated
with the increase in the feed water temperature which required the use of higher salt

136 More details on the RO plant designs with low scaling potential GW are found in Appendix G
371t should be noted that given that the maximum attainable RR’s for the 20 and 30°C RO plant designs

are slightly higher than those of the 40°C designs (Table 4-10), the SEC values shown in Figure 4-5 are
estimated at the maximum attainable RR’s of the latter because they are the lowest to ensure a fair
comparison.



141

rejection RO modules to keep the permeate flow rate within the recommended limits.
Accordingly, it is concluded that the variation in GW temperatures from one location to

another will have a negligible effect on the RO plant power consumption.

4.2.3 Economic feasibility of PV-RO plants

4.2.3.1 Day only versus 24 hours plant operation

As discussed in section 4.1.4.2, the feasibility of PV-RO plant is assessed for two cases:
day only operation; and 24 hours operation. Figure 4-6 shows the LCOW for both cases
for the PV and the DG driven RO plants operating at the maximum attainable RR’s
when GW with low scaling potential is desalinated.

It is clear that as long as the diesel is subsidized in Egypt, PV-RO plant becomes a
significantly more costly alternative. Conversely, when the subsidies are removed, a
PV-RO plant operating during daytime only is slightly more economical than a DG-RO

especially in the HSI zone.

Nevertheless, the LCOW of day only operating RO plant is found to be 7 to 36% higher
than that operating for 24 hours when brackish GW extracted. This is attributed to the
low capacity factor of the RO plant when it is operating during daytime only and its
higher LCC with respect to that of the PV system.

However, when the RO plant operates for 24 hours, its LCOW becomes clearly higher,
I.e. 9 to 22% higher, than that of a DG-RO plant even when the subsidies are removed.
In this case, a PV-RO plant can be only described as cost competitive particularly at low
feed water salinities. This is because in this case due to the low capacity factor of the
PV system, i.e. sun shines only during the day, a much larger battery bank and array
size was used to provide the energy required during night operation. Accordingly, the
LCOE of the PV energy supply increased from an average of 0.33 USD/kWh when the
RO plant is only operating during the day to 0.44 USD/kWh when the RO plant is
operating 24 hours. The decrease in economical competiveness of PV-RO with DG-RO
when the operating hours are increased was also reported in Al Suleimani and Nair
(2000). Al Suleimani and Nair (2000) also showed that the PV-RO plant investigated in
their study which was designed to operate during daytime only for an average of 5 hours
had a lower LCOW than that driven by a DG.
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Figure 4-6: LCOW comparison between a DG and a PV driven RO plant in the HSI zone and
designed to operate (a) during daytime only and (b) for 24 hours; and in the LSI zone and designed
to operate (c) during daytime only and (d) for 24 hours when GW with low scaling potential is
extracted from an unconfined aquifer with 50 m depth to water table'*®

138 1t should be noted that for the 24 hours operation case, it is found that to keep the monthly average
daily SOC below 80% requires a significantly large array size which decreases the PV system efficiency
and therefore a value of 60% is chosen instead. Accordingly, the battery lifetime in this case is assumed
to be 4 instead of 5 years
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It should be also noted that at feed water salinities larger than 15,000 mg/l, the LCOW
of a day only operating RO plant was almost the same as that of a plant operating for 24
hours. This is because at such high water salinity, the power requirements are very high
and therefore the LCC of the PV system dominates over that of the RO plant and
therefore the effect of operating the latter at low capacity factor becomes less
significant. This, however, does not apply for the case when GW is extracted from the
confined Nubian aquifer either in the eastern and western deserts or the in the Sinai
Peninsula as shown in Figure 4-7 and Figure 4-8. This is because in this case, despite
the large energy requirements for GW extraction especially in the Sinai Peninsula, the
high costs associated with well construction made significantly increased the LCC of
the RO plant.

40 A

35 - B Confined Nubian Aquifer in the Sinai
Peninsula (200 m)

30

B Confined Nubian Aquifer in Eastern
Desert and Western Desert (20 m)

25
20
15
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5
0

H RO Plant Only
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Percentage Increase in LCOW

= = _=_[= = = .

S
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\} O ) \} N\ )
N O O N O O
Q Q Q \) Q \)
" © £ O NG D

GW Salinity (mg/1)

Figure 4-7: Percentage increase in the LCOW of a PV-RO plant located in the HSI zone designed to
operate only during daytime over that of a plant designed to operate for 24 hours
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Figure 4-8: Percentage increase in the LCOW of a PV-RO plant located in the LSI zone designed to
operate only during daytime over that of a plant designed to operate for 24 hours
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It is also observed from Figure 4-6 that the higher the feed water salinity, the less
economically competitive the PV-RO plant becomes with a DG-RO plant. In other
words, a PV-RO plant becomes less economically competitive at larger loads, a trend
that was also reported in Jacobson et al. (2013). This could be explained by the decrease
in the LCOE of the DG as the load increases in contrast with that of the PV which
remained nearly constant for all designs (Figure 4-9). This is caused by two factors: a
scaling factor is used for the DG case which decreases its capital cost in contrast with
the PV modules and the batteries whose costs are assumed to be constant due to their
modularity; and the slight improvement in the DG efficiency as its capacity increases

based on the equations used to estimate its annual fuel consumption.

0.5 1
= 04 -
E M Diesel Genset (Unsubsidized
S 03 - Diesel) 24 hours
3
w 0.2 - B RO_PV 24 hours
S
0.1 A
O .
Q Q \} \} O O )
O O \) O \) O O
O S S SR I Dl

Feed Water Salinity (mg/l)

Figure 4-9: LCOE comparison between a DG and a PV energy supply located in the LSI zone

Finally, it should be noted that for all the considered designs the number of hours at
which the PV system will not be able to supply the energy requited by the RO plants
was zero for systems applied in Aswan where the average daily total sky cover'® for a
typical year is less than 5% based on the TRNSYS weather file. Conversely, in Marsa-
Matruh the number of hours ranged from an average of approximately 20 to 75 for the
day only and 24 hours operation respectively due to the higher number of cloudy days
where for 20% of year the total cloud cover is more than 50%. Nevertheless, the
aforementioned hours where the RO plant cannot operate represent less than 1% of the
total yearly operating hours for both the day and 24 hours operation cases and should
not affect the estimated LCOW knowing that it has been already assumed a plant

availability of 95% and 90% for each case respectively.

139 Defined as the amount of sky dome covered by clouds or obscuring phenomena at a certain hour
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4.2.3.2 Expected LCOW of a PV-RO plant

As it is found that the LCOW of a PV-RO plant treating BW is lower when the plant is
operating 24 hours, the expected LCOW of such plant when treating typical
composition GW accessed from aquifers in different locations in Egypt is determined
(Figure 4-10) for this case™®.

2.5 A M Low Irrad. Zone/Unconfined
Aquifer (10 m)

2 - =
p M High Irrad. Zone/ Confined

- Nubian Aquifer in Eastern Desert
15 and Western Desert (20 m)

M High Irrad. Zone/ Unconfined
Aquifer (50 m)

LCOW ($/kWh)

0.5 - ® Low Irrad. Zone/Unconfined
Aquifer (50 m)

0 - ____L g

High Irrad. Zone/ Confined
Nubian Aquifer in the Sinai

Feed Water Salinity (mg/l) Peninsula (200 m)

2000 4000 6000 8000 10000

Figure 4-10: The estimated LCOW of a PV-RO plant extracting and desalinating GW with typical
composition from different locations in Egypt

The LCOW ranges from 0.7 USD/m? to 1.65 USD/m?at 2,000 and 10,000 feed water
salinity respectively in most locations in Egypt. Higher LCOW’s ranging from 1.3 to
2.2 USD/m?at 2,000 and 10,000 feed water salinity respectively is encountered in the

Sinai Peninsula due to the large well depths and depths to water table.

In spite of the lower solar resources, the lowest LCOW for a PV-RO plant is obtained
when GW is extracted from the unconfined aquifers in the LSI zone due to the low cost
of well construction and the low depth to water table. In contrast, the highest LCOW is
when GW is extracted from the Nubian aquifer in the Sinai Peninsula. It is also
observed that when GW is extracted from the unconfined aquifers with same depth to
water table in the LSI and HSI zones, the low solar resources in the former did not
result in a significant increase in the LCOW where the maximum increase in the LCOW

did not exceed 6% for the considered waters salinity range.

140 More details on the RO plant designs with typical GW composition are found in Appendix G
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Moreover, as shown in Figure 4-11, it is clear that the PV-RO plant is cost competitive
with an RO plant driven by a DG with unsubsidized fuel where its percentage increase
in LCOW over the latter did not exceed 16.4%.

18 - High Irrad. Zone/Confined Nubian
Aquifer in Eastern Desert and Western
Desert (20 m)

M High Irrad. Zone/Unconfined Aquifer
(50 m)

[ExY
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o N
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M High Irrad. Zone/Confined Nubian
Aquifer in the Sinai Peninsula (200 m)

Difference between PV-RO and
DG-RO LCOW (%)

o N B O

2000 4000 6000 8000 10000 M Low Irrad. Zone/Unconfined Aquifer
(50 m)
Feed Water Salinity (mg/I)

Figure 4-11: Percentage increase in the LCOW of extracting and desalinating GW after replacing
the DG running with unsubsidized fuel with a PV system**!

It can be also observed that a PV-RO was more cost competitive with a DG-RO in the
HSI zone when GW is extracted from the confined Nubian aquifer in the Eastern and
Western deserts. This is simply due to the high solar irradiance in these areas in addition
to the low energy consumption required in this case as the depth to water table is small.
Low energy consumption translates into a smaller PV system size and, as discussed in
section 4.2.3.1, a PV-RO plant becomes more economically competitive at smaller
loads.

While it is impossible to compare the LCOW’s estimated in this study and those
reported in the literature due to the different operating conditions particularly in terms
of the RO plant design**?, operating hours and RR, and the GW salinity, it is observed
that the values estimated in this study are much lower than those reported in the
literature which ranged from 3.6 to 14.9 USD/m?® (Al Suleimani and Nair, 2000, Ahmad
and Schmid, 2002, de Carvalho et al., 2004, Karagiannis and Soldatos, 2008, Al-
Karaghouli et al., 2010).

1411t should be noted that while the power required at 10,000 mg/l is more than that required at 8,000
mg/l, the percentage increase in the LCOW is lower or similar. This is because the RO plant at 10,000
mg/I feed water salinity operates at a lower RR (75%) due to scaling limitations hence the increase in
power consumption from the 8,000 mg/I case is not significant.

142 That is the design flux which determines the number of RO module used hence the SEC
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In this study, the average estimated LCOE of the PV system, i.e. 0.44 USD/kKWHh, is
consistent with the LCOE range, reported in The International Renewable Energy
Agency (2012) which ranged from 0.36 to 0.71 USD/kWh for PV systems with battery
storage. Conversely, the RO plant costs were based on those of an actual plant in Egypt.
Moreover, the estimated RO plant SEC in this study falls between the typical values for
BW RO plants reported in the literature (Chapter 2 Table 2-2). For this reason, it is
likely that the LCOW reported in the literature to be overestimated especially that all of
these studies were carried out before mid 2000’s where the PV module costs were more
than 3 USD/Wp, i.e. at least 4.5 times higher than the current module cost, and where
the non-module costs were still high (Feldman et al., 2012). Moreover, it was shown in
Chapter 2 (section 2.5.2) that most of the brackish PV-RO plants operated at very low
RR’s which would significantly increase their SEC. Finally, some studies such as that of
Al Suleimani and Nair (2000) and de Carvalho et al. (2004) ignored the effect on

inflation which will result in a overestimated LCOW.

4.2.4 Cost and energy consumption of brackish groundwater
extraction and desalination versus seawater desalination
While the RO plants considered in this study are designed to operate at high RR’s and
in spite of the additional energy requirements for GW extraction, the overall SEC of the
brackish GW RO plant ranged from 0.6 to 2.8 kWh/m?® at the expected GW depths in
Egypt. This SEC range is lower than that of SW RO plants using ERD reported in the
literature, i.e. 2 to 7 kWh/m?® (Chapter 2 Table 2-2), as shown in Figure 4-12. Moreover,
the overall SEC of SW RO plants built to supply water to inland areas is expected to be

higher after including the additional energy requirements for water conveyance.

Regarding the unit water costs of PV driven SW RO plants, a wide range of values was
reported in the literature. In a recent study, Li et al. (2013) compiled data reported in the
literature on the unit water costs of such plants, whether those of existing plants or those
estimated through modelling. For capacities'*® similar to those modelled in this study,
the unit water costs ranged from 2 to 3 USD/m®which is higher than those of PV driven
BW RO plants estimated in this study.

%3 Only cost data for plants with capacities ranging from 300 to 5,000 m*/d were taken from Li et al.
(2013)
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Figure 4-12: Comparison of the SEC of extracting and desalinating brackish GW with typical
composition from different locations in Egypt with those of SW RO plants

It should be noted, however, that the LCOW values of the SW PV-RO plants reported in
the literature are not based on recent studies, i.e. most recent study was conducted in
2008, and therefore it is expected that the current LCOW will be lower due to the

dramatic drop in PV module prices after 2009 as discussed in section 2.2.1.

Nevertheless, the lower SEC of extracting and desalinating BW, in addition to the lower
pre-treatment requirements, are likely to still make a PV driven BW RO plant in inland
areas more economical than a PV driven SW RO plant; not to mention that the unit
water costs of the latter are expected to be even higher after considering the costs

associated with conveying the treated SW to inland areas.

4.2.5 Unit water costs comparison with current water prices in Egypt
As discussed in section 4.2.3.2, the LCOW of the BW PV-RO plant was estimated to
range from approximately 0.7 USD/m® to 1.65 USD/m?® when GW with salinity ranging
from 2,000 to 10,000 mg/l is extracted and treated from most aquifers in Egypt; but
reaching up to 2.2 USD/m?®when the GW is extracted from the Nubian aquifer in the
Sinai Peninsula due to the high costs associated with GW extraction and well

construction.

Conversely, the current drinking water prices™** in Egypt were generally reported to
range from 0.03 to 0.1 USD/m? for the domestic sector and reaching up to 0.34 USD/m®

144 The word price is used here as the value indicated is what the consumer actually pays for
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for the industrial sector (Ahram Online, 2014). The domestic water prices in border
governorates, however, seem to be higher where prices ranging from 0.09 to 0.22
USD™°/m? are reported in Matruh governorate (Abd-Allah, 2015). Regarding the water
used in irrigation, farmers do not pay for the water use, however, they pay taxes which
cover a portion of the irrigation system costs including the cost of water (Gersfelt,
2007). The actual cost of irrigation water is therefore not clear. However, in a study by
the Irrigation Support Project for Asia and the Near East (1993), the unit cost of water
used in irrigation, which includes the administrative, maintenance, replacement and
upgrading costs of the irrigation network, was estimated to range from 0.016 to 0.03

USD/m?; a similar value was also estimated by Allam et al. (1994).

In all cases, it is clear that the LCOW of the PV-RO plant, including the cost of
extracting the GW, is at least 3 times higher than current domestic water prices and
almost 20 times higher than the cost of water used in irrigation. However, the
aforementioned domestic water prices and irrigation water costs are based on the
available and cheap fresh Nile water; and as discussed in Chapter 1, the Nile water is
fully utilized and even the available quantity could potentially decrease if the other Nile
basin countries construct dams to impound flow. It was also discussed that the lack of
fresh water forced many farmers in several locations to use of untreated waste water,
and the heavily polluted and saline water from canals and drains in irrigation as well as
illegally using water meant for drinking purposes. Accordingly, it was concluded in
Chapter 1 that Egypt will need to resort to SW desalination and GW extraction to
increase its water supply. Therefore, it is not adequate to compare the costs of extracting
and desalinating brackish GW with the current water prices as using Nile water is not an

option anymore.

4.2.6 Sensitivity analysis

A sensitivity analysis was carried out to assess the impact of the nominal interest rate,
and costs of the battery bank, PV system BOS, and module costs in addition to the
indirect costs. The focus was mainly on the PV plant as the cost of its components is

likely to have more uncertainty than the more established RO technology; this is

1451 USD=7 EGP
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especially true given that the cost of the RO plant in this study was based on data from

an actual plant in Egypt.

Each of the aforementioned parameters was reduced by 20% and the corresponding
percentage decrease in the LCOW of the PV-RO plant was examined. It can be clearly
observed Figure 4-13 that the nominal interest rate and the battery bank specific cost
have the biggest impact on the LCOW of the PV-RO plant.

It can be also observed that while the battery bank cost had the biggest impact on the
LCOE of the PV-RO plant, the nominal interest rate had a bigger impact on its LCOW.
This is because the battery specific costs only affects the LCC of the PV plant, which as
discussed in section 4.2.3.1, was found to be relatively smaller than that of the RO
plant; conversely, the change in the nominal interest rate, hence the PWF, mainly affects
the denominator in equation (4-8), by which the LCC of the PV and the RO plants is
divided to estimate the LCOW.
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Figure 4-13: Impact of a 20% reduction in the main parameters used in determining the cost of the
PV plant on the (a) LCOE and (b) LCOW of a PV-RO plant extracting and desalinating 2,000 mg/I
GW from the Nubian aquifer in Eastern Desert or Western Desert (20 m depth to water table)
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4.2.7 Impact of battery bank cost, interest rate and diesel prices on the
feasibility of PV-RO plants

In the previous section, it was concluded that the impact of the battery bank specific

cost and the nominal interest rate on the LCOW of the PV-RO plant was the biggest.

Accordingly, the effect of both parameters on the economic feasibility of using PV

instead of DG’s to drive the RO plant was investigated.

As shown in Figure 4-14, decreasing the interest rate works in favour of PV driven RO
plants rather than those driven by a DG which experienced the higher percentage
decrease in the LCOW, a trend that was also reported in Jacobson et al. (2013). To
explain this further, the decrease in the nominal interest rate results in an increase in the
PWF. While the increase in the PWF increases the LCC of the plant, it resulted in a
higher increase in the denominator of equation (4-8) and therefore lowering the LCOW.
For the same reason, decreasing the nominal interest rate was more beneficial to PV-RO
plants because the PV plant had lower operational costs than that of the DG and

therefore its LCC was least affected by the increase in the PWF.
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Figure 4-14: Variation in the LCOW of PV and DG driven RO plants by reducing the nominal
interest rate from 13 to 9% for the case where the plant is extracting and desalinating GW from the
Nubian aquifer in Eastern Desert or Western Desert (20 m depth to water table)

Accordingly, reducing the nominal interest rate resulted in making the PV-RO plant
more cost competitive with a similar plant driven by a DG. In particular, the percentage
increase in the LCOW by replacing the DG with a PV plant after reducing the nominal
interest rate from 13% to 9%, a value almost equal to the inflation rate, dropped from
approximately 7 to 16% (section 4.2.3.2) to 2 to 5% when brackish GW is desalinated
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with the typical composition, and expected range of GW depths and solar irradiance

found in Egypt.

Regarding the battery bank costs, it was found that if the battery specific costs dropped
from 200 to 100 USD/KWh then, as shown in Figure 4-15, a PV-RO plant will be more
economical than a similar plant driven by a DG. This figure is likely to be already
achievable especially that similar specific battery costs was previously used in the
literature such as in Kolhe et al. (2002) and Arun et al. (2008).
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Figure 4-15: Effect of the battery bank specific cost on the percentage increase of the LCOW of a
PV-RO over that of a DG-RO plant when the GW salinity is (a) 2,000 mg/l and (b) 10,000 mg/I

Finally, the effect of increasing the diesel prices on the economical feasibility of PV-RO

plants was investigated. It was found that with a 13% nominal interest rate and with the
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PV system costs used in this study, i.e. base case (Table 4-7), a minimum of 45%
increase in the unsubsidized diesel prices, i.e. 1.35 USD/I, is necessary for a PV-RO

plant to be more economical than a similar plant driven by a DG (Figure 4-16).
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Figure 4-16: Effect of the price of unsubsidized diesel on the percentage increase of the LCOW of a
PV-RO over that of a DG-RO plant when the GW salinity is (a) 2,000 mg/l and (b) 10,000 mg/I

4.3 Conclusion

In this chapter, it was shown that with the typical GW compositions found in Egypt,
RR’s ranging from 75% to 90% for feed water salinities ranging from 2,000 to 10,000
mg/l could be attained without extensive pre-treatment requirements. The corresponding
SEC of the RO plant, i.e. excluding the additional energy requirements associated with
GW extraction, ranged from 0.65 to 1.55 kWh/m? with 2,000 and 10,000 mg/l GW
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salinity, respectively. The SEC values drop to 0.5 to 1.5 kWh/m® after accounting for
the increase in the produced water by blending the GW with the RO permeate. The GW
temperature variation from one location to another was also found to have negligible

effect on the RO plant power consumption.

For a PV-RO plant operating 24 hours and with the typical GW composition found in
Egypt, the LCOW ranged from approximately 0.7 USD/m? to 1.65 USD/m® when GW
with salinities ranging from 2,000 to 10,000 mg/l is extracted and treated from most
aquifers in Egypt. Higher LCOW ranging from approximately 1.3 to 2.2 USD/m?®are,
however, expected if the plant treats GW extracted from the Nubian aquifer in the Sinai
Peninsula due to the high costs associated with GW extraction and well construction. In
contrast, the lowest LCOW, i.e. 0.7 USD/m?, is obtained when GW is extracted from
the coastal aquifer along the north western Mediterranean coast and the delta area due to

the low cost of well construction and the low depth to water table.

Studying the feasibility of replacing DG’s with a PV energy system showed that if the
current subsidies on diesel are removed, a PV-RO plant can be described as cost
competitive. In particular, the LCOW of a PV-RO plant operating for 24 hours was
estimated to be from approximately 7 to 16% higher than that of a similar plant driven
by a DG when brackish GW is desalinated and with the expected range of GW depths

and solar irradiances found in Egypt.

A sensitivity analysis also showed that the battery bank specific costs and the interest
rate have a significant impact on the LCOW of the RO plant. It was particularly found
that a PV-RO plant becomes clearly more economical than a similar plant driven by a
DG if the batter bank specific costs dropped from 200 to 100 USD/kWh. Moreover, any
reduction in the interest rate will work in favour of a PVV-RO plant although will still not

result in making a PV-RO plant more economical.

Furthermore, it was found that the SEC and the estimated LCOW range for extracting
and desalinating BW using PV driven RO plants are lower than those of PV driven SW
RO plants even without considering the additional energy and costs associated with

conveying the treated SW to inland areas.
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Finally, the analysis considered the effect of the RO plant operating hours on its
LCOW. It was found that a PV-RO plant is more economical than a plant driven by a
DG when the operation is only during daytime. Nevertheless, the low capacity factor of
the RO plant in this case and its higher LCC with respect to that of the PV energy
supply caused the LCOW to be from 7 to 36% higher than that for a PV-RO plant

operating for 24 hours when BW is desalinated.



5. Feasibility Study of PVT Driven RO
Plants

As discussed in Chapter 2, using PVT collectors has the potential to reduce the LCOW
of a solar driven RO plant by: reducing the energy consumption of the RO plant through
heating the feed water; and by increasing the PV cell energy yield through the extra
cooling provided by the feed water flowing through the back of the collectors.
Accordingly, in this chapter the feasibility of replacing the standard PV modules by
PVT collectors to drive the RO plant, is investigated.

Firstly the methodology used for designing and modelling the PVT collectors and
determining their LCC’s is presented. Secondly, the condition under which the PVT
collectors may reduce the energy consumption of the RO plant is discussed, followed by

the energy performance and economic feasibility of PVT-RO plants.

5.1 Methodology

5.1.1 PVT-RO plant configuration
In the PVT-RO plant, GW is pumped through the back of the PVT modules before

going to the RO plant (Figure 5-1). Flow diverters are used to control the portion of
feed flow going through the PVT collectors to control the RO feed water temperature

which is discussed in more details in section 5.1.2.
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Main PVT v Vv
BW Well Collectors | ROPIlant |Permeate Water] Permeate
Aux. PVT . | Tank
‘ Collectors ‘
Tt Concentrate . Deep Injection
Water Line . Well

------------ Electricity Line

Figure 5-1: Schematic diagram of a PVT driven RO plant
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5.1.2 RO plant design
The RO plant design methodology is exactly the same as that discussed in Chapter 4.

The RO plant is also designed to operate at the maximum attainable RR estimated from
Chapter 4 which depends on the GW composition. In other words, the same RO designs
used in Chapter 4, shown in Appendix G, are used in the analysis carried out in this
chapter.

To estimate the RO plant power consumption at the varying water temperatures exiting
the PVT collectors, polynomial equations for each RO plant design are built based on
the power consumption estimated at the expected RO plant feed water temperature
range, i.e. 20 to 43.5°C and 30°C to 43.5°C for the LSI and HSI zones respectively. The
43.5°C figure is taken to be the maximum water temperature that can be treated by the

RO plant without damaging the RO membranes**°.

It is also assumed that for the 24 hours plant operation case, the feed water is diverted
during night operation from the PVT collectors to a separate pipe such that the effect of
sky cooling can be neglected and the minimum water temperature can be assumed to
equal that of the GW. The PVT collectors are also assumed to be corrosion resistant

instead of using additional heat exchangers.

To ensure that the water temperature exiting the PVT collectors will not damage the RO
modules when the incident solar irradiance is high, the following measures are taken
when the temperature exceeds 43.5°C**’: the feed flow going through the PVT
collectors is increased by diverting the blended GW to go through the collectors; and if
the previous measure is not sufficient, the entire extracted GW is diverted to flow
through a portion of the PVT collector area, i.e. main PVT collectors (Figure 5-1).
Accordingly, the PVT collector area heating the water is reduced, in the mean time the
flow rate going through it increases, resulting in a reduction in the output water
temperature. The size of the auxiliary PVT collector area is determined through a trial
and error process such that the water temperature will never exceed 43.5°C at any time

of the year.

148 The maximum operating temperature for the RO module is 45°C (Cotruvo et al., 2010) but for safety a
threshold of 43.5°C is used.
147 A temperature controller with a dead band from 36 to 43.5°C is used in the model.
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It should be noted, however, that in this case the remaining PVT collectors, i.e. auxiliary
PVT collectors, will operate at high temperatures, i.e. stagnant condition, which is
expected to reduce their electrical output. For this reason, the auxiliary PVT collector
area is minimized as much as possible as long as the maximum water temperature does

not exceed the threshold value at any day of the year.

Finally, it should be noted that for GW extracted from the Nubian aquifer in the Sinai
Peninsula, while it may reach 40°C when extracted from larger depths as discussed in
Chapter 4, this value is not considered in this analysis. This is because the GW
temperature is already near the maximum design temperature of the RO module hence

the PVT collectors can only contribute to a negligible water temperature rise.

5.1.3 PVT system modelling and design

The PVT collectors are modelled using TRNSY'S simulation tool which allows
performing yearly simulations using hourly weather data that in addition to its

flexibility to perform any desired calculations other than those available in the

software’s model library.

While TRNSYS has its own PVT collector model, i.e. Type50, the model does not
account for the effect of sky temperature and also assumes a constant collector
efficiency factor'*®. This simplification was found by Bilbao and Sproul (2012a) to
considerably overestimate the thermal output of an unglazed PVT collector, hence

underestimating the electrical output'*°

especially at clear sky conditions, an expected
case in Egypt. For this reason, Bilbao and Sproul (2012a) developed a new TRNSYS
model, i.e. Type850, which accounts for the effect of sky temperature and calculates the
collector efficiency factor giving more accurate estimation of the radiation losses hence

the heat and electrical power output.

To provide a common comparison basis with the PV modules used in the PV-RO
configuration discussed in Chapter 4, the PVT collector is assumed to have exactly the
same electrical characteristics of the PV module used in this study including the
temperature dependence of the PV cells (Bakker et al., 2005). Other thermal and optical

148 The collector efficiency factor is a function of the overall heat loss coefficient of the panel which
varies with the wind velocity and the ambient and water temperatures (Bilbao and Sproul, 2012a)
9 Due to higher estimation of the temperature of the PV cells
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characteristics of the PVT collector are based on the values used by Bilbao and Sproul
(2012a) and are shown in Table 5-1.

Table 5-1: Thermal and optical characteristics of the PVT collector modelled in this study

Value Reference
PVT Extra Cover Transmittance 0.85 (Bilbao and Sproul,
Collector Absorption Coefficient 0.9 2012a)
Collector Plate Emissivity 0.85
Glass Cover Transmittance 0.92%°
Bottom and Edges Heat Loss 0.82 W/m*.K
Coefficient
Absorber- Fluid Heat Transfer 56.923 W/m”.K (unglazed collector)
Coefficient 43.258 W/m*.K (glazed collector)
Air gap between absorber and cover 0.025m (J. Bilbao, 2013, pers.
Glass Cover Thickness 0.002 m Comm., 16 Sep)
bo 0.06 (Bilbao and Sproul,
2012b)

Both glazed and unglazed PVT collectors are examined in this study. The former have
lower overall panel heat loss coefficient hence increasing its thermal output. However,
this comes on the expense of reducing the electrical output due to the higher operating
temperature of the PV cells and the additional optical losses of the extra cover expected
in this case. Conversely, the unglazed PVT collector increases the thermal losses
providing more cooling to the PV cells hence boosting their electrical output on the

expense of having lower thermal output (Tripanagnostopoulos et al., 2004).

The RO plant operating hours and module orientation, and the array and battery sizing
methodology are the same as those used in Chapter 4. However, to estimate the PVT
collector size and the battery bank capacity after considering the expected increase in
the annual energy yield by cooling the PV cells and the reduction in the RO annual
energy requirements, an iterative process is required as follows: the PVT collector area
and battery bank size are initially designed exactly the same as a PVV-RO plant to
initially estimate the percentage increase in the PV annual yield and reduction the

annual energy consumption of the RO plant; the PVT collector size is then reduced by

150 The total transmittance of a glazed collector is 0.92*0.92~0.85
131 First order coefficient of the curve fit equation used to calculate the incidence angle modifier
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the same percentage increase in the PV annual energy vyield; afterwards the TRNSYS
PVT model is simulated with the new PVT collector area to estimate the effect of this
reduction on the RO plant annual energy requirements; then the RO power consumption
data and the array cell temperature are exported to PVSYST to verify whether the new
array size covers the load requirements and achieve the minimum required battery SOC.
If it does not then the new array size estimated by PVSYST is applied again in
TRNSYS and the whole process is repeated.

Finally, the analysis will be mainly based on an RO plant operating for 24 hours as it
was shown in Chapter 4 that it is more economical when BW is treated, but day only

operation will be also briefly discussed.

5.1.4 PVT system costs

The PVT collector system cost is estimated the same way as the PV system. There is
also no change in the inverter costs as it has to be sized to meet the highest load which
in this case is the same as that with the PV-RO plant. The only difference is the need to
estimate the additional costs of the PVT collector over a standard PV module.

Little data was found in the literature regarding the PVT collector costs. According to
Ricaud and Roubeau (1994), an air heating PVT module adds from 60 USD/m? to 120
USD/m?to the PV module cost, depending on the quality. An additional cost of 326
USD/m? for PVT modules increasing to 343 USD/m? when the BOS is included was
used by Elswijk et al. (2004) for a water heating PVT modules. The latter value is
higher than the cost of FPC’s which range from 80 USD/m?to 287 USD/m? (Chapter 7
Table 7-3). Tripanagnostopoulos et al. (2004) also indicated that PVT modules are more
expensive than a separate PV module and FPC which they attributed to the early
development stage of the technology at that time. Elswijk et al. (2004) also stated that
the costs they used are based on batch rather than mass production which explains the
high additional specific costs they used. In contrast, Bakker et al. (2005) used a very
low value of 20 USD/m? to estimate the additional costs of using the P\ modules for

water heating.
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In this study, given that PVT modules are already commercialized, an additional
specific cost of 150 and 250 USD/m?is used for an unglazed and glazed** PVT
collector respectively including the additional costs for the BOS. However, the assigned
specific cost values are very conservative given that corrosion resistant PVT collectors
are more expensive than typical PVT collectors. The lifetime of the PVT collectors is

also assumed to be similar to that of a PV module and a FPC i.e. 20 years.

5.2 Results and Discussion

5.2.1 Conditions for coupling PVT collectors with RO plants

When coupling PVT collectors with an RO plant, a proper design necessitates that the
RO modules operate within their recommended limits over the expected feed water
temperature range which in this case ranges from that of the GW to the expected

maximum water temperature exiting the PVT collectors.

Nevertheless, it was concluded in Chapter 4 that when the RO plant is designed to
operate within the recommended limits at the expected feed water temperatures, no
reduction in the energy consumption is attained. This was attributed to the need of
higher salt rejection RO modules when the plant is designed to operate with higher
temperatures which increased the osmotic pressure hence the energy requirements of the
plant offsetting any reduction obtained by decreasing the water viscosity. In this case,
using PVT collectors will only show the benefit of increasing the annual yield of the PV

system.

A reduction in the RO plant power consumption ranging from approximately 11 to
35.5% is, however, obtained when the same designs for a 20 and 30°C GW are used
with higher water temperatures i.e. 40 °C, for water salinities less than 10,000 mg/I
(Figure 5-2)*.

Moreover, as shown in Figure 5-2, the percentage reduction in power requirements by
the RO plant tends to become more significant at lower feed water salinities. This could

be attributed to the use of more low salt rejection modules, e.g. BW type modules which

152 The difference between glazed and unglazed PVT collector specific costs is based on the cost data
used by Tripanagnostopoulos et al. (2004)

153 More details on the RO plant SEC and power when the same designs for a 20 and 30°C GW are used
with higher water temperatures i.e. 40 °C are shown in Appendix G
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resulted in a higher reduction in power requirements at high water temperatures on the
expense of a further increase in the permeate water salinity. The increase in water
viscosity with the increase in its salinity could be also another reason that makes the
percentage reduction in power requirements less significant at high feed water salinities.
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Figure 5-2: Percentage reduction in the RO plant power consumption after increasing the feed
water temperature to 40°C for the cases where (a) typical composition GW and (b) low scaling
potential GW are desalinated

Using more low salt rejection modules also resulted in a higher percentage reduction in
power requirements in most cases with designs for typical composition GW over those
for low scaling potential GW. The only exception is when the designs are for a feed
water salinity of 2,000 mg/l and 4,000 mg/l with RO plants designed to treat GW with a
temperature of 20 °C. This could be explained by the highly unbalanced distribution in
the hydraulic load over the modules with typical composition GW designs at the
aforementioned water salinities where one of the modules is overloaded by 29.75%"*
(Table 5-2) over the recommended permeate flow value. Conversely, with low scaling
potential GW the module with the highest hydraulic load is overloaded by only
10.75%"*. In this case the power consumption increases because the overloaded
modules are operating at higher RR’s than the other modules which increases the

required feed pressure’®®.

>4 Flow factor = 0.75
155 For example, when the boost pressure between stages is varied to balance the hydraulic load, the
power consumption for the 2,000 mg/I typical composition GW design at 40°C was reduced by 8%.
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It should be noted that despite the reduction in the RO modules salt rejection by

increasing the feed water temperatures to 40°C, the maximum overall salinity of the

produced water after GW blending did not exceed 660 mg/l (Appendix G) which is still

within the range considered by the WHO (2011) to have a good palatability.

Table 5-2: Deviation from the recommended RO module operating limits when 40°C typical
composition GW is treated with RO plants designed to operate with feed water temperatures of 20

and 30°C

Feed Water Total
Salinity Number of

Percentage by which the recommended Permeate flow rate/RR is

exceeded at FF=1 and FF=0.75"°

(mgfl) RO 20°C RO Design Operating at 30°C RO Design Operating at
Modules 40°C 40°C
2,000 40 2-1%7: 11.4% (2.5%) 1-1: 1.25%
3-1: 57.6% (29.75%) 2-1: 3.16%
3-2: 38.6% (16.45%) 3-1:5.7%
3-3:19% (2.5%)
4,000 46 2-1: 3.8% 1-1: 4.4%
3-1: 38% (19.6%)
3-2: 9.5%
6,000 48 1-1: 21.5% (8.2%) 1-1: 1.25%
1-2: 3.2%
2-1: 6.3% (1.9%)
8,000 48 1-1: 12% (4.4%) 1-1: 1.9%
2-1:7% (1.25%)
3-1: 8.2% (0.6%)
10,000 50 1-1: 23.4% (10.75%) 1-1: 2.5%

1-2:1.9%
2-1: 6.95% (1.9%)

The reduction in SEC of the RO plant comes however on the expense of allowing a
small number of the RO modules to operate outside the recommended operating limits
(Table 5-2), particularly the first modules in each stage as they experience the highest

hydraulic load.

5.2.2 Glazed versus unglazed PVT collectors
As discussed in section 5.1.3, glazed PVT collectors provide more thermal output, i.e.
higher water temperatures, on the expense of a reduction in the electrical output of the

PV system. Nevertheless, it was found that for all feed water salinities and GW depths

158 values between brackets are at a FF of 0.75. If no value is shown between brackets then the plant is
operating within the recommended limits

137 The first number is the number of stage and the second number is the number of the RO module in that
stage. For example 2-1 means the first module in the second stage.
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considered in this study in the LSI and HSI zones and with the typical GW
compositions found in Egypt, the reduction in the electrical output of the PV system
outweighed the reduction in the RO annual energy requirements such that the net energy
saving was negative (Figure 5-3).
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Figure 5-3: Annual net energy saving by replacing standard PV modules with PVT collectors to
drive an RO plant located in the LSI zone and desalinating GW extracted from an unconfined
aquifer with 50 m depth to water table’*®

In contrast, while the reduction in the annual RO plant energy consumption is slightly
lower than that obtained by using glazed PVT collectors, a considerable improvement in
the annual electricity yield of the PV system was achieved when unglazed PVT
collectors are used (Figure 5-4).

It should be noted that for glazed PVT collectors, it is found that a larger annual net
energy saving is obtained when only a portion of the PV modules is converted to PVT
collectors to prevent the water temperature from exceeding the threshold value (section
5.1.2). This is instead of converting all the modules to PVT collectors and dividing the
system into main and auxiliary units. This is mainly due to the reduction in the optical
losses by only converting a portion of the PV modules to PVT collectors. In addition,
when glazed PVT collectors are used the number of hours per year where the threshold

temperature is exceeded was significant; therefore dividing the system into main and

158 The same pattern in the net annual energy savings apply for all other cases in the HSI and LSI zones
but this particular case is chosen as exemplary case
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auxiliary collectors caused the latter to operate most of the time at stagnant conditions

considerably reducing the annual yield of the PV system.
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Figure 5-4: Energy performance comparison between PV-RO, glazed PVT-RO and unglazed PVT-
RO Plants

Conversely, the number of hours where the threshold temperature is exceeded is small
when unglazed PVT collectors are used; and given that in this case there are no extra
optical losses, it was better to convert all the PV modules to PVT collectors and divide

them into main and auxiliary collectors (Figure 5-5).
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Figure 5-5: Net annual energy saving by partially and fully replacing PV modules by glazed PVT

collectors in the HSI zone when the GW is extracted from the confined Nubian aquifer with 20 m
depth to water table'*®

159 The same pattern in the net annual energy savings apply for all other cases in the HSI and LSI zones
but this particular case is chosen as exemplary case. It should be also noted that for lower GW salinity
there was no need to divert the flow to only a portion of the PVT collectors or to only convert a portion of
the PV modules to PVT collectors as the maximum temperature was not exceeded.
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5.2.3 Energy performance of unglazed PVT-RO plant
A detailed energy performance analysis is carried out for the case where the RO plant is
driven by unglazed PVT collectors which as discussed in the previous section gave a

positive annual net energy saving.

5.2.3.1 PVT system annual energy yield
As shown in Figure 5-6, a modest increase in the annual energy yield by cooling the PV

cells is achieved ranging from approximately 3.6% to 6.7%.
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Figure 5-6: Percentage increase in the annual energy yield by replacing the standard PV modules
by unglazed PVT collectors

Despite the higher GW temperature, the increase in the annual energy yield by replacing
the standard PV modules by unglazed PVT collectors is found to be higher in the HSI
zone. This could be attributed to the relatively smaller array size required in the HSI
zone which resulted in a low array size to feed flow rate ratio hence a more effective
cooling of the PV cells. The other reason is the high ambient temperature in the HSI
zone whose effect can be clearly seen from the array temperature losses which were
almost double those experienced in the LSI zone™®. This high ambient temperature
decreases the overall heat loss coefficient of the collector and therefore the flowing
water becomes more effective in removing the heat from the panels. This, for example,
can be observed from Figure 5-7 where the difference between the temperature of the
PV cells in the standard array and that in the PVT collectors is the largest in the HSI

Zone in summer.

180 The temperature losses in the HSI zone with respect to the array ideal energy yield is approximately
12% compared to 6.7% in the LSI zone
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Figure 5-7: PV cell temperature profile in a PV-RO and a PVT-RO plant treating 2,000 mg/l GW
extracted from an unconfined aquifer in the (a) HSI zone and (b) LSI zone on a typical summer day

The low array size to feed flow rate ratio also explains the higher percentage increase in
the annual electricity yield of the PV system when the depth to water table and the feed
water salinity are lower whether in the LSI and HSI zones as a smaller collector area
was needed in these cases. In contrast, when GW is extracted from the confined Nubian
aquifer in the Sinai Peninsula where the depth to water table is the highest, the large
PVT collector area caused the feed flow rate to be diverted during more than half of the
year to approximately 50% of the collector area to prevent the water from reaching the
threshold temperature. The other 50% of the collector area was therefore operating at
stagnant conditions where the PV cell temperatures were slightly higher than that of the

standard PV array due to the PVT collector low thermal loss coefficient (Figure 5-8).
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Figure 5-8: PV cell temperature profile in a PVT-RO and a PV-RO plant treating 2,000 mg/l GW
extracted from the Nubian aquifer in the Sinai Peninsula on a typical summer day'®*

161 1t should be noted that the TRNSYS model for the PVT collectors used in this study considers the
effect of wind velocity*® when calculating the thermal loss coefficient of the collectors while, as
discussed in Chapter 4, the PV array is modelled in PVSYST based on a constant thermal loss coefficient
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Finally, if PVT collectors are used with a SW RO plant with the same capacity as the
BW RO plants modelled in this study (i.e. 62.5 m*/h of permeate), and with a typical
SEC of 3 kWh/m?® (Chapter 2 Table 2-2) and operating at a RR of 40%'%, the expected

array size'®®

to feed flow rate ratio is approximately 7.6 and 6.15 for a plant located in
the LSI and HSI zone respectively. The aforementioned ratios falls between those of a
BW RO plant treating 6,000 and 8,000 mg/l GW extracted from a shallow unconfined
aquifer in the LSI zone, and from the confined Nubian aquifer in the eastern and
western deserts respectively. Accordingly, the average percentage increase in the annual
PV vyield is expected to be less than 4% and 6% for a SW RO plant located in the LSI

and HSI zone respectively.

5.2.3.2 RO plant energy consumption
A modest reduction in the RO plant annual energy requirements ranging from

approximately 3.4% to 6.6%, was also obtained by heating the feed water (Figure 5-9).
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Figure 5-9: Percentage reduction in the RO plant annual energy consumption by replacing the PV
modules by unglazed PVT collectors

of 29 W/m%K. Accordingly, it is found that the PVT collector TRNSYS model gives higher estimation of
the wind thermal losses. For this reason, Figure 5-8 shows only a small PV cells temperature difference
between the unglazed PVT collectors at stagnant conditions and the standard PV array.

162 Calculated based on the maximum recommended concentrate water salinity, i.e. 70 g/l, as discussed in
Chapter 5, and assuming that the SW has a salinity of 40,000 mg/I.

163 Estimated based on the array size data of the BW RO plants modelled in this study assuming a linear
variation of the array size with the daily energy requirements of the RO plant
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As shown in Figure 5-9, the percentage reduction follows a similar pattern shown in
Figure 5-2 where the highest percentage reduction in the RO plant annual energy
requirements is mainly achieved at feed water salinities from 6,000 to 8,000 mg/I in the
LSI zone as the plant uses more low salt rejection RO modules.

It is also observed that, as expected, the larger the depth to water table, the higher is the
percentage reduction in the RO annual energy requirements. This is simply because a
larger collector area increases the annual average feed water temperature going to the
RO plant. For example as observed from Figure 5-10, the large collector area required
when the RO plant is located in the Sinai Peninsula when GW is extracted from the
Nubian aquifer (200 m depth to water table) heats the water to higher temperature than a

plant located in the eastern and western deserts where the depth to water table is much

smaller.
45
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Figure 5-10: Comparison of the temperature profiles of the water exiting the PVT collectors for
PVT-RO plants treating 2,000 mg/l GW

Note: the sharp decrease in the water temperature at 10 AM is because the feed flow is diverted to the

main PVT collector area to keep the temperature from exceeding the threshold value.

It is therefore observed that while the percentage reduction in the RO plant power
consumption by heating the water to 40°C reached up to approximately 30% as
discussed in section 5.2.1 (Figure 5-2), when PVT collectors were used the maximum
percentage reduction in the RO plant annual energy requirements did not exceed 6.6%.
This is simply due to the low capacity factor of the PVT collectors, i.e. sun does not
shine at night, and that even during the day, it is impossible to keep the water

temperature at 40°C (for example see Figure 5-10).
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It should be also noted that the previous analysis was conducted for an RO plant
operating for 24 hours given that, as concluded from Chapter 4, running the RO plant
during daytime only was less economical. In the latter case, however, one may expect a
much higher percentage reduction in the annual RO plant energy requirements than
those shown in Figure 5-9 if PVT collectors were used; which is simply because the RO
plant is mostly operating at the time where the PVT collectors are heating the water.
Nevertheless, it was found that the small collector area required in this case did not
supply enough heat to the water and the percentage reduction in the annual energy

requirements of the plant did not exceed 9.5%.

Finally, if PVT collectors are used with a SW RO plant, an insignificant reduction in the
RO plant energy requirements is expected due to the need of using high salt rejection
RO modules which, as discussed in section 5.2.1, results in low energy reduction by

heating the feed water.

5.2.4 PVT driven RO plant economic analysis

Given the very modest improvement in the energy yield and reduction in the RO energy
consumption, the cost analysis is carried out for only the best case scenarios which are:
the case where the percentage increase of the annual electricity yield of the PV system
Is the highest which applies for the case when 2,000 mg/l GW is extracted from the
confined Nubian aquifer in the eastern and western deserts; the case where the reduction
in the annual energy requirements of the RO plant is the highest which applies for the
case when 6,000 mg/l GW is extracted from an unconfined aquifer with 50 m depth to
water table in the LSI zone; and the case where the net annual energy saving is the
highest which applies for the case when 2,000 mg/l GW is extracted from the confined

Nubian aquifer in the Sinai Peninsula.

As shown in Figure 5-11, even with the likely low cost of the PVT collectors used in
this study especially (section 5.1.4), the LCOW for a PVT driven RO plant was found to
be higher than that of a PV-RO plant even for the best possible cases.
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Figure 5-11: Comparison of the array size and LCOW between a PV and a PVT driven RO plant

The LCOW figures shown in Figure 5-11 do not also include the expected extra costs
associated with the expected lower lifetime of the RO modules where, as discussed in
section 5.2.1, some of them are operating outside the manufacture’s recommended

operating limits.

Moreover, as discussed in section 5.2.3.1, given that the PVT collector model used in
this study gives higher estimates of the wind thermal losses than the standard PV
modules modelled in this study, a lower increase in the annual electricity yield of the

PV system is expected by replacing the standard PV modules with PVT collectors.

The unfeasibility of replacing standard PV modules with PVT collectors to drive the RO
plant is attributed to several factors. The main factor is, as discussed in section 5.2.3.2,
given that it is impossible to keep the water temperature at 40°C the whole day due to
the low capacity factor of the PVT collectors and the variability of solar irradiance,
much lower percentage reduction in the RO plant annual energy consumption was
achieved which did not exceed 6.6% in comparison to values up to approximately 30%

if the water was continuously heated to 40°C.

Secondly, it is concluded from section 5.2.3.2 that due to the operating temperature
limitation of the RO membranes, increasing the PVT collector area to increase the

average yearly water temperature will eventually result in a lower percentage decrease
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in the RO plant annual energy consumption as a portion of the PVT collectors will be

more frequently operating at stagnant conditions.

Thirdly, this modest reduction and increase in the annual energy consumption of the RO
plant and in the annual electricity yield of the PV system, respectively, mainly reduced
the required PV cell area while had a negligible impact on the battery bank capacity
required where a maximum percentage reduction of only 3% was achieved. Now as
concluded from the sensitivity analysis carried out in Chapter 4, the PV module costs
had a much lower impact on the LCOW in comparison with those of the battery bank.
For this reason, even after assuming that replacing the PV modules with PVT collectors

will incur no additional costs, the decrease in the LCOW did not exceed 2%.

For the aforementioned reasons, it can be safely concluded that despite the energy gains
achieved, using PVT collectors instead of standard PV modules to drive an RO plant is
not economical. It can be argued, however, that higher percentage reduction might be
achieved if the PVT-RO plant is designed to operate only during day time as a higher
reduction in the battery bank size could be achieved®®. Nevertheless, as concluded in
Chapter 4, it is more economical to design the PV-RO plant to operate for 24 hours; and
even if at higher salinity the LCOW was found to be similar for both cases, it was
previously shown in section 5.2.1 that heating the water in this case is less effective in

reducing the annual energy requirements of the RO plant.

5.3 Conclusion

In this chapter, the feasibility of replacing the standard PV modules by PVT collectors
to drive a BW RO plant was investigated. It is found that a net energy saving is only
achieved using unglazed PVT collectors. Conversely, the high optical losses in glazed
collectors outweighed the annual energy reduction by heating the feed water before

going to the RO plant for all locations in Egypt and at different feed water salinities.

However, only a modest increase in the annual electricity yield by cooling the PV cells
and reduction in the RO plant annual energy requirements by heating the feed water,

ranging from approximately 3.5% to less than 7% for both, was achieved using

184 This is in contrast with the case where the RO plant is operating for 24 hours where the battery storage
is mainly required to run the plant during night time when the PVT collectors have no contribution.
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unglazed PVT collectors. It was particularly found that while up to approximately 30%
reduction in the energy requirements of the RO plant could be achieved by continuously
heating the water to 40°C, the low capacity factor of the PVVT collectors and the
variability of solar irradiance in addition to the operating temperature limitation of the

RO membranes resulted in a much lower percentage reduction that did not exceed 6.6%.

For this reason, a PVT-RO plant operating for 24 hours was found to have a higher
LCOW than that of a PV-RO plant; and even when the additional costs of using PVT
collectors were set to be zero, no more than 2% reduction in the LCOW was achieved.
Therefore, it is concluded that using PVT collectors has no economic advantage over

standard PV modules when coupled with an RO plant.

Finally, it was also concluded that even with brackish/saline or saline water, the
reduction in the RO plant power consumption by increasing the feed water temperature,
and the increase in the annual electricity yield by cooling the PV cells are also expected

to be insignificant.



6. Membrane Distillation Process
Modelling

In Chapter 2, it was shown that all studies on the feasibility of RO/MD plants were
based on the performance of laboratory scale modules which have high fluxes that
cannot be achieved with full scale modules. Accordingly, the hybrid plant analysis
carried out in this thesis will be based on a full scale MD module to guarantee more
realistic results. Moreover, it was discussed that there is no available commercial
simulation tools for the MD process and the modelling work available in the literature is

only for laboratory scale modules.

Accordingly, in this chapter a mathematical model is built to simulate the performance
of a commercial full scale spiral wound PGMD module. The results of the model will
be used in the analysis on solar driven hybrid RO/MD plants carried out in Chapter 7.

Firstly, this chapter presents the methodology used to model the PGMD module.
Secondly, the results of the model are discussed and its validity is verified through a

comparison with experimental values obtained from the literature.

6.1 MD Module Description

The PGMD module modelled in this study is a spiral wound module (Figure 6-1) where
the hot and cold feed water circulate tangentially to the membrane surface and in
counter flow direction in alternate evaporator and cooling channels (Figure 6-2). This
setting maintains a high temperature difference between both channels (Cengel, 2003)
over the length of the MD membrane which increases the pressure gradient hence the
permeate water production. The permeate water outlet is located at the top of the
module to ensure that the permeate channel is completely filled with water (Winter et
al., 2012) purging the air outside the membrane such that there will be no additional

resistance to vapour mass transfer.

The PGMD module dimensions and other characteristics are obtained from Winter et al.
(2011) and are shown in Table 6-1.
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Figure 6-1: PGMD spiral wound module manufactured by SolarSpring

Figure 6-2: A schematic plan view of the PGMD spiral wound module
Source: (Winter et al., 2011)

1] Cooling Channel Inlet 2] Cooling Channel Outlet 3] Evaporator Channel Inlet 4] Evaporator Channel

Outlet 5] Permeate Channel Outlet 6] Cooling Channel 7] Evaporator Channel 8] Impermeable Condenser

Foil 9] Permeate Channel 10] Porous Membrane

Table 6-1: Properties of the PGMD spiral wound module

Membrane Pore Radius (7;;,)
Membrane Thickness (J,,,)
Membrane Porosity (&,)
Membrane Material

Channel Height (b.p,)
Spiral Coil Diameter

0.1um
70 um
80%
PTFE
0.7m
0.28 m

165 (D Winter 2013, pers. Comm., 23 Jan.)

Channel Length (L.p)

Evaporator/Cooling Channel Thickness (6Ch)
Membrane Area (A)

Permeate Channel Thickness'® (5,,)

Condenser Foil Thickness' (&)
Condenser Foil Material

7m
3.2mm
9.8 m*
0.5mm
127 um
ETFE
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6.2 Methodology

The PGMD spiral wound module is modelled through dividing the membrane into
differential elements (DE’s) on which mass and heat transfer equations are applied. The
overall heat transfer and water permeate flow rate is then obtained through integration
over the length of the membrane. Therefore, a mathematical representation of the

module geometry is firstly required.

6.2.1 PGMD module mathematical representation
As shown in Figure 6-2, the membrane unit, which includes the condenser foil, the
porous membrane and the permeate channel in between, is in a loop shape wrapped
around the cooling and evaporator channels inlet and exit tubes and laid out in a spiral
pattern throughout the module. Given that the thickness of the evaporator and cooling
channels is constant throughout the membrane due to the presence of spacers, both
channels could be represented by two Archimedean spirals along their axes. Such
spirals have a constant rate of change of the radius of the spiral with the angle (dr/d¢)
which is calculated using equation (6-1).

dr_ s (6)

dp 2m
where Sp is the spacing between two consecutive membrane unit layers in the same

spiral

By determining the radius (7) from equation (6-2) obtained from Weisstein (2013), the

spiral could be then graphically represented as shown in Figure 6-3.

dr 6-2
T'=T'0+E¢) (6-2)

where 1y is the initial radius of the spiral and determines the distance from the origin of
the spiral (i.e. the point at which » = 0), which is taken to be the centre point of the

module, to its actual starting point, i.e. the point at which ¢ is taken to be zero.

The starting point of the spirals representing the evaporator and the cooling channels is
the point at which the hot water leaves the evaporator channel inlet tube and enters the

hot channel, and the point at which the cooling water enters cooling channel tube and



177

exits the channel respectively. However, given that the modules are not at hand, the
initial radius could not be directly determined. Accordingly, the starting points of the
spirals representing the evaporator and the cooling channels are initially taken to be the
centre of their corresponding tubes where in this case the initial radius is simply the
radius of the tube (Figure 6-3).

<& Actual starting point

% |nitial starting
point

@ Inactive membrane
area

~
See Figure 6-54 .~ -5

Yl.dz

N.,: Number of Membrane Turns

Cooling Channel Axis Evaporator Channel Axis

Condenser Foil ~ ------ Microporous Membrane

Figure 6-3: Approximated shape of the modelled PGMD spiral wound module

The actual starting points of the evaporator and the cooling channels, assumed to be
located at the start of the fourth and second quadrant of their corresponding inlet and
outlet tubes respectively, are therefore shifted by 45° from the start of the spiral and the
horizontal axis of the module. Therefore, to set the actual starting point of the channel to

be the new starting point of the spiral, the initial radius should be equal to:

= dr 6-3
10,,= 0.5 (6ch + 6 + 8y + 8,) + e (6-3)

where the second part of equation (6-3) accounts for the extra length due to the 45°

offset.
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As the module channel length is known, i.e. 7 m, using the arc length equation (6-4),
obtained from Weisstein (2013), the number of spiral turns (N), hence the number of

layers'®, of the evaporator and cooling channels could be calculated.

o [T+ o) a0 o0

where the spacing between two consecutive spirals in the same channel (Sp.; ), needed

to calculate the rate of change of the radius of the spiral with the angle, is equal to:

Spch = 2 (Sch + SCf + Sm + 8p) (6-5)

The number of turns is then found to be 16.534 and for simplicity is approximated to be
16.5. It should be noted, however, that Winter al. (2011) did not specify which channel,
i.e. the evaporator or the cooling channel, has 7 m length. Accordingly, in this model
this length is associated with the cooling channel because the schematic diagram in
Figure 6-2 shows that the cooling channel ends somewhere in the third quadrant of the
module plan view area which can only occur if its length is 7 m; otherwise, if the
reported length is associated with the evaporator channel, the cooling channel end will
be offset by 180°, i.e. in the first quadrant.

Taking the start of the evaporator channel as the reference point (i.e. ¢ = 0), the
starting point of the cooling channel is therefore lagging that of the evaporator channel
by a half turn, i.e. 180°. Accordingly the number of turns of the latter is only 16 such
that both channels end at the same point. Accordingly, the length of the evaporator

channel is about 43 cm shorter (=6.56 m) than the cooling channel.

As the number of turns of the cooling and evaporator channels is known, the number of
the membrane unit turns and their lengths could be determined. To represent the
membrane unit by an Archimedean spiral, the membrane unit loop is broken into two
separate units after ignoring the membrane sections covering the outlet and inlet tubes
of the cooling and the evaporator channels respectively. This assumption should not
affect the results because the membrane section covering the outlet tube of the cooling
channel is likely to have a small contribution to the permeate production as it has no
access to the cooling channel and that covering the inlet tube of the evaporator channel

186 The terms layers and turn will be used interchangeably in this chapter
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does not contribute to the permeate production as it has no access to the evaporator

channel.

In this case, the starting point of each membrane unit lies on the same axis at which the
starting points of the channels are located (Figure 6-3). Accordingly, the number of
turns of the membrane unit overlying the evaporator channel is the same as that of the
evaporator channel, i.e. 16. However, for the membrane unit overlying the cooling
channel, the number of turns is 1 turn less than that of the cooling channel, i.e. 15.5'%,
because there is no membrane unit layer overlying the outer layer of the latter (Figure

6-2).

After determining the number of turns of the membrane unit, the length of each
membrane unit DE with an inscribed angle d¢ could be determined. It should be noted
that the lengths of the membrane and the condenser foil, as well as the distillate channel,
are assumed to be equal given that their thicknesses are very small (Table 6-1). The
length of the DE varies according to its position with the respect to the starting point of

the spiral and is calculated as follows:

dz (ny, Ny, )= [ J (;%)2 + (5—;¢ + rom)z dp (6

a=(Ny;—Dr+ (n-1) dop
where ¢ is the angle with respect to the starting point of the evaporator channel (Figure

6-3), Npi is the number of the membrane turn and ranges from 1 to 31 for the lower half
of the module (i.e. ¢=0to 180°) and 1 to 32 for the upper half (i.e. ¢= 180 to 360°)'®®

where the latter is the maximum number of turns in the module (N, ;mqy ), and n; is the

number of the DE’s in one turn and it ranges from 1 to n,,,, , where n,,,, is the total

number of DE’s in one turn and determines the accuracy of the model such that:

360°
do = (6-7)

max

187 15.5 turns means that there are 15 layers in the bottom half of the membrane (¢=0 to 180°) and 16 in
the upper half.

1%8 The membrane sections overlying the evaporator and the cooling channels respectively have 16 and
15.5 turns therefore in the module lower half there is a total of 16+15 layers while at the upper half there
is 16+16 layers
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6.2.2

Mass transfer

There are several models discussed in the literature that describe the mass transfer in an
MD process (Lawson, 1995). The Dusty Gas Model (DGM) is the main model used in
MD modelling studies (El-Bourawi et al., 2006) and it generally describes diffusion of

molecules through a porous media. In the DGM, the porous medium is imagined to

behave similarly to stationary uniformly distributed large particles, i.e. dust, that block

the moving gas particles. Both particles are then treated as one mixture and the mass

transfer equations are derived using the kinetic theory of gases (Schofield et al., 1990a,

Lawson, 1995). The DGM model includes the following transport mechanisms (Lawson
and Lloyd, 1997, Martinez et al., 2002, Khayet and Matsuura, 2011d):

1-

Knudsen diffusion flow where the mass transfer across the membrane is limited
by the direct transfer of momentum of the water vapour*®® molecules to the
membrane pore wall as they collide with it.

Ordinary molecular diffusion flow where the mass transfer across the membrane
is limited by the transfer of momentum of the water vapour molecules to that of
the air trapped inside the pores as they collide with each other.

The viscous or Poiseuille convective flow where the mass transfer across the
membrane is limited by the indirect transfer of momentum to the pore wall as
the water vapour molecules collide with each other before eventually colliding
with the membrane pore wall.

The surface diffusion flow where water vapour molecules adsorb on the

membrane walls then diffuse under a pressure gradient.

In the DGM model the aforementioned mass transfer resistances are arranged as

shown in Figure 6-4.

189 Gas in general but water vapour is used because the main focus of this study is water desalination
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Figure 6-4: Electrical analogy of mass transfer resistances in the DGM model

According to Lawson and Lloyd (1997), the Knudsen and the ordinary molecular
diffusion resistances to mass transfer have to be considered for membranes with pore
sizes less than 0.5 um as the effect of both resistances become equally important.

Moreover, calculating the mean free path*"”

of water vapour in air for the expected
module operating temperatures, using equation (6-8) obtained from Curcio and Drioli
(2005), shows that the membrane pore size (0.2 um) falls within the transition region

window, i.e. 0.1 to 100 times*"*

the mean free path of the water vapour, at which the
combined Knudsen-molecular diffusion mechanism should be considered (Khayet and

Matsuura, 2011d).

Kg Tm (6-8)

y
@ty [1e ()

where kg is the Boltzmann constant, ,, and g, are the collision diameter of water

vapour and air molecules respectively (2.7 and 3.7 A° respectively), T, is the

membrane mean temperature, P is the total pressure, and M,, and M, are the molar

masses of water and air respectively'’?.

170 Approximately 0.1 to 0.12 pm

71 The transition region between a dominant Knudsen diffusion and a dominant molecular diffusion mass
transfer

172 1t should be noted that there are discrepancies in the literature in calculating the mean free path. Some
studies such as (Fernandez-Pineda et al., 2002, Khayet and Matsuura, 2011d) used the total pressure, i.e.
the atmospheric pressure, to calculate the mean free path and then compared it with the membrane pore
size to determine the suitable mass transfer mechanism in the membrane. Other studies such as (Schofield
et al., 1987, Lawson and Lloyd, 1997) estimated the mean free path using the water vapour saturation
pressure ignoring the presence of air in the pores which increases the mean free path to be larger than the
membrane pore size hence the Poiseuille flow contribution is ignored. All the above mentioned studies
also calculated the mean free path for a single component, i.e. water, neglecting the effect of air
molecules.
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The viscous flow is generally negligible in DCMD, which is also applies for PGMD, as
the water at the membrane surface in the evaporator and the permeate sides is under a
constant total pressure approximately equal to the atmospheric pressure due to the
presence of air inside the pores, and therefore there is no trans-membrane hydrostatic
pressure difference to initiate the viscous flow (Lagana et al., 2000, Khayet et al., 2001,
Yun et al., 2006, Qtaishat et al., 2008).

The surface diffusion flow is generally insignificant in an MD process as the
hydrophobic nature of the membrane limit any interaction between the vapour

molecules and the membrane (Schofield et al., 1990a, Lawson and Lloyd, 1997).

For the aforementioned reasons, it has been concluded that the mass transfer in the
PGMD module analysed in this study could be represented by a combined Knudsen-
molecular diffusion mechanism. Accordingly the membrane flux could be estimated
using the following equation obtained from Lawson and Lloyd (1997) which is based on
the DGM model :

]w = KM Vp_l (6-9)
where K, is the mass transfer coefficient:

-1

6-10
M,| 1 Pa (6-10)

_|_
RT «. [BRT K1 PDy/q
0\ m M,

Where K, and K; are constants that depend on the membrane geometry and its

KM:_

interaction with vapour molecules and could be related to the membrane structural
parameters by assuming that its pores are not interconnected and have cylindrical shape

as follows (Lawson and Lloyd, 1997):

K, :Zrm Em
3x
Kl = m/X

Accordingly equation (6-9) and (6-10) become:
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Equation (6-11) was integrated’’® by Lawson and Lloyd (1996) such that:

2¢,1, [8RT, N EmPDy /4
)i €m PDw/aMw 1 Pap 3x M, X (6-12)
= — n
v X0, RT,, 2, |8 RT, + EmPDy /a
lpa,e 3x M, X J

The diffusion coefficient of water vapour in air (D,, /) is estimated using the following

correlation obtained from Nellis and Klein (2009):

D=-2775%x10"%+ 4479 x 1078 T+ 1.656 x 107107 2 (6:13)

It should be noted that because the temperature within the membrane pores is not
constant (see section 6.2.3.2), for simplicity all the water and air properties within the
membrane are calculated using the arithmetic mean of the membrane surface

temperatures such that:

T = 0.5 (Tpe +Tpp) 14

where T,,, . and T,, ,, are membrane surface temperatures at the evaporator and the

permeate channel sides respectively.

The partial pressure of air (p,) on each side of the membrane is calculated by deducting
the total pressure at the membrane surface from the water vapour partial pressure on the
corresponding side, based on Dalton’s law of partial pressure (Winter et al., 2012,
Martinez et al., 2002). The total pressure (P) is assumed to be constant and almost equal
to the atmospheric pressure (Kimura et al., 1987, Martinez et al., 2002, Qtaishat et al.,
2008).

po =P—p, €19

173 Equation (6-11) could be also used without integration by replacing Vp by its finite value Ap,, /
S, assuming a linear distribution of pressure across the membrane with a negligible effect on the results
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P=1 atm

The correlations used to calculate the water vapour pressure and other water properties

at different water temperatures and salinity are shown in Appendix H.

The membrane tortuosity (y) in equation (6-12), a factor that accounts for the fact that
the membrane pore is not a straight cylinder but has a tortuous nature which increases
the path through which the vapour molecules need to go through within the membrane
(Burgoyne and Vahdati, 2000),is not known and is usually not reported by the
manufacturers (Khayet et al., 2001). In this model, the membrane tortuosity is used as
an adjustable parameter to obtain the best fit to the experimental data shown in Winter
et al. (2011), which is a common practice in MD modelling studies (EI-Bourawi et al.,
2006, Khayet and Matsuura, 2011d).

It should be noted that the effect of CP on the vapour pressure, hence the flux, is
ignored in this model. Concentration polarization is the accumulation of salts at the
membrane surface as the water vapour molecules leave the feed solution and cross the
membrane resulting in a higher water salinity than that of the bulk solution (Martinez-
Diez and Vazquez-Gonzélez, 1999, Curcio and Drioli, 2005). The high water salinity
reduces the water vapour pressure and therefore the flux. However, the effect of CP is
insignificant on mass transfer (Schofield et al., 1990b, Martinez-Diez and Vazquez-
Gonzalez, 1999, Curcio and Drioli, 2005). Martinez-Diez and Vazquez-Gonzalez
(1999) in particular showed that the concentration of sodium chloride in water at the
membrane surface when the bulk feed water concentration was up to approximately 100
g/l was found to be not more than 4% of that of the bulk solution and therefore has a

negligible effect on water vapour pressure.

6.2.3 Heat transfer

6.2.3.1 Heat transfer in the evaporator channel

As the hot feed water flows in the evaporator channel, heat is transferred by convection
from the bulk water to the membrane surface across the thermal boundary layer
(Lawson and Lloyd, 1997, Ding et al., 2003). Boundary layer heat transfer resistance is
a main limitation to mass transfer in the MD process as it causes the temperature at the
membrane surface to be less than that of the bulk water in the evaporator channel (and
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higher than the bulk water temperature in the cooling channel), a phenomenon referred
to as temperature polarization. In this case, the lower trans-membrane temperature
difference results in a lower vapour pressure gradient reducing the driving force for
mass transfer hence the flux. (Fane et al., 1987, Schofield et al., 1987, Martinez-Diez

and Vazquez-Gonzalez, 1999)

Additional heat is also transferred to the membrane surface by the mass transfer of
water molecules (Banat and Simandl, 1998). While the heat transfer by mass transfer is
usually ignored in most MD modelling studies in the literature, for more accuracy it is
considered in this study as its effect could be significant at high temperatures

(Phattaranawik and Jiraratananon, 2001).

Qe = Goconv oy = he(Toe = Te ) + JwCoLe(Tye =T ) €19
Where g, is the overall heat transfer rate from the bulk water in the evaporator channel
to the membrane surface, q; .on, is the convective heat transfer rate, g ; is the heat
transfer rate by mass transfer, T}, ., h, and Cp, . are the bulk water temperature, the

convective heat transfer coefficient and the specific heat capacity of water in liquid

phase of the evaporator channel respectively.

The convective heat transfer coefficient is estimated through semi-empirical equations

which are discussed in section 6.2.6.

6.2.3.2 Heat transfer within the membrane

Within the membrane, heat transfer occurs simultaneously with mass transfer as a result
of the latent heat stored in the diffusing water vapour. Heat is also transferred by
conduction through the membrane material and the air trapped within the pores (Fane et
al., 1987, Schofield et al., 1987, Ding et al., 2003) such that:

Gn = qp + Qeona €17
o, dn,
Qconda = — mﬁ (6-18)

qv = ]W (Hv{Tm,x} - Hl{Tm,p }) (6-19)

where g;,, is the overall heat transfer rate through the membrane, g, is the heat transfer

rate by the vapour mass transfer, q.,,4 IS the conductive heat transfer rate, k,, is the
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overall membrane thermal conductivity, H,{T;, . } is the water vapour specific enthalpy
at a point within the membrane located at x distance from the evaporator side of the

membrane surface, and Hl{Tm,p } is the liquid water specific enthalpy at the permeate

side of the membrane surface.

Taking the reference temperature to be that of the permeate side of the membrane

surface, the vapour specific enthalpy at a point x within the membrane is equal to:

Tm X

Hy{Tpx} = H{Ty p } + f Cp, dT  (6-20)
T

mp

At the expected temperature differences between the membrane surfaces, the value of
the vapour specific heat capacity (Cp,) could be assumed constant and therefore

equation (6-20) becomes:

Hy{Tp 2} = Ho{To p } + COp (T = Ty ) €2
It should be noted that while some studies, such as (Gryta and Tomaszewska, 1998,
Phattaranawik et al., 2003, Qtaishat et al., 2008), only include the vapour specific
enthalpy in estimating the heat transfer by mass transfer within the membrane, it is more
accurate to deduct the sensible heat content of the permeate water in equation
(6-19).This is because the specific enthalpy values'’ in the saturated water properties
tables in the literature (Cengel and Cimbala, 2006) at different temperatures are with
respect to a reference temperature of 0°C, while the heat at the evaporator side of the
membrane surface is transferred to the permeate side whose temperature is larger than
0°C.

By substituting equation (6-21) in equation (6-19), the heat transfer by mass transfer
through the membrane is equal to:

@ = Ju (BHu{Top ) + CPy (T = Ty ) ©7

where 4H,, is the latent heat of vaporization of water

1% The liquid water enthalpy in particular is referenced to 0°C based on which the vapour enthalpy values
are estimated
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From equation (6-22), it can be observed that the heat transferred by mass transfer (q;)
is simply the summation of the latent heat of vaporization and the sensible heat

transfer'’
etal., 1987, Kurokawa et al., 1990, Banat and Simandl, 1998, Chang et al., 2010).

Nevertheless, the steps leading to equation (6-22) were discussed to avoid any

through the vapour which is directly stated in some studies such as (Kimura

ambiguity especially that the aforementioned studies do not specify the temperature at
which the latent heat is estimated. Conversely, following the aforementioned steps it is
clear that the latent heat should be estimated at the temperature of the permeate side of

the membrane surface.

Following the same procedure by Gryta and Tomaszewska (1998), the value of g;, is

estimated by substituting equation (6-22) and (6-18) in equation (6-17) such that:

Tmp aT m 1
J = j —dx (6-23)
T e (]WAHW{Tm,p} +]prv(Tm,x - Tm,p) - q%n) 0 km

m

After integrating'’® equation (6-23), the heat transfer across the membrane is calculated

as follows:

_ Jw va(Tm,e —Ty P ) (6-24)

qm = “TwCrodm +]WAHw{Tm,p}

1—e km

The overall thermal conductivity of the membrane k,, includes the conductivity of the
membrane material and that of the air trapped inside the pores*’’. Different models are

available in the literature to determine the combined effect of both conductivities:
a- Isostrain Model (Series Model)

ky = (1—¢g,)k, + ek, (25

175 The sensible heat transfer may be ignored as it is much smaller than the latent heat of vaporization and
this could be the reason that many MD modelling studies, such as Fane et al. (1987), Schofield et al.
(1990b), Lawson and Lloyd (1997), Martinez-Diez and VVazquez-Gonzalez (1999), EI-Bourawi et al.
(2006), Yun et al. (2006), and Cheng et al. (2008), do not include the sensible heat transfer.

176 1t should be noted that because the temperature distribution is usually nearly linear within the
membrane (Phattaranawik et al., 2003) integrating equation (6-23) may not be necessary

Y7 \While the membrane pores contain a mixture of air and water vapour, the thermal conductivity of air
was used as it is similar to that of water and therefore the mixture could be treated as one component
(Phattaranawik et al., 2003)
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b- Isostress Model (Parallel Model)

. g, 1—g,\ 1 (626
m_(EJr k, )

c- Maxwell Model

(142 —¢,)) 620
k’""‘“(l—(l—em)B)

(ks - ka)

B = (k, + 2k,)

where Kk, is the thermal conductivity of the membrane material, i.e. PTFE, and is
approximately 0.28 W/m2.K based on the values reported in Phattaranawik et al. (2003),
k, is the thermal conductivity of air and is estimated using the following correlation
obtained from Lawson and Lloyd (1997):

ko =27210"% +7.7710> T, (628

The Isostrain model is used in most MD modelling studies in the literature, such as Fane
et al. (1987), Schofield et al. (1987), Lawson and Lloyd (1997), and Martinez-Diez and
Vazquez-Gonzalez (1999). Nevertheless, this commonly used model has been reported
in several studies, such as Phattaranwik et al. (2003), Guijt et al. (2005) and Garcia-
Payo and lzquierdo-Gil (2004), to overestimate the overall membrane thermal
conductivity. This overestimation of the conduction heat losses will significantly affect
the results especially at higher temperatures as it makes the flux less sensitive to the
membrane surface temperatures. Conversely, the Isostress model is rarely used in MD
modelling studies and is only mentioned in Phattaranawik et al. (2003) as the study
examined the validity of different models to estimate the overall thermal conductivity of
several MD membranes. The Isostress model also tends to underestimate the thermal
conductivity values (Garcia-Payo and Izquierdo-Gil, 2004). Finally, the Maxwell model
is also rarely used in MD modelling studies but is recommended by Garcia-Payo and
Izquierdo-Gil (2004) to estimate the thermal conductivities of membranes with

porosities higher than 60%.
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Accordingly, given that membrane used in the PGMD module has a high porosity of
80%, the Maxwell model shall be used. Nevertheless, the validity of the commonly

applied Isostrain model will be also tested.

6.2.3.3 Heat transfer in the permeate channel

The water vapour crossing the membrane pores condenses in the permeate channel after
losing its heat to the cooling channel. As the permeate water flows inside the channel
towards the channel outlet at the top of the module, convective heat transfer between the
membrane surface and the condenser foil is expected to occur. In this case the rate of

heat transfer across the permeate channel is:

q = hy (Tm,p ~lef ) €2
where T, is the condenser foil temperature and h,, is the convective heat transfer of

the permeate channel.

It could be argued, however, that because the flow rate within the permeate channel is
expected to be very small, the heat transfer could be assumed to occur only by
conduction (i.e. assuming a Nusselt number of 1). In this case, the rate of heat transfer
across the permeate channel can be estimated as follows:

k
G = i(Tm,p -Ty)  (630)

where k,, is the thermal conductivity of the permeate channel which is calculated using
equation (6-27), after replacing the thermal conductivity of air (k,) by that of water

(k.,), to account for both the thermal conductivity of water and the spacer material.

6.2.3.4 Heat transfer from the permeate channel to the cooling channel
Finally, heat is transferred from the permeate channel to the cooling channel by
conduction through the condenser foil then through the thermal boundary layer of the

cooling channel by convection.

Ocf

-1
1
Qerre = (h_c + E) (Tep — T ) (6-31)
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where g, . is rate of heat transfer from the permeate channel to the cooling channel, h,
is the convective heat transfer of the cooling channel and k. is thermal conductivity of

the condenser foil.

6.2.4 Mass and energy balance equations
At steady state, the heat transfer rates across the evaporator channel, the membrane, the

permeate channel, the condenser foil and the cooling channel are all equal:

Q= qn=9=q;p-c =q 3

Substituting each heat transfer rate in equation (6-32) by its corresponding equation, i.e.
equations (6-16), (6-24), (6-29)/(6-30), and (6-31) respectively, the system of non-linear
equations, including the mass transfer equation, i.e. equation (6-12), is solved
numerically using MATLAB® for each DE (Figure 6-5).

N, m,i+1
Ty C‘i\‘l‘ dTb C, Tb,e ‘f“\\_d Tb,e Tb,c + d{b,c N
\ ) \
me' m, + dm, m; /;
/ Se A dS,
/ ({f
Cooling Permeate Evaporator Permeate Cobling
hY AN
Channel Channel Channel Chanuel

Channel

[ &, —>l¢ 5, de— 5, —»
g8 PITE E Condenser Foil

Figure 6-5: Heat and mass transfer through a differential element of the MD membrane unit
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Accordingly, the flux (J,,), the heat transfer rate (q-), the membrane surfaces and
condenser foil temperatures Ty, . , Ty, ,, and T, are calculated for each DE. Accordingly,
the bulk water temperatures in the evaporator and the cooling channels in addition to the
mass flow rate and the water salinity in the former associated with the next DE could be
determined through mass and energy balance equations.

In the evaporator channel, the change in the mass flow rate (m;) along the length of a

DE (dz) is equal to the amount of water vapour crossing the membrane such that:
dm, = —J, b,,dz (6-33)

Assuming 100% salt rejection, the salt mass is constant, i.e. dm,S, = 0, the change in
the water salinity in the evaporator channel along the length of a DE, hence the water
salinity (S,) of the evaporator channel partition associated with the next DE, is

calculated as follows:

JuS.bepdz  (6:34)
m, — ]wbch dz

ds, =

The change in the bulk water temperature in the evaporator channel is estimated through
energy balance equations such that the change in the feed water heat content is equal to

the amount of heat transfer rate from the channel to the membrane surface:

dm,H, = (m, + dm,)H {Ty, + dT, .} — m,H{Ty.} = —qbpdz (639

For the cooling channel, the water salinity (S,) and the mass flow rate (m;) are
constant. The water specific heat capacity could be assumed to be constant at the small
temperature difference expected between the channel partitions associated with two
consecutive DE’s and therefore the change in the bulk water temperature is directly
calculated as follows:

q'b.pdz (6-36)
dT = =
b, m_.Cp,

6.2.5 Effect of spacer on convective heat transfer coefficients

In the analysed PGMD module, spacers are used in each channel to separate the

membrane layers providing a space for water to flow. The spacers, particularly in the
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evaporator and the cooling channels, also help to increase the turbulence of the water
flow as well as increasing the water flow rate which increases the convective heat
transfer rate in both channels hence decreasing the temperature polarization and
increasing the water flux (Da Costa et al., 1994, Cipollina et al., 2009).

The presence of a spacer in the channel mainly affects its effective cross sectional area

and hydraulic diameter. To calculate the effective cross sectional area of the channel

(CSAchefr ), the equations from Schock and Miquel, (1987) are used:

_ Void Volume _ (6-37)
CSACh'eff " Membra ne Lengt h o 6Ch bChESp
_ VoidVolume Vsp (6-38)
®sp = Channel Volume Ven

where &g, is the spacer porosity, Vs, is the volume of the spacer and V., is the volume of

the channel where the spacer is present.

The hydraulic diameter is usually determined by dividing four times the cross sectional
area by the wetted perimeter of the channel (Cengel and Cimbala, 2006). However,
according to Schock and Miquel (1987), because channels containing spacers have
periodically variable cross section areas, the hydraulic diameter is estimated by the

more general form:

d. — 4 volume of flow channel _ 4(Vcp—Vsp) (6-39)
h = Wetted Surface Swep+Swgy)

where the volume V,;, and the wetted surface Sw,,, of the channel are calculated as
follows:
Vch = 6chbcthh (6-40)

SWCh = 2(6ch + bch)Lch (6-41)

Substituting equation (6-38), (6-40) and (6-41) in (6-39), the hydraulic diameter is
calculated as follows:

4¢

dh =
2(8cp + bep)
thbch ot (1 - SS”)

Sp

< (6-42)

Wep
Vap
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To estimate the volume (V;,,) and the wetted surface (Swy, ) of the spacer, the
calculation method used by Da Costa et al. (1994) is adopted. Da Costa et al. (1994)
calculated the Vg, and Swy, of a unit cell of the spacer consisting of one mesh with half

size filaments, as each filament is shared between two unit cells, (Figure 6-6) such that:

T 2 2 (6-43)
Vsp,uc = Z (Lms dfl + Lml dfs )

SWepue = T(ds Lt + dp1Lins (6-44)
Verue = OchAmsh = Och Lims Ly sin(0)  (6-45)

Equations (6-43) and (6-44) are simply obtained by adding the volume and the wetted
surface of each half filament of the unit cell respectively. However, the previous
equations neglect the areas where both filaments are soldered together in the unit cell
(Figure 6-6).

da [+eeenneee-

<al» Unit cell .

@@ Unit cell areas where .,
filaments are soldered

Figure 6-6: Schematic showing a sample of the spacer of the PGMD module and its unit cell

By investigating the effect of neglecting this area, it was found that the porosity and the

178

hydraulic diameter of the spacer used in this study™"" were underestimated by

178 It should be noted that while the author did not have access to the module, a sample of the spacer used
in the module was obtained from the Fraunhofer institute.
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approximately 18% and 36.5% respectively. This is because the parts where both
filaments are soldered are relatively large in the spacer used in the PGMD module

compared to the length of each filament.

Taking into account the extra volume and wetted surface by the areas where the
filaments are soldered together, the volume and the wetted surface of the spacer unit cell

can be estimated as follows:

VS"'“C% ((Lms + (9)) dfl ( m + (9)) ds ) (6-46)

(6-47)

Varue= 8ot (Lms + ,d’;; )) (Lt +- (9)) sin(6)

de 6-48
Sspuc=T (dfs mi F dfiLms +2(0.75) ﬂ(ef)) o

The 0.75 value in the third term in equation (6-48) is used as roughly 75% of the surface

where both filaments are soldered together is in contact with the water.

Substituting the values from equations (6-46), (6-47) and (6-48) into equations (6-37),
(6-38) and (6-39), the porosity of spacer, the effective area of the channel and its
hydraulic diameter could be estimated.

Finally, for the permeate channel spacer the equations by Da Costa et al. (1994), i.e.
equations (6-43), (6-44) and (6-45), are used instead of the modified ones, i.e. equations
(6-46), (6-47) and (6-48). This is because little data is available on the spacer’s
dimensions and it is likely that the area where both filaments are soldered to be very
small because the spacer has small filament diameters given that the permeate channel’s
thickness is only 0.5 mm. The porosity of the spacer is in the range of 70% (D Winter,
2013, pers. Comm., 29 JUL.), and it is assumed that both filaments have the same
diameter size and equal to half of the thickness of the spacer. Accordingly the mesh
size, the hydraulic diameter, and the effective cross section area are determined

assuming that the spacer has a rhombus mesh with a hydrodynamic angle of 45°.

6.2.6 Convective heat transfer coefficients

Due to the complexity of the convective heat transfer mechanism, the heat transfer

coefficients are usually estimated using semi-empirical correlations based on
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experimental work (Cengel and Cimbala, 2006). For this reason, existing semi empirical
correlations that are originally developed for heat exchangers, which can be mostly
found in Gryta et al. (1997) Phattaranawik et al. (2003) and Curcio and Drioli (2005),
are used to estimate the convective heat transfer in the channels in almost all of the
reviewed MD modelling studies (Kimura et al., 1987, Gostoli and Sarti, 1989, Gryta et
al., 1997, Banat and Simandl, 1998, Gryta and Tomaszewska, 1998, Martinez-Diez and
Vazquez-Gonzalez, 1999, Martinez-Diez and Florido-Diaz, 2001, Ding et al., 2003,
Yun et al., 2006, Qtaishat et al., 2008). Nevertheless, very few correlations are
developed for spacer filled channels and only the following correlations were found in

the literature:

2dp )0'5 Ky (6-49)

h = Ksp 0.664 Re®S Pro33 ( o
h

Linsh

df 0 0.086
Ksp = 1.654-— - 0.039 275 (sin (E))

ch P
h= 0664 Re®5 pr0332dn kw  (6-50)
. Lnsh dn

h = 0.065 Re®875 py0-25 Kw (6-51)
dp

where Re is the Reynolds number, Pr is the Prandlt number, L, is the mesh size'”®,

and K, is the thermal conductivity of water.

The first two correlations were developed by Da Costa (1993) cited in (Da Costa et al.,
1994) based on experiments on mass transfer in UF membranes, but the same
correlations could be used for heat transfer under the assumed analogy between heat and
mass transfer (Phattaranawik et al., 2003). The first correlation is used for spacers that
induce directional flow change while the second correlation is used for spacers that do
not induce change in flow direction i.e. the water flow is parallel to one set of filament
in the spacer mesh. The third correlation is developed by Schock and Miquel (1987) and

is independent of the type of spacer.

179 The correlation is designed for spacers with meshes with filament length while the spacer used in the
evaporator and the cooling channel of the module analysed in this study has filaments with different sizes,
therefore the average mesh filament length was used instead.



196

6.2.7 Modelling technique for a spiral wound module

The modelling of the PGMD module is carried out in two steps each with its own
model. The aim of the first step, i.e. model “A”, is to determine the proper convective
heat transfer coefficient correlation, membrane overall thermal conductivity model, and
membrane tortuosity values that give the best fit, i.e. lowest sum of the root mean
square error (XRMSE), to the experimental values of permeate flow rates and satisfy the

entrance conditions in terms of the cooling channel inlet temperature (T ;,,).

After determining the proper heat transfer coefficient correlation, membrane overall
thermal conductivity model, and membrane tortuosity values, the second model step,
i.e. model “B”, will be used to estimate the expected deviation from the experimental
values as well as calculating the module exit temperatures, permeate flow rates and
SHC at different inputs other than those in Winter et. al (2011). The results of Model B
are then used to build correlations that can be directly used to estimate the
aforementioned parameters without the need to re-run the code to save in computing
time. A flowchart of the model corresponding to each step is shown in Appendix | and
J.

Given the multi-layer arrangement of the module, an iterative solution is required to
consider the interactions between the different layers in terms of heat transfer. The
previously discussed heat and mass transfer equations are first applied to the inner most
membrane layer associated with the evaporator channel, i.e. ¢ = 0 to 180° and Ny, =1,
(Figure 6-7) by initially ignoring the interactions with the outer layers and starting with
the first DE (¢ = 0 to d¢, N, = 1)** whose associated evaporator channel partition
bulk water temperature is known. However, as the bulk water temperature of the
cooling channel associated with the first DE is unknown, for simplicity it is assumed to
be always equal to the exit temperature of the cooling channel (T, ,) (Figure 6-7) given
that the length of membrane along this half turn is small (i.e. 2.18 cm) and therefore the
bulk water temperature change along this length is expected to be insignificant.

Now the cooling channel exit temperatures were not measured in Winter et. al (2011),
however they can be directly calculated using the flux and SHC data reported in the

180 |1n the MATLARB code each DE is specified based on its number n; instead of the angle ¢
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same study*®*

and are then used as inputs for model A. As for model B, the cooling
channel exit temperature is initially assumed and is then varied until the cooling channel

entrance conditions are satisfied.

Using the mass and heat balance equations discussed in section 6.2.4, the mass flow
rate, bulk water salinity and temperatures of the evaporator and cooling channel
partitions associated with the next DE can be calculated. After performing the
calculations on the last DE of the inner most membrane layer associated with the
evaporator channel (¢ = 180° — d¢ to 180°, Nm = 1) the data of the evaporator
channel associated with the next DE (¢ = 180° to 180°+ d¢p, N, =1) are known and
therefore the calculations could be performed on the inner most membrane layer
associated with the cooling channel (N, =1, ¢ = 180° to 360°).

After reaching the second turn, i.e. Ny, =2, the interaction between the evaporator
channel and the cooling channel partitions associated with the first DE of the second
and first turn respectively (¢ = 0to d¢p, Nm = 2,and ¢ = 0 to d¢p, Nm = 1,) will
vary the parameters of the cooling channel associated with the second DE of the first
turn (Nm =1, ¢ = d¢ to 2 d¢) and therefore the parameters of all evaporator and
cooling channel partitions associated with the subsequent DE’s in the first turn (N, =1,
¢ > d¢ to 360°) need to be recalculated in an iterative process until no changes occur
in the parameters of each partition. This process is repeated such that each time the
parameters of a channel partition associated with a certain DE with Np,=i where i>1 and
¢ = j change, all the data of the channel partitions associated with the DE’s Ny,=i-1 and
¢ > j need to be recalculated to account for the interactions between the different

layers.

To account for the heat transferred from the evaporator channel layers to both the
underlying and overlying cooling channel layers the following procedure is carried out.
If the mass and heat transfer between the current DE of the evaporator channel and its
underlying cooling channel were previously calculated, the mass and heat transferred
due the interaction of the current DE of the evaporator channel and its overlying cooling
channel is then deducted from the enthalpy and the mass flow rate of the following DE.

181 For more details on the calculations see Appendix K
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Figure 6-7: Schematic showing the first two turns of the PGMD module membrane unit

This is instead of deducting the enthalpy and the mass flow rate of the current DE as its
bulk water properties already include the flux and heat transferred due to the interaction
the current DE of the evaporator channel and its underlying cooling channel. This is
therefore equivalent to deducting the mass and heat transferred from the interaction of
the current DE of the evaporator channel and both its underlying and overlying cooling

channel at the same time but greatly simplifies the model.

Finally, the module permeate water mass flow rate production (m, ,,5) and the average
temperature of the channel are needed to calculate the convective heat transfer
coefficient in the permeate channel. However, because both parameters are initially
unknown, an additional iteration loop is used such as their values are initially assumed
then are constantly updated after each iteration until the change in their values becomes
negligible. 1t should be noted that because the water completely fills the channel and is
moving in a vertical direction against gravity, the water velocity (v, ), needed to

calculate the Reynolds number, is assumed to be constant along the channel and is

calculated as follows:
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M) M Mo (6-52)
Vp,MD Mod = (M)/ CSAp eff

Pp,MD

Nmax Nmax

Mp,MD,Mod = 2 Z Jow (i, Ny )b dz(ny, Ny ;) (6-53)

ni=1 Ny i=1
where p, is the permeate water density and is estimated at the permeate channel average
. (Tmp+T,
temperature, i.e. u.
The aforementioned step is however not required if the heat transfer in the permeate

channel is assumed to only occur by conduction.

6.2.8 Effect of salinity and temperature on water properties

The temperature and the salinity of the water have a significant effect on its thermo-
physical properties particularly water density, specific heat capacity, specific enthalpy,
viscosity, thermal conductivity, vapour pressure and latent heat of vaporization, which

needs to be considered to obtain more accurate modelling results.

The effect of temperature and salinity on the thermo-physical properties of water is
estimated in the literature using correlations developed from experimental data
(Shargawy et al., 2010). However, the existing correlations are mainly developed for
SW thermo-physical properties because of its importance in the science of
oceanography and also because SW has a standard composition (Fichtner, 1978) which
is shown in Table 6-2. Conversely, the GW composition varies from one location to
another due to different hydrological conditions, soil type and human activities (Masoud
et al., 2003) which is the main barrier for developing similar correlations to that of SW
(Pawlowicz and Feistel, 2012). While there are some models to estimate the thermo-
physical properties of general multi-component water solutions at lower salinities, there
are no readily available models that are suitable for water with high salinities than SW,
which is the case in this study, and the existing models need to be altered using
available experimental or numerical modelling data which are incomplete and the data
from the models are therefore expected to have significant uncertainties (Pawlowicz and
Feistel, 2012).
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Table 6-2: Comparison of the standard SW composition and the average major ions composition of
brackish GW in some wells in Egypt

Standard SW Composition* Average Brackish GW Composition of
Several Wells in Egypt**

Sodium 30.7% 16.8%
Calcium 1.2% 11.9%
Potassium 1.1% 0.5%
Magnesium 3.7% 5.4%
Chloride 55.1% 38.9%
Sulphate 7.7% 20.1%
Bicarbonate 0.4% 6.5%

*(Fichtner, 1978)

**Based on data from Abdel-Shafy et al. (1992), Abd-El-Samie and Sadek (2001), Masoud et al. (2003),
Atta et al. (2005), Sturchio et al. (2005), Sharaky et al. (2007), Abdalla et al. (2009), Elewa and EI Nahry
(2009), Sultan et al. (2009) and El Alfy (2012)

For this reason SW correlations are used in this study to approximately determine the
effect of temperature and salinity on the thermo-physical properties of GW. It should be
noted, however, that the different composition of GW from that of SW (Table 6-2) will
affect the accuracy of the correlations used. For example, Pawlowicz and Feistel (2012)
showed that using the solution salinity of limnological surface waters in SW
correlations significantly underestimates the density of water when the dominating
anion is sulphate which is the case in some of the reviewed BW wells in Egypt. While
the study by Pawlowicz and Feistel concluded that for waters where the dominant
anions is chloride or bicarbonate, which is the case of most of the reviewed wells in
Egypt, the solution salinity could be used in SW correlations to calculate the density
with reasonable accuracies, this only applies at low salinities (i.e. <6 g/kg) while higher

salinities were not covered in their study.

The type of solute also affects the viscosity of water as discussed in Kwak et al. (2005)
where the type of ions affect the structure of the water, i.e. the strength of the bonds. For
example, some ions such as nitrate are structure breakers, decreasing the viscosity of
water while other ions, e.g. calcium, are structure makers increasing the viscosity of
water. The effect of ion type on water structure is determined by the sign of their
structural temperature coefficient (Kwak et al., 2005). However, similar to SW, the
viscosity of GW is still expected to increase with increasing water salinity because the
additional calcium, bicarbonate and sulphate ions are all structure makers. The type of

solutes is also expected to affect the specific enthalpy of water where the type of
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solutes, according to Fichtner (1978), decreases or increases the reference enthalpy, i.e.
enthalpy at °0 C, instead of being zero as in pure water depending on whether the

dissolution of each solute in the water is endothermic or exothermic.

It should be also noted that the correlations used in this study use different salinity and
temperature scales (Shargawy et al., 2010), however the differences between the water
salinity and temperature values based on different scales are insignificant for the

182

purpose of our study™"“. The correlations are mainly developed by Shargawy et al.

(2010) and are discussed in Appendix H.

6.3 Results

As shown in Figure 6-8 and Figure 6-9, a good agreement with the experimental values
was achieved at different feed water salinities, cooling channel inlet temperatures and
feed flow rates. The average absolute deviation from the experimental cooling channel
exit temperature’®, used to calculate the SHC, and permeate flow rates is 0.3% and
3.35% respectively and the maximum deviation ranged from -0.6 to 0.8% and -22.3 to

4.1% respectively.

Using model “A”, it was found that the best fit to the experimental permeate flow rate
values was obtained at a membrane tortuosity of 3. Regarding heat transfer, using the
convective heat transfer correlation developed by Schock and Miquel (1987), i.e.
equation (6-51), and assuming that the heat transfer within the permeate channel occurs

by conduction gave the best agreement to the experimental values.

182 The correlations used in this model mainly use the reference composition scales and 1990 International
Temperature Scale but some correlations use the practical salinity and the 1968 International Practical
Temperature scale. The deviation in water salinity and temperature between the aforementioned scales is,
however, insignificant with values of only 0.47% and <|0.006|% over the range of 20 to 90°C
respectively. For more details see (Shargawy et al., 2010)

183 Calculated using model “B” as discussed in section 6.2.7
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Figure 6-8: Comparison between the experimental and calculated values of (a) the permeate flow
rate and (b) the SHC of the PGMD module at different feed water salinities and cooling channel
inlet temperatures, and at a constant evaporator channel inlet water temperature of 80°C using
equation (6-51) with 0.40 correction factor
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Figure 6-9: Comparison between the experimental and calculated values of the (a) permeate flow
rate and (b) the SHC of the PGMD module at different feed water flow rates at constant evaporator
and cooling channel inlet water temperatures of 80°C and 25°C respectively using equation (6-51)
with 0.40 correction factor
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6.4 Discussion

6.4.1 Model accuracy

As discussed in the results section, the model, i.e. model “B”, shows good agreement
with experimental values. The largest deviation in the permeate flow rate (i.e. -22.3%)
occurred at a feed flow rate of 200 kg/h and salinity of 75 g/kg mainly due to the small
value of the permeate flow at this point. Otherwise, the maximum absolute deviation for

the other points was below 7%.

The deviation range in the permeate flow rate, i.e. -22.3 to 4.1%, is also well within the
values of other MD modelling studies in the literature (Table 6-3). As a matter of fact,
the model is likely to be considerably more accurate because a similar deviation range
in the permeate flow rate to that in the literature which is for laboratory scale modules
was obtained for a full scale module where a small deviation in the permeate flow in a

single DE would accumulate resulting a larger one for the whole module.

Given that the largest absolute deviation in the condenser exit temperature was only
0.8%, the deviation in the SHC is mainly caused by the deviation in the permeate flow.
In all cases, the largest absolute deviation in the SHC, excluding the point at which the

feed flow rate of 200 kg/h and salinity of 75 g/kg, was only 7.6%.
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Reference

(Kimura et al.,
1987)

(Fane et al., 1987)

(Schofield et al.,
1990b)
(Gryta et al., 1997)

(Banat and
Simandl, 1998)

(Gryta and
Tomaszewska,
1998)

(Martinez-Diez
and Véazquez-
Gonzalez, 1999)

Table 6-3: Summary of the modelling studies in the literature and the accuracy of the models

Module
Configuration/
Membrane Type
AGMD/

Flat Sheet (100 cm?)

DCMD/Hollow Fibre
(L m)
DCMD/Flat Sheet
(28 cm?)
DCMD/Flat Sheet
(28 cm?)

AGMD/Flat Sheet
(160 cm?)

DCMD/ Capillary

DCMD/Flat Sheet
(33.7 cm?)

Max Deviation from experimental flux values'®*

-14.5 to +13.5 % with variable cooling and evaporator
channel bulk water temperatures

+-10% with variable cooling and evaporator channel bulk
water temperatures and flow rates

-11%" with variable evaporator channel bulk water
temperature and feed water NaCl concentrations

-5.5 to +3% with variable evaporator channel bulk water
temperature, and evaporator and cooling channels flow rates

e Up to +7%"% with variable the feed flow rate (laminar
flow only)
e Up to -19.2%"® with variable cooling channel bulk water
temperature
e Up to -23.9%'® with variable evaporator channel bulk
water temperature
2 membranes tested with variable evaporator channel bulk
water temperature and flow rate, and feed water NaCl
concentration
1 membrane: -20 to +15%
2" membrane: -11.5% to +10.5%
Up to -3.5 to +4.5% with variable feed water NaCl
concentrations, evaporator channel bulk water temperature,
and evaporator and cooling channel flow rates

184 Approximate values estimated from graphs shown in each study
185 Al values underestimated
188 Al values overestimated

Notes

Convective heat transfer coefficient estimated from semi-empirical
equations
MTC calculated from theoretical equations
MTC and convective heat transfer coefficient used as adjustable
parameters
MTC and convective heat transfer coefficient used as adjustable
parameters
Convective heat transfer coefficient estimated from semi-empirical
equations
MTC calculated from DGM model using membrane properties
Convective heat transfer coefficient estimated from semi-empirical
equation.
Membrane tortuosity and porosity used as adjustable parameters

Convective heat transfer coefficient estimated from semi-empirical
equations
MTC calculated from DGM model using membrane properties

Convective heat transfer coefficient estimated from semi-empirical
equations
MTC used as an adjustable parameter.
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(Martinez-Diez
and Florido-Diaz,
2001)

(Fernandez-Pineda
etal., 2002)

(Ding et al., 2003)

(Srisurichan et al.,
2006)

(Yun et al., 2006)

(Qtaishat et al.,
2008)

DCMD/
Flat Sheet

DCMD/Flat Sheet
(260 cm?)

DCMD/ Flat Sheet
(40 cm?)

DCMD/ Flat Sheet
(47 cm?)

DCMD/ Flat Sheet
(40 cm?)

DCMD/Flat Sheet
(236 cm?)

-2.5 to 3.5% with variable evaporator and cooling channels
temperature and flow rates, feed water NaCl concentration

-4.5% to +4% with variable average channel bulk water
temperatures with fixed bulk water temperature difference
between the evaporator and cooling channels
Deviation in MTC from up to -12% to 13% depending on
the membrane used with variable evaporator channel bulk
water temperature

Deviation of up to -14%"® with variable evaporator channel

bulk water temperature

1st membrane:
e -12 to +7% with pure water as feed and variable
evaporator channel bulk water temperature
o -10% to +5% with aqueous NaCl solution as feed water
and variable evaporator channel bulk water temperature
e Up to -5%"* with aqueous NaCl solution as feed water
and variable cooling channel bulk water temperature
2" membrane:
e Up to 25%"® with aqueous NaCl solution as feed water
and variable feed flow rate
e Up to -3%"* with aqueous NaCl solution as feed water
and variable cooling channel bulk water temperature
-6 to +30% in MTC with variable evaporator channel bulk
water temperature

Experimental data used to develop a semi-empirical equation to
estimate the flux as a function of feed water NaCl concentration and
channel water temperatures
Convective heat transfer coefficient estimated from semi-empirical
equations
MTC determined from gas permeation tests
Convective heat transfer coefficients determined from the DCMD
experimental data through linear regression
Experimental flux data used to develop a semi-empirical equation to
estimate the flux as a function of feed water NaCl concentration and
channel water temperatures
Convective heat transfer coefficient estimated from semi-empirical
equation
MTC calculated from DGM model using membrane properties with
adjustable membrane tortuosity
Convective heat transfer coefficient estimated from semi-empirical
equation
MTC calculated from DGM model using membrane properties
Convective heat transfer coefficient estimated from semi-empirical
equation

Membrane overall thermal conductivity and MTC used as adjustable
parameters
Convective heat transfer coefficient estimated from semi-empirical
equation



6.4.2 Optimal value for the membrane tortuosity

As discussed in section 6.3, the optimal membrane tortuosity that gave the best fit to the
experimental data published in Winter et al. (2011) is 3. This value is higher than the
typical value of 2 used in the literature (Khayet and Matsuura, 2011d) as well as the
value estimated by the correlation, equation (6-55), developed by Mackie and Meares
(1955) cited in (Iversen et al., 1997), i.e. 1.8.

_ (@-e? (654

€

This could be attributed to the questionable accuracy of using the DGM model based
equations that incorporate the membrane structural parameters, i.e. using the membrane
structural parameters to estimate the constants K, and K; in equation (6-10), to estimate
the MTC.

Several studies such as (Ding et al., 2003, Fernandez-Pineda et al., 2002, Lawson and
Lloyd, 1997) criticized the use of such equations due to the complexity of the
membrane structure which may not be necessarily made of non-interconnected and
perfectly cylindrical pores, the main assumption used to estimate K,, and K; from the
membrane structural parameters (Lawson and Lloyd, 1997). The questionable accuracy
of incorporating the membrane structural parameters in the DGM model based
equations could be observed from the study by Schofield et al. (1987) which showed
that the values of the MTC calculated using the membrane structural parameters
significantly deviated from those determined experimentally from gas permeation

187

tests™' on three membranes with different structural parameters.

Schofield et al. (1987) particularly showed that the membrane geometry factor, i.e.
€/dy, calculated using the manufacturer’s specified values significantly deviated from
that estimated from the gas permeation tests. The authors attributed such discrepancy to
the unclear definition of the nominal pore size, which may vary based on the
characterization method used (Schofield et al., 1990a, Khayet and Matsuura, 2011c).
Such deviation in the membrane parameters estimated from gas permeation tests from

those specified by the manufacturer can be also observed in other studies such as

187 See Martinez et al., (2002,2003) for more information on gas permeation tests
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Martinez et al. (2002) and Fernandez-Pineda et al. (2002) where the latter estimated the

membrane tortuosity to be 3.78 to match the experimental flux values.

The effect of the pore size distribution where the pore size in the membrane is not
uniform but varies between a minimum and maximum value, which was ignored in this
study, could be also another reason for such discrepancies. However, commercial
membranes usually have narrow pore size distribution and therefore using the mean
pore size was shown to have a small effect on the membrane MTC (Martinez et al.,
2002, Guijt et al., 2005, EI-Bourawi et al., 2006, Khayet and Matsuura, 2011d).

Due to the questionable accuracy of using the DGM model based equations that
incorporate the membrane structural parameters, in many studies where the MTC was
not determined experimentally through gas permeation tests, the whole MTC was used
as an adjustable parameter to fit the experimental flux data (Fane et al., 1987, Schofield
et al., 1990b, Martinez-Diez and Vazquez-Gonzalez, 1999, Qtaishat et al., 2008). In
other studies, instead of using the DGM model based equations, semi-empirical
correlations as a function of temperature and water salinity based on experimental data
through curve fitting were developed (Martinez-Diez and Florido-Diaz, 2001, Ding et
al., 2003).

It should be noted, however, that the MTC values calculated by the model were in the
range of 5x10”" kg/m?.s.Pa which is well within the typical range reported in the
literature, i.e. 3.3 to 13.15x10”" kg/m®.s.Pa (Fane et al., 1987, Schofield et al., 1987,
Ding et al., 2003, Phattaranawik et al., 2003)*®®. Therefore, it is concluded that the
optimal tortuosity value obtained is probably compensating for other membrane

parameters.

6.4.3 Heat transfer modelling in the permeate channel

The model, i.e. model “A”® showed that assuming the heat transfer across the
permeate channel to occur only by conduction is valid. This could be attributed to the
very low velocities in the permeate channel where the values of the Reynolds number

were less than 2.

188 K oschikowski et al. (2009a) reported that the MD MTC could reach 40x10° kg/m?.s.Pa but the study
where this figure was measured is not indicated

189 As discussed in section 6.2.7, model “A” was used here to determine the proper convective heat
transfer coefficient correlation in the channels
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Moreover, none of the convective heat transfer correlations for spacer filled channel
investigated in this study was found to be suitable to describe heat transfer in the
permeate channel as they gave heat transfer coefficient values lower than those of the

pure conduction case which is invalid.

Furthermore, while the equation developed by Da Costa (1993) for spacers that induce
change in flow direction, i.e. equation (6-49), gave higher heat transfer coefficients than
those of pure conduction at a feed flow rates larger than 200 kg/h, the estimated heat
transfer coefficients in the permeate channel were higher than those of the main
channels. Such high values of the heat transfer coefficients are unlikely due to the very
low Reynolds number in the permeate channel; that in addition to the high XRMSE
between the modelled and the experimental values of permeate flow rate and the
cooling channel inlet temperature, obtained from Winter et al. (2011), occurring when
equation (6-49) was used (Table 6-4).

Table 6-4: Model deviation from experimental values under different heat transfer mechanisms

and thermal conductivity models in the permeate channel, and different convective heat transfer
correlations for the main channels

Overall Permeate Evap./Cooling YRMSE *RMSE SUM
Membrane Flow Heat Channel Heat T, My 0q
Conductivity Transfer Transfer
Model Correlation Correlation

Maxwell Equ. (6-50) with 2.51 0.568 3.07
0.4 CrF*

Pure Equ. (6-51) with 1.45 0.504 1.95
Conduction 0.4 CrF

Isostrain Equ. (6-50) with 2.34 2.71 5.05
0.35 CrF

Equ. (6-51) with 2.33 2.58 4.9
0.35 CrF

Maxwell Equ. (6-48) Equ. (6-51) with 2.66 0.597 3.26
0.31 CrF

*Correction factor

The study also showed that the overall thermal conductivity model has a significant
impact on the calculated permeate flow rates. The commonly used Isostrain model was
particularly found to increase the conductive heat losses™®. This as expected reduced

the value of the optimal tortuosity value to 1.6 which is close to that calculated from

199 The membrane overall thermal conductivity calculated using the Isostrain model was in the range if
0.079 W/m.K compared to 0.044 when using the Maxwell model
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equation (6-54). Nevertheless, the use of this model caused large deviations in the
permeate flow rates from the experimental values (Table 6-4) particularly at higher feed
water salinities where the calculated permeate flow was significantly underestimated

which is an indication that the conductive heat losses are likely to be overestimated.

The tendency of the commonly used Isostrain model to overestimate the membrane
overall thermal conductivity, was also reported by Phattaranawik et al. (2003). This
raises concerns on the accuracy of the models available used in the literature which all
used the Isostrain model.

6.4.4 Heat transfer modelling in the evaporator and cooling channels
For the evaporator and cooling channels, the equation developed by Da Costa (1993) for
spacers that induce directional flow change, i.e. equation (6-49), significantly
overestimated the heat transfer coefficient in the evaporator and the cooling channels.
This tendency to overestimate the heat transfer coefficient by this equation was also
reported by Phattaranawik et al. (2003).

The equation developed by Da Costa (1993) for spacers that do not induce change in
flow direction, i.e. equation (6-50), and the one developed by Schock and Miquel
(1987), i.e. equation (6-51), gave better agreement with experimental results.
Nevertheless, it was observed that the former significantly overestimated the convective
heat transfer coefficient at low feed flow rates and therefore was less able to satisfy the
entrance conditions in model “A”, i.e. significantly underestimated the cooling channel

inlet temperature (Figure 6-10).

30
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Figure 6-10: Comparison between the calculated cooling channel inlet temperature estimated using
equations 6-50 and 6-51 in model “A” at different PGMD feed flow rates and water salinities



210

This is due to the low power of the Reynolds number which decreases the sensitivity of
the correlation to the flow rate. Accordingly, it is concluded that the correlation
developed by Schock and Miquel (1987) best describes the convective heat transfer

coefficient in the main channels.

Both equations needed, however, to be corrected by a factor of 0.4 to give a better
agreement with the experimental results. This could be because the heat is transferred
from the evaporator channel to the overlying and underlying cooling channels and the
same applies for the heat transferred to the cooling channel. Accordingly, the main
channel is actually composed of two convective heat transfer resistances as shown in
Figure 6-11.

I\lm,i+1 Nm,i
Q e,conv Q e,conv
The T T
e 1/hA ¢ 1/hA e
_._
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Figure 6-11: Heat transfer resistances within the evaporator channel

In this case, the equivalent convective heat transfer coefficient to transfer the same heat
rate through one membrane side is nearly 2 times the value of the convective heat
transfer coefficient for one side. However, more investigation is needed to verify this

claim.

It should be noted that the need to use a correction factor could be also attributed to the
questionable accuracy of the semi-empirical correlations available in the literature in
estimating the convective heat transfer in a MD process. For example, the experiments
carried out by Gryta and Tomaszewska (1998) showed that a great care should be taken
using such correlations as deviations up to 98% from the measured flux were obtained
by using the wrong correlation. Moreover, according to Cengel (2003), it is “naive” to
consider these empirical correlations as accurate as two systems cannot be exactly

similar and therefore an error of 10% should be normally expected with the use of such
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correlations in estimating the convective heat transfer rate in heat exchangers which is

likely to also apply for an MD module.

Finally, the obtained heat transfer coefficient values in the main channels and the
distillate channel could be compensating for other effects. For example, the heat lost by
the permeate water transfer out of the module was ignored in this model. This is
expected to result in an overestimation of the heat transfer rate from the evaporator to
the cooling channel. However, using the experimental data, the heat losses were

191

roughly " estimated to be less than 5% for the different cooling channel inlet
temperatures, feed flow rates and feed water salinities tested in Winter et. al (2011).
Heat losses to the ambient were also neglected which is commonly assumed in MD
modelling studies such as (Lawson, 1995, Lagana et al., 2000, Cheng et al., 2008).
However, this assumption should not significantly affect the results as the membrane
outer layer contains a cooling channel layer therefore heat lost to the ambient is

minimized (Winter et al., 2011).
6.5 Further Notes

In this study, as the author did not have access to the PGMD module, it was assumed
that the evaporator channel inlet and cooling channel outlet tubes have the same
thickness, i.e. diameter, of their corresponding channels, i.e. 3.2 mm. However, after
submitting this thesis, it was known through one of the examiners that the core diameter
of the module is approximately 10 cm which means that the tubes have a much larger

diameter than the previously assumed value.

After adjusting the diameter of each tube to be 4 cm, the number of membrane/
condenser foil layers in the lower and upper half of the module, as expected, dropped
from 31 and 32, respectively (Figure 6-3), to 23 and 24 (Figure 6-12). It should be
noted that for simplicity, it was assumed that the first turn takes the shape of an
Archimedean spiral although it will likely have an erratic shape which will slightly

affect the length of the first few spiral turns.

1911t was assumed that the permeate water at the entrance and the exit of the channel have temperatures
close to that of the average channel bulk water temperatures between the evaporator and the cooling
channels at the inlet of the evaporator channel and its exit respectively,
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Figure 6-12: Approximated shape of the modelled PGMD module after adjusting the diameter of
the inner tubes

To investigate the effect of the change in the module geometry, model “B” was re-run
using the new dimensions and tested at different cooling channel inlet temperatures,

water salinities and feed flow rates.

It was observed that the change in the geometry had an insignificant effect on the
permeate flow rate which did not vary by more than 0.5% than the values obtained with
the previous module geometry. However, a more considerable effect on the cooling
channel exit temperature and therefore the SHC was observed. Nevertheless, the change
was still small, i.e. < 6%, at different cooling channel inlet temperatures and water
salinities as shown in Figure 6-13. Accordingly, this change in the geometry would
have an insignificant effect on the analysis carried out in chapter 7 on the feasibility of
solar driven RO/MD plants. It should be also noted that the percentage variation in the
SHC after adjusting the module geometry was slightly higher at lower feed flow rates
reaching up 8.4% at 300 kg/h feed flow rate; however, the analysis in Chapter 7 was
carried out at 500 kg/h as it was observed that it is less economical to operate at lower

feed flow rates.
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Such change in the geometry is also not expected to affect the estimated optimal
tortuosity value, the proper heat transfer mechanism in the permeate channel, or the
correlation that was found to better represent the convective heat transfer in the main
channels discussed in sections 6.4.2, 6.4.3 and 6.4.4, respectively. However, as the
change in the geometry resulted in an increase in the SHC for all of the tested operating
conditions, it is expected that a slightly higher correction factor, which was used with
the heat transfer correlation developed by Schock and Miquel (1987), will give better
agreement with the experimental results shown in Winter et al. (2011).
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Figure 6-13: Comparison between the calculated SHC of the PGMD module at different cooling
channel inlet temperatures and feed water salinities, and a feed flow rate of 500 kg/h before and
after the modification in the geometry of the module

6.6 Summary

In this chapter, the methodology used to model a commercial PGMD module and the
validity of the model was discussed. The model gave good agreement with the
experimental results with a mean deviation of 0.3% and 3.35% from the experimental
cooling channel exit temperature and permeate flow rate, respectively. It was also
shown that the commonly used Isostrain model tends to overestimate the MD
membrane overall thermal conductivity resulting in high deviation in the MD flux from

the experimental values particularly at higher feed water salinities.



7. Feasibility Study of Solar Driven
Hybrid RO/MD Plants

As discussed in chapter 1, due to the limited GW resources in Egypt, high RR operation
of the desalination plant is a necessity; that in addition to reducing the environmental
impact and the additional costs associated with brine disposal in inland areas. For this
reason the use of a thermal desalination process was suggested to treat the RO plant
brine to further increase the RR as it can desalinate water with high salinities in contrast
with the RO process where the RR is limited by the osmotic pressure. The MD process
is particularly investigated for such use as it is a promising desalination process that is

suitable for decentralized applications due to its simplicity and modularity.

In chapter 2, it was shown that studies on the feasibility of hybrid RO/MD plants were
not reliable as the SHC of the MD plant was significantly underestimated, and because
they were based on high flux values particularly at high water salinity which are likely
to be unsustainable due to the effect of scaling. The studies were also based on fluxes
obtained from lab scale modules which may not be achieved with full scale modules
under the same operating conditions. Moreover, the studies ignored the effect of the
operating conditions on the MD process performance where the same flux values
reported in Drioli et al. (1999) were used with a different feed water temperature which

raises questions on the accuracy of these analyses.

Furthermore, none of these studies were used with BW applications except that of
Marinetti et al. (2009) which only focused on investigating the limiting effect of scaling
on the hybrid RO/MD plant RR rather than the plant energy performance and economic
feasibility. Finally, none of the reviewed studies analysed the performance of a hybrid
RO/MD plant driven by solar energy.

For this reason, in this chapter the feasibility of solar driven hybrid RO/MD plants,
using a full scale commercial MD module, for brackish GW desalination is investigated.
The chapter first shows the methodology used for modelling and designing the hybrid
plant. The conditions /limitations for a brackish GW hybrid RO/MD desalination plant
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to operate at RR’s higher than the maximum attainable RR’s of the RO plant, estimated
from chapter 4, are then discussed. This is followed by an analysis of the performance
of the FPC-MD plant and an investigation of the economic feasibility of the solar driven
hybrid RO/MD plant.

7.1 Methodology

7.1.1 Hybrid plant configuration

The solar driven hybrid plant consists of a PV driven RO plant and a FPC driven MD
plant. The same RO plant designs discussed in chapter 4 are used in the analysis of
hybrid RO/MD plants. In other words, the RO plants will be operating at the same

192

operating conditions™ discussed in chapter 4; and the MD plant is used to desalinate

part the RO brine which was otherwise discharged to the deep injection well.

In this case, the brine of the RO plant is first stored in a tank (Figure 7-1). A portion of
the brine is then circulated through the MD plant where part of it is desalinated while
the rest goes back to the tank.

BW Well | RO Plant RO Permeate | Permeate
greeeees > Tank

A A
: : RO Concentrate

MD Permeate

py | MD Feed - FPC-MD
Svstem Tank Plant

MD Concentrate

Water Line

Deep Injection
Well

-------------- Electricity Line

Figure 7-1: Schematic diagram of a PV-RO/FPC-MD hybrid desalination plant

1921 e. Same amount of extracted GW, blended GW and RO feed water. It should be noted, however, that
while the almost pure permeate produced by the MD plant allows increasing the amount of blended GW,
it is found that the increase is too small which resulted in an insignificant reduction in the RO plant SEC.
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At the end of the day the remaining brine in the tank is discharged to the deep injection
well. The solar driven MD plant configuration and design are discussed in more details

in section 7.1.5.

7.1.2 MD plant capacity
The required number of the MD modules (NMD), hence the MD plant capacity, is
determined based on the daily maximum attainable batch RR (RRyyp day patc n) SUCh

that:

Mfeed RO * RRRO *tro T NMD My MD,Mod day (7-1)

RRHyb ,day batch = Mfeed 7O * tro
eea,

where mg,.q g is the RO plant feed water mass flow rate; m;, yp mod,day 1 the daily
permeate water mass produced by one module; and tp, is the daily operating time of the
RO plant.

The daily maximum attainable batch RR of the hybrid RO/MD plant is expected to be
limited by scaling (Martinetti et al., 2009) and is initially determined based on the
results obtained from the chemical simulation software used in this study, after reducing
the pH to 6 using sulphuric acid and adding scale inhibitors, at the considered GW
compositions discussed in chapter 4 (Table 4-3) and the expected operating temperature

of the MD process.

It should be noted that with the hybrid plant, the batch RR, which takes into account the
operating time of each plant, is used instead of the instantaneous RR. This is because
the MD plant is designed to operate the whole day, while the RO plant in this study is
designed to operate either only during daytime or for 24 hours. Now when the RO plant
operates for fewer hours than the MD plant, the RO brine is recirculated several times
through the MD modules and the desired RR is reached at the end of each day. The

overall daily produced permeate water (m,, ;¢,4ay ) 1S then calculated as follows:

mp,tot,day = Mpleng * tRO + mfeed ,RO * RRRO * tRO + NMD * mp,MD,Mod,day (7-2)

Due to the intermittent nature of solar irradiance, the evaporator inlet temperature hence

the module permeate water mass flow rate (m;, yp moq) Will vary throughout the day.

Accordingly, the required number of MD modules is initially estimated assuming a
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constant module permeate flow rate (1, yp moq design ) €Stimated at the desired

evaporator inlet temperature, i.e. 80°C (section 7.1.4), at a constant operating hours of

22'%_In this case, the MD module daily permeate water mass is calculated as follows:

tmp
mp,MD,Mod,day = j m'p,MD,Mod (t)dt = m.p,MD,Mod,design * tMD (7-3)
0

where typ is the daily operating hours of the MD plant and water salinity, which will

increase as more brine is recovered.

Furthermore, as the MD brine is recirculated, the brine salinity will gradually increase
in the tank as more water is removed by the MD process which will result in a gradual
reduction in the permeate flow rate of the MD module. For this reason, the required
number of MD modules is also estimated at the expected average water salinity in the
brine tank which is estimated by calculating the expected salinity of the brine in the tank

at each time step as follows:

att < tRO:

t . . 7-4
Jo Sbrine RO Mrine R0 ()*At _ Sprine RO *Mirine RO *t (74)

Trine , ank n t
brine :7 ank ( ) “le ine ,7 ank ( )

t t i
mbrine ,Tank (t):fo mb‘rlne ,RO * dt - fl NMD * mp,MD,MOd (t) k dt (7 5)

= Mprine RO * t—NMD * m'p,MD,Mod,design * (t - 1)

att>tprp:

Sbrine ,RO ¥*Mpyrine RO *LRO (7-6)

S, . t)=
brine ,tank ( ) Mprine ,Tank ()

Mprine ,Tank (t) = Mpyrine ,Tank (tRO) - mi),MD,Mod,design * NMD (t - tRO) (7-7)

Equations (7-1) to (7-7) are then applied in MATLAB to estimate the MD plant

capacity. It should be noted that an iterative solution is required because the module

193 The MD plant is designed to operate 1 hour after the RO plant start up to ensure that there is enough
brine to fill the MD modules and the pipes, and to shut down 1 hour before the end of the day to dispose
the remaining brine to the deep injection well and empty the tank for next day’s operation
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permeate flow rate is a function of the average water salinity which in turn depends on

the module permeate flow rate.

7.1.3 MD module performance

To estimate the module permeate flow rate and exit temperatures at different operating
conditions, the mathematical model discussed in chapter 6 is used. Now instead of re-
running the model for each variation in the operating conditions which is time
consuming, polynomial fit correlations are built after running the model at cooling
channel inlet temperatures and feed flow rates ranging from 20 to 40°C with 5°C steps
and 300 to 500 kg/h with 50 kg/h steps respectively.

Each correlation calculates the permeate water production and exit temperatures of the
MD module as a function of the evaporator inlet temperature and water salinity which
are varied from 60 to 85°C and 10 to 120 g/kg at steps of 5°C and 10 g/kg respectively.

For cooling channel inlet temperatures falling between those at which the correlations
are built, the corresponding module permeate water production and exit temperatures
are assumed to vary linearly between those calculated from the correlations built at the

nearest cooling channel inlet temperature range™**.

It should be noted that the correlations show deviations in the permeate flow
production, cooling and evaporator channels exit temperatures from the actual modelled
values by no more than 0.3%"%°, 0.08% and 0.1% respectively.

7.1.4 MD module operating conditions

The MD plant is designed to operate at an evaporator inlet temperature of 80°C which is
near the maximum operating temperature of the MD module used in this study, i.e.
85°C (Koschikowski et al., 2003). This is because the higher the operating temperature,
the higher is the module productivity and the lower is the SHC. Therefore, running the

MD process at high feed water temperatures is more economical (Fane et al., 1987).

194 For example, if the cooling channel inlet temperatures is 23°C, the corresponding permeate water
production and exit temperatures of the module are calculated assuming a linear variation between those
calculated at a cooling channel inlet temperature of 20 and 25°C.

1% Higher deviations in the module permeate flow rate occurred at low evaporator channel inlet
temperatures (i.e. 65 and 60°C) and high water salinities as the permeate flow rates are very small i.e. <1
kg/h. Such high deviations at the aforementioned operating conditions should not affect the results as the
MD permeate flow contribution is negligible in this case.
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Regarding the feed flow rate going through the module, higher values result in an
increase in the permeate flow rate due to the increase in the heat capacity of the feed
water allowing a higher bulk temperature difference across the membrane (Winter et al.,
2011); that in addition to the resulting increase in the convective heat transfer
coefficient which reduces the effect of temperature polarization (Hogan et al., 1991).
However, this comes on the expense of increasing the external heat required as more
energy is needed to heat a larger mass of water to the same temperature and therefore
the higher the feed flow rate the higher is the SHC as shown in Figure 7-2.
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Figure 7-2: The variation of the SHC of the PGMD module with the feed flow rate at an evaporator
channel and cooling inlet temperatures of 80°C and 25°C respectively with pure water as the feed
water

Moreover, when salty water is used, increasing the feed flow rate does not necessarily
increase the SHC and there is an optimal value at which the SHC is minimized
depending on the feed water salinity as discussed in Winter et al. (2011). Based on the
results of the mathematical model discussed in chapter 6, it is observed that operating at
low feed flow rates, e.g. 200 to 300 kg/h, when the feed water salinity is low, i.e. less
than 60 g/kg, shows a significant reduction in the SHC as shown in Figure 7-3.
Conversely, at high feed water salinities, the SHC is minimized at the higher feed flow
rates, e.g. 500 kg/h.
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Figure 7-3: The effect of water salinity and feed flow rate on the SHC of the PGMD module at an
evaporator and a cooling channel inlet temperatures of 80°C and 20°C respectively



220

Nevertheless, in selecting the optimal feed flow rate, costs should be the main
consideration. In other words, the reduction in the SHC through decreasing the feed
flow rate may not be substantial enough to cover the costs of the higher number of

modules required in this case to obtain the same permeate water production.

Therefore, the feasibility of the MD plant will be assessed for two cases. First, the MD
plant is designed to operate at the maximum feed flow rate, i.e. 500 kg/h, such that the
number of modules is minimized; then the design is carried out at the feed flow rate

which minimizes the SHC*®®,

7.1.5 Solar heat supply system

In this study, the solar water heating system driving the MD Plant is designed similar to
the plants discussed in Koschikowski et al. (2009b) and Schwantes et al. (2013) with
some modifications in the operation algorithm which is discussed in the next section.
The plant performance over the year is modelled using TRNSY'S simulation tool using
Aswan weather data where the amount of solar irradiance is the highest and therefore
the minimum LCOW can be estimated. The plant consists of three main loops: the solar

FPC loop, the heat storage loop and the MD plant loop as shown in Figure 7-4.

Tux1 . uv Tyx2  Tein
Teou 4 'E%\_E

F

]

Heat Y

\_/| Cooling

Storage
® Tower
D Tank HX?2 D 5
\ 1 l RO Brine
3 F N *—
T @ Brine
Tank

A T t

" o0 permeate
08

A % @. tank
LV

Figure 7-4: Schematic diagram of the solar driven MD Plant
Modified after (Schwantes et al., 2013)

1% 1t should be noted that while the SHC of the module is the lowest when the feed flow rates are less
than 300 kg/h at low feed water salinities, it is observed that the permeate flow rates in this case are
extremely low while the SHC reduction is not significant. In other words, the ratio between the SHC and
the permeate flow rate at 200 kg/h is substantially higher than that at 300 kg/h. For this reason, feed flow
rates lower than 300 kg/h are not considered in this study.
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7.1.5.1 Solar driven MD plant operation description
The solar FPC loop pump is set to operate when the water temperature in the loop
(Tcon ) €Xceeds a pre-set value. However, to avoid excessive starting and stopping in the

morning™®’, the pump is forced to start from 07:30 to 14:00.

Once the FPC loop pump starts, the heat storage loop pump is activated allowing the
heat supplied by the collectors to be transferred to the heat storage loop through the heat
exchanger HX1. The upper 3 way valve (UV) is set to the B-C position such that the
heat is initially transferred directly to the MD plant through the heat exchanger HX2.
During noon time, the temperature of the water exiting HX1 significantly increases and
as it exceeds 83°C, the UV position is varied such that the excess heat is used to charge
the heat storage tank. In this case, portion of the hot water enters through the top of the
tank which is replaced by cold water from the bottom of the tank such that the flow rate
entering HX2 is constant and Ty, is fixed at 83°C. A set point of 83°C is particularly
chosen such that the MD plant will be operating at a temperature close to 80°C (section
7.1.4). The position of the UV, and therefore the portion of the water flow rate going to
the tank, is determined based on the water temperature at the bottom of the tank (7., )

and Tyy4 such that:

83 —T 7-8
UV position = - cold ()
THXl - Tcold
A condition is also added to switch back the UV to the B-C position when the tank
bottom temperature is higher than 83°C, as in this case the cold water of the tank cannot

be used to cool down the water coming from HXL1.

Near sunset as the available solar irradiance is low and the heat supplied from the FPC
loop is not enough to operate the MD plant at the design temperature, i.e. low T, , the
collector loop pump is stopped. Now if the heat storage tank has enough heat to run the
MD plant, the position of the lower valve LV is switched from B-C to B-A such that the
hot water is supplied from the heat storage tank. When the heat in the storage tank is

exhausted, i.e. low Tyy,, then the whole plant is shut down.

197 Excessive starting and stopping occurs because once the pump starts the water temperature in the
collector loop suddenly drops causing the pump to stop which in turn causes a sharp increase in the water
temperature.
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To protect the MD modules from being damaged, the MD plant is shut down when the

operating temperature exceeds the module maximum operating value, i.e. 85°C. It

should be noted that while in an actual plant the evaporator inlet temperature should be

directly monitored to make sure than the MD maximum operating temperature is not

exceeded, in the TRNSYS model Tyy,is monitored instead as the model is found to

work less consistently®®

when the control signal is taken from the same loop.

Furthermore, to prevent the MD plant from experiencing scaling, the whole plant is shut

down once the brine salinity associated with the scaling limited maximum attainable RR

is exceeded.

A summary of the different control signals used in the model is shown in table below.

Table 7-1: Summary of the solar driven MD plant control algorithm

Collector Loop  Lower valve Control
Pump
Pump is
activated when:
Time from 7:30 Trank ;rop < Pre-set

to 14:00 value 2
Or Or
Teou> Pre-set Thx1-Trank rop > 2°C
value 1 (Dead Band 0-2°C)
Or
Tcou> Pre-set value 1

LV in on the B-C
setting when:

Heat Storage Loop Pump

Pump is activated when:
Tyx2> Pre-set value 4
Or
The collector loop pump is
on
Or
Trank ;rop > Pre-set value 2
And

Sro ,brine

S, .
brine 1=Rhyb max

MD Loop Pump

Pump is stopped when:
Tyx2> Pre-set value 6
(High Temperature
Protection)

Or
Heat storage loop pump is
off
Or
Tyx,< Pre-set value 7
(Inefficient MD Operation
at low temperatures)
Or

S . SRO ,brine
brine 1=Rhyb max

The pre-set values for controlling the operation, shown in Table 7-1, are selected such

that the MD plant operates most of the time at/near 80°C which, as discussed in section

7.1.4, guarantees the most energy efficient operation of the plant.

Finally, it should be noted that because the brine is recirculated through the MD plant, a
cooling tower is required to keep the brine temperature from increasing with each

recirculation cycle.

198 Excessive MD plant starts and stops
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7.1.5.2 Equipment sizing and specifications

A) FPC design
The FPC specifications used in the TRNSYS model are based on those of the EURO
C20 AR-M commercial collector, obtained directly from the collector certification sheet

and are shown in table below.

Table 7-2: EURO C20 AR-M FPC specifications

Parameter Value
Collector Gross Area 2.61m?
Collector Aperture Area 2.36 m
Intercept Efficiency (ao) 0.741
Slope of the collector efficiency equation (a;) 10.8684
Curvature of the collector efficiency equation (a,) 0.031356
First order coefficient of the IAM* curve fit equation (bo) 0.1089°®
First order coefficient of the IAM curve fit equation (b;) 0.00019°%

The required FPC area is initially estimated based on the calculated heat rate
requirements of the MD plant when operating at the design temperature, i.e. 80°C, at an
assumed collector efficiency of 50% and the annual average daily solar irradiation in

Aswan. The MD plant heat rate requirement (Qj,p)is calculated as follows:

mb,MD ,Mod ,design (7-9)
Pp

Quyp = SHC * NMD *

The flow rate in the collector loop is kept as small as possible to reduce the electricity
requirements hence the PV system cost. The minimum flow rate is determined based on
a specific flow rate of 30 kg/m?%h which maximizes the temperature rise on the expense
of slightly reducing the collector efficiency (Reysa, 2012).

The collector orientation is selected such that the incident irradiation is as much as
possible uniformly distributed over the year to maximize the annual production. A
uniform distribution of the solar irradiation over the year let the MD plant operate at
high temperatures during periods of low solar irradiance and prevent it from exceeding

its maximum operating temperature during periods of high solar irradiance which would

99 Incidence Angle Modifier
200 The values are calculated based on the IAM values at different incident angles shown in the
certification sheet
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otherwise lower the MD plant operating time, i.e. lower capacity factor, as it will be

shut down during these periods.
B) Heat storage tank and piping design

The heat storage tank volume (V. ) is calculated based on the MD plant heat

requirements such that:

v _ Qup (7-10)
Tanle ™ Cp * (100 — T,,) * py

where the MD plant heat requirement is calculated as follows:

Qup = Qip * typ * 3.6 x 106 (7-11)

The (100 — T,,) term is the assumed temperature difference at which heat is transferred

between the heat storage tank loop and the MD plant.

Regarding the heat losses from the heat storage tank, the measured overall heat losses
coefficients of typical solar domestic hot water storage tanks reported in the literature
ranged from 1.2 to 2.5 W/m?.K (Suter, 2001, Cruickshank and Harrison, 2010). In this
study a value of 1.2 W/m?2.K is used assuming that measures such as filling the gaps
between the tank wall and the insulation cover, and insulating the areas where the pipes
are connected to the tank to stop the air flow between the tank wall and the insulation
cover are taken; which were found by Suter (2001) to significantly reduce the heat

losses.

The pipes in the system are also insulated and are assumed to have the same U value as
that of the heat storage tank.

C) Heat exchanger design

The Heat exchanger is designed based on a number of transfer units (NTU), a measure
of the heat exchanger surface area, of 3 and its area is then calculated using equations
(7-12) and (7-13). It should be noted that higher NTU values show little improvement in
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the HE effectiveness®™ and therefore the extra costs of using a heat exchanger with a

larger area cannot be justified (Cengel, 2003).

A _ Crnin (7-12)
HX = U,y * NTU

Conin = minimum(Mjo; * CPhots Meotg * CPeota)  (113)

where C,,;, 1S the minimum heat capacity rate, m;,,, and Cpy,,; are the water mass flow
rate and the specific heat capacity on the hot side of the heat exchanger respectively

while m;,;; and Cp.,q are those for the cold side.

The U value of the heat exchanger (U ) is chosen to be 1300 W/m?.K, an average

value for typical water to water heat exchangers®® (Cengel, 2003).

D) Cooling tower design

The cooling tower size and power requirements are determined using commercial
design tools (GEA, 2010)?* at the corresponding average dry and wet bulb
temperatures in Aswan. The cooling tower is particularly designed to restore the
temperature of the recirculated brine back to its initial value before entering the MD
plant, i.e. 30°C. Therefore, the cooling tower is sized to reduce the water temperature by
approximately 10°C. It should be noted that the cooling tower is not considered in the
TRNSYS model, and for simplicity it is assumed that the temperature of the brine
exiting the cooling tower is constant at 30°C throughout the year regardless of the

ambient conditions.

With cooling towers, some of the brine flowing through the cooling tower is lost mainly
due to evaporation in addition to other mechanisms discussed in Mulyandasari (2011).
Evaporation losses alone are expected to typically range from 2.2%°% for a 10°C
reduction in the water temperature (Yarra Valley Water, n.d.). The significance of such
water losses from the cooling tower is investigated in this study using the

aforementioned percentage losses.

201 The ratio between the actual heat transfer rate and the maximum possible heat transfer rate

202 Typical U values for water to water heat exchangers range from 850 to 1700 W/m2.K (Cengel, 2003)
203 Using the GEA design tool, a splash packing type is selected as it can be used with saline water and
the power requirements are estimated assuming a motor efficiency of 60%.

204720 I/h for a 352 kW cooling load
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E) PV system sizing
The power requirements of the solar driven plant, needed to size the PV system, are
those needed by the circulation pumps in the collector, heat storage tank and the MD
plant loops. The pipe lengths are roughly assumed based on the plant size and their
diameters are then chosen such that the pressure drop in each loop does not exceed 0.5
bar. The pressure drop in the MD modules at different flow rates is obtained directly
from Winter et al. (2011).

For simplicity, it is assumed that the circulation pumps in the collector and the heat
storage tank loops are only operating 8 hours a day; conversely, the pump in the MD
loop is assumed to operate for 22 hours a day (section 7.1.2). The latter assumption is
expected to slightly overestimate the PV system size because the MD plant is not
expected to operate for 22 hours every day particularly during periods of low solar

irradiance.

To avoid the need to redesign the PV plant size, its LCC is directly calculated as a
function of the daily electricity consumption using polynomial fit equations constructed
based on the PVV-RO plant designs carried out in Chapter 4. In this case, the data of the
PV-RO plants operating for 24 hours and during daytime only are used to estimate the
LCC cost of the PV system supplying the circulation pumps in the MD loop, and in the

collector and heat storage tank loops, respectively, as they have a similar load profile.

7.1.5.3 Solar driven MD plant design methodology
The heat exchanger area and the heat storage tank volume and the initial number of
modules and FPC’s area are applied in the TRNSY'S model.

Now after reviewing some of the available commercial heat storage tanks, it is found

205 js 100 m® which is much smaller than the sizes

that the largest capacity available
required for the MD plant capacities considered in this study. For this reason, the MD
plant is divided into several smaller plants where the size of the heat storage tank of

each sub-plant does not exceed 25 m®.

205 Solar Panels Plus (http://www.solarpanelsplus.com/products/solar-storage-tanks/); Automatic Heating
(http://www.automaticheating.com.au/product _category/thermal-storage/); and SunMaxxSolar
(http://www.sunmaxxsolar.com/storage-tanks.php)



http://www.solarpanelsplus.com/products/solar-storage-tanks/
http://www.automaticheating.com.au/product_category/thermal-storage/
http://www.sunmaxxsolar.com/storage-tanks.php
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The pre-set values for controlling the operation, shown in Table 7-1, are then varied
such that the annual permeate water produced by the sub-plant is maximized. Moreover,
given that a too small FPC area will result in a low temperature, i.e. inefficient, MD
plant operation, while a too large area may cause the MD plant to be shut down for long
periods due to high operating temperatures, the FPC area is varied from the initially
calculated value to see if it will result in a significant increase the annual permeate
water production. The flow rate in the FPC and the heat storage tank loops, and the Heat
exchanger HX1 area are then adjusted to match the new FPC area.

It should be noted that as it is hard to ensure that the desired RR by the MD plant is
obtained each day due to the variation of available solar energy, the plant will be
designed such that the desired RR is obtained annually such that:

_ mfeed ,RO * RRRO * tRO,year + NMD * mp,MD,Mod,year (7'14)
RRHyb.year batch —

Mteed RO * TROyear

Finally, if the desired annual permeate flow rate is still not reached, the number of MD

modules, is increased and the aforementioned steps are repeated.

7.1.5.4 Design assumptions

The effect of wind on the heat losses from the FPC is not considered in this study which
will result in an over estimation of the collector efficiency. According to Schwantes et
al. (2013), in a solar driven MD plant installed in Gran canary, the efficiency of the
collector dropped by 10% in a windy day, i.e. 7.5 m/s wind velocity. In this study, as the
average wind velocity in Marsa-Matruh and Aswan in less than 5 m/s, the collector area

will be simply oversized by 5%.

The heat losses from the heat exchangers to the ambient are not considered in this study.
These losses are expected to be insignificant given that in the solar driven MD plants
discussed in Schwantes et al. (2013), which were installed at several locations, the heat
losses from both the heat exchangers and the pipes to the environment were less than
5%.

The heat losses from the MD module to the environment either through the module
walls or through the heat leaving the modules with the permeate flow are assumed to be

constant and were already accounted for in the mathematical model discussed in
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Chapter 6. This is expected to slightly underestimate the heat losses from the module
walls especially in winter where the ambient temperatures are likely to be lower than

those experienced in the location were the modules were tested in Winter et al. (2011).

7.1.6 Cost analysis
As discussed in section 7.1.5, the MD system modelled in this study is composed of the
MD modules, the solar FPC’s, two heat exchangers, and a heat storage tank, that in

addition to pumps, pipes, feed tank, wiring, and instrumentation and control equipment.

As MD is a relatively new technology, little data on the costs are found in the literature.
Therefore, when costs for a specific category are not found, RO plant cost data
discussed in Chapter 4 (section 4.1.5.3) is used.

The price of the MD modules modelled in this study is directly obtained from the seller,
i.e. SolarSpring. It should be noted that the specific cost of the module per unit area is

significantly higher than the values used in other MD cost analysis studies (Table 7-3).

For the FPC’s, the specific cost used in the literature (Table 7-3) shows wide variation
from as low as 80 USD/m?and reaching up to 287 USD/m?. Given that the cheaper
prices could be for lower quality solar panels compared to the commercial FPC
modelled in this study, the price of the latter is used after reducing it by 20% assuming
that the FPC could be obtained at lower prices with the large systems expected in this

study.

For heat exchanger costs, little data is also found in the literature. The cost data found in
the literature, e.g. (Fane et al., 1987, Banat and Jwaied, 2008), are shown without
indicating the area of the heat exchanger such that the specific cost could be estimated.
However, in their analysis for a hybrid RO/MD plant, Drioli et al. (2006) and
Macedonio et al. (2007) used a correlation developed by Peters et al. (2002) which

estimates the heat exchanger cost as function of its area which is used in this study.

The pre-treatment and post-treatment equipment costs in addition to the labour costs are
estimated with respect to the overall hybrid system feed and product flow rate using the

specific costs discussed in Chapter 4 (section 4.1.5.3).
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Regarding the construction costs, data is only available for conventional RO plants and
range from 15 to 30% of the equipment costs (Wade, 2001, Miller, 2003, Banat and
Jwaied, 2008). However, Ghaffour et al. (2013) reported higher costs ranging from 50
to 85% of the total capital cost which seems to be more consistent with the construction
costs indicated in Hafez and EI-Manharawy (2003) for several SW RO plants in Egypt.
In this study, the construction costs of the solar driven MD plant are assumed to be only
15% of the total equipment capital costs excluding the instrumentation and control
equipment cost for the following reasons: part of the infrastructure, e.g. construction
costs related to the pre-treatment and post-treatment equipment, is already accounted for
when estimating the RO plant costs; and the MD module cost is nearly 3.5 times that of
an RO plant and therefore using the same percentages typically used for RO plants is

expected to exaggerate the construction costs.

While Banat and Jwaied (2008) assumed that the instrumentation and control costs of a
solar driven MD plant to be 25% of the total purchased equipment costs, in this study a
figure of 10% is used because in their study a much lower module cost than that used in
this study was assumed?.

Finally, the cost of cooling towers is assumed to be included with the construction cost
as it was hard to get cost data. It should be noted that by contacting one of the
manufactures, a cooling tower used to reduce the temperature of saline water by 10°C
and having a capacity similar to those used in this study would cost approximately
55,000 USD (Baltimore Aircoil 2014, pers. Comm., 31 Jul.) which is insignificant with

respect to the other equipment costs.

Other equipment capital and operating costs and lifetime are shown in Table 7-3.

Table 7-3: Solar driven MD plant capital and operating costs available in the literature and the
actual values selected for the cost estimation

Cost/Lifetime Reference Value Used
Capital Costs
MD Module 36 USD/m? of membrane area (Liu and Martin, 2006, 350 USD/m?
(AGMD) Banat and Jwaied, 2008)
90 USD/m? of membrane area (Ettouney et al. 2002) cited
(DCMD) in (Macedonio et al., 2007)

and (Drioli et al., 2006)

206 approximately 11 times lower
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350 USD/m? of membrane area (Schwantes, R from
(PGMD) Fraunhofer ISE 2014, pers.
Comm., 6 May)
Module 72 USD/m? of module area (Banat and Jwaied, 2008) 10% of MD
Housing module cost
FPC 80 to 250 USD/m? (Belessiotis and Delyannis, 230 USD/m?
2001) cited in (Al-Hallaj et
al., 2006)
100 USD/m? (Banat and Jwaied, 2008)
250 USD/m? and 150 USD/m? for (Fiorenza et al., 2003)
10,000 m? and 100,000 m?
collector area respectively
750 USD/unit or 287 USD/m? (Wagner Solar Inc. 2013,
(actual commercial FPC modelled pers. Comm., 12 Aug.)
in this study)
Module 21 USD/m? of solar collector (Banat and Jwaied, 2008) 21 USD/m? of
Racking area®”’ for a collector area of 72 solar collector
m? area with an
assumed 0.9
scaling (Base
area=72 m?
Heat [(1102.5)/280]*101.3*3.29*(10.7  (Peters et al., 2002) cited -
Exchangers 639*Area)”® in (Drioli et al., 2006)
Piping and 1 USD/l/d for an MD system with ~ (Banat and Jwaied, 2008) 1 USD/I/d with an
tanks (not 500 I/d capacity assumed 0.9
including scaling factor
storage tank) (base capacity=
500 1/d)
Instrumentat 25 % of total equipment cost (Banat and Jwaied, 2008) 10 % of total
ion and (applied for a solar driven MD purchased
control plant) equipment cost
Thermal 1250 USD/m? for tank with 6 m®>  (Miiller-Holst et al., 1998) 1250 USD/m’®
Storage Tank capacity with an assumed
Cost scaling factor of
0.9 (base
capacity=6 m®)
Installation 15 % of the total plant equipment (Wade, 2001) 15% of the total
Costs cost (applied for an SW RO plant) purchased
25% of the total equipment costs  (Banat and Jwaied, 2008) equipment cost
excluding instrumentation and excluding
control (applied for a solar driven instrumentation
MD plant) and control
30 % of the total equipment costs ~ (Pittner et al., 1993) cited
(applied for a BW RO plant) in (Miller, 2003)
50 to 85% of the total plant (Ghaffour et al., 2013)
capital cost (applied for an SW
RO plant)

207 \/alue calculated based on the collector area and the heat exchanger capital costs indicted by Banat and
Jwaied (2008)
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Maintenance
& Spare
parts (not
including
MD module
replacement
Insurance
Annual Costs

FPC Lifetime

MD Module
Lifetime
Pump
Lifetime
Thermal
Storage Tank
lifetime

Operating Costs
2% of the total plant capital cost (El-Dessouky and
(applied for an SW RO plant) Ettouney, 2002, Fiorenza
et al., 2003)

0.5 % of the total capital cost (Drioli et al., 2006)
Equipment Lifetime

10 to 25 years (Guyer, 2012)
Excess of 15 years with minimum (Rudnick et al., 1986)

maintenance

15 to 20 years (Kumar, 2013)

18 years®® (Fan et al., 2009)
25 years on average (SolarContact, 2014)

5 years (Wieghaus et al., 2008)

20 years (Richards and Schafer,
2003)

25 years (Maller-Holst et al., 1998)

7.2 Results and Discussion

2% of the total
solar driven MD
plant capital cost

20 years

5 years
20 years

25 years

7.2.1 Scaling effect on the RO/MD plant maximum recovery rate

In chapter 4, it was shown that for the typical GW composition found in Egypt, the

scaling limited maximum attainable RR’s were nearly the same at those limited by the

RO plant design. For the same reason, as shown in Figure 7-5, it is clear that unless GW

has low scaling potential, using MD to enhance the RO plant RR is not possible even

when using scale inhibitors and acid dosing.

The use of MD to enhance the RO RR is however feasible with additional pre-treatment

steps such as the use of an ion-exchange process and lime softening. For example, with

an RO brine with 7,500 mg/l salinity and a chemical composition with similar calcium

and sulphate concentrations as those of the typical GW composition in Egypt but with

much higher silica concentrations, i.e. 116 mg/l, Martinetti et al. (2009) showed that

with chemical softening and the use of clarification and dual media filters to remove the

2% The value is the lifetime of an actual 4000 m? flat plate collector field installed in Sweden in 1982 and

shut down in 2000



232

precipitated solids, that in addition to the use of sulphuric acid and scale inhibitors, a
RR of up to 98% could be obtained using a hybrid RO/MD plant.

100
— . o
s " [ = - ¢ Max RO RR (Design Limited) at
g 90 * % " 20-40°C
5 2
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= 80 3 . ® Max RR at pH=6 Low Scaling
% % Potential GW
8 70
< Max RR pH=6 High Scaling
% 60 Potential GW
=

50 x Max RR at pH=6 Typical

0 2000 4000 6000 8000 10000 Composition GW

Feed Water Salinity (mg/l)

Figure 7-5: Comparison between the maximum scaling limited RR’s that can be attained with
simple pre-treatment with different GW compositions at the expected operating temperatures of
the MD process®® and those limited by the RO plant design

However, as discussed in chapter 2, ion exchange is an expensive process, and lime
softening will also increase the costs, complexity and maintenance requirements of the
desalination plant. Accordingly, these pre-treatment processes may not be suitable for
decentralized applications in remote/rural areas in Egypt.

7.2.2 Effect of cooling tower water losses on the RO/MD plant
maximum recovery rate
After considering the evaporation losses in the cooling tower, it was observed that the
annual permeate production estimated from the TRNSY'S model dramatically decreased.
Therefore, the maximum attainable RR after considering the evaporation losses was
preliminary estimated after assuming a constant MD permeate flow rate estimated at the
average expected salinity, 80°C evaporator inlet temperature and 22 hours operation to
calculate the initial number of MD modules required as discussed in section 7.1.2. The
MATLAB code was then used to estimate the maximum attainable RR and the
corresponding initial number of modules required after applying the following

modifications:

A) Equations (7-4) to (7-7) were modified to account for the evaporation losses in

the cooling tower as follows:

209 60-85°C
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att < tRO:

Mprine Tank (t) = Mpyrine RO *t+ NMD * [(1 - LOSS) * mé’o — m;:,l-] * (t — 1) (7'15)
Mg, o = M ; — My MD Mod design (7-16)

m,; =m (7-17)

c,i

at t>tR0:

Mprine ,Tank (t): Mprine ,Tank (tRO) + NMD = [(1 - LOSS) * me,o - mc,i] * (t - tRO) (7_18)

where m; ,, m, ;, and m; ; are the evaporator channel outlet and inlet mass flow rate
and the cooling channel inlet mass flow rate respectively and Loss is the evaporation

losses from the cooling tower.

B) A condition was added to ensure that the brine salinity in the tank at any time
step during the day does not exceed the maximum allowable salinity associated
with the hybrid plant maximum scaling limited RR when GW with low scaling
potential is used. In this case, starting from the maximum scaling limited RR,
the hybrid RO/MD plant RR is reduced until the condition below is satisfied:

Sbrine ,tank (t) = ﬂ (7-19)
1 = Ryypmax

As shown in Figure 7-6, it is found that the water losses from the cooling tower, while
small, greatly limited the maximum attainable RR by the hybrid RO/MD plant. The
evaporation losses from the cooling tower were actually the main RR limiting factor.
The maximum attainable RR’s at different feed water salinities were even lower than
those obtained when simple pre-treatment is used with low scaling potential GW.
Furthermore, even after assuming that pre-treatment measures such as those discussed
in Martinetti et al.(2009) are taken and that the brine salinity in this case can reach a

210

salinity of 250 g/kg“™ without scaling issues, the maximum attainable RR was still

lower than the scaling limited RR.

2191t js assumed that the brine is mainly a sodium chloride solution. The 250 g/kg value is in this case

slightly below the value at which Yun et al. (2006) observed a sharp decline in MD flux due to the
precipitation of sodium chloride on the MD membrane surface due to the effect of concentration
polarization.



234

100
- © Max RO RR (Design Limited)
95 i - = at 20-40°C
S x n
2 90 o & % ; B Expected Max. attainable RR
© (Simple Pre-treatment)
>
g 85 o
§ Max. attainable RR with 2.2%
o evaporation losses (Simple
80 <& &
Pre-treatment)
75 X Max. Attainable RR with 2.2%
evaporation losses (Further
0 2000 4000 6000 8000 10000 Pre-treatment)

GW Salinity (mg/l)

Figure 7-6: Comparison of the maximum attainable RR of the hybrid RO/MD plant before and
after accounting for the effect of 2.2% evaporation losses from the cooling tower when the RO
plant is designed to operate only during daytime and when the PGMD module is operating at 20°C
cooling channel inlet temperature and 500 kg/h feed flow rate

The increase in water salinity due to the evaporation losses in the cooling tower can be
observed from Figure 7-7, which shows the change in the water salinity and the
available brine mass in the tank for a hybrid RO/MD plant desalinating 20,000 mg/I

water with an overall RR of 82%.
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Figure 7-7: Effect of cooling tower evaporation losses on the available brine mass and salinity at an
overall hybrid RO/MD plant RR of 82%, when the PGMD module is operating at 20°C cooling
channel inlet temperature and 500 kg/h feed flow rate and when the RO plant is designed to
operate only during daytime with 20,000 mg/l GW salinity

In this example, without the evaporation losses, the targeted 82% hybrid plant RR is

attained without the brine salinity exceeding the maximum value at which scaling
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would occur when GW with low scaling potential is used®'. In contrast, with the
evaporation losses the maximum brine salinity is exceeded at approximately the 16"
hour at which the hybrid plant RR is only 78.2%.

It should be also noted that when the RO plant is operating for 24 hours, the maximum
attainable RR is even lower than the case where the RO plant is only operating during
daytime (Figure 7-8). This is mainly due to the different salinity profiles such that when
the RO plant is only operating during daytime, the brine salinity in the tank slightly
increases until the RO plant stops, after which it exponentially increases as shown in
Figure 7-9. In contrast, when the RO plant is operating for 24 hours, the large number
of modules required in this case?'? causes a logarithmic increase in the salinity at the
beginning of the day where large amount of water is recovered. Afterward, the high
brine salinity at the end of the day reduces the permeate flow rate hence slowing down
the increase in the brine salinity. Accordingly, the MD modules operate at higher
average salinity than the case where the RO plant is operating during daytime only. For
this reason, while the amount of permeate that needs to be produced by the MD plant is
tripled®?, the required number of MD modules increased 4.4 times which resulted in an

increase in the water losses.
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Figure 7-8: Comparison between the maximum attainable RR by the hybrid RO/MD plant when
the PGMD module is operating at 20°C cooling channel inlet temperature and 500 kg/h feed flow
rate and under the assumption that the brine can be concentrated to 250 g/kg

21 The scaling limited RR is 84% at which the maximum brine salinity is 125 g/kg
212 | arger number of modules required as larger amount of brine needs to be desalinated by the MD plant
23 RO plant operating hours increased from 8 to 24 hours
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Figure 7-9: MD brine tank salinity profile comparison when the RO plant is designed to operate
during daytime only and for 24 hours at 79% hybrid plant RR, 20,000 GW salinity and 20°C MD
cooling channel inlet temperature

It is also worth mentioning that the high RR’s reported in other studies in the literature
concerning the feasibility of hybrid RO/MD plants such as those of Drioli et al. (1999),
Criscuoli and Drioli (1999) Drioli et al. (2006) and Macedonio et al. (2007) is found to
be not feasible if a cooling tower is used. In their studies, an overall RR of 86% was
achieved by desalinating the brine of a SW RO plant using a DCMD process whose
performance was based on the experimental work of Drioli et al. (1999). Drioli et al.
(1999) performed their experiment on a lab scale DCMD module which operated at
fluxes ranging from 2.4 to 1.4 kg/m?/h at feed water salinities of 75 (start salinity) and
320 g/l (final salinity) respectively, an evaporator inlet temperature of 35°C and feed
flow rate of 300 I/h. While the flux at 75 g/l is 3 times higher than that obtained from
the full scale module used in this study even when the latter is operating at 80°C
evaporator inlet temperature, if a cooling tower with 2.2% evaporation losses is used,
the membrane area of each MD module would need to be at least 90 m? such that the
overall RR of the hybrid plant exceeds 85% when the RO plant is operating during
daytime only. Such large area is required to increase the RR of the MD module’s to
reduce the required number of modules hence the amount of brine that needs to be
recirculated. However, as discussed in Chapter 2 (section 2.5.3), it is not possible to
obtain the same flux of a lab scale module with a full scale module especially if the
membrane area is a large as 90 m?. The reported high RR could be however attained if
additional SW is used to cool the brine through a heat exchanger, as in the MD system

discussed in Zhao et al. (2013), instead of using a cooling tower.
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7.2.3 Enhanced MD configurations for higher RO/MD plant recovery
rates

As discussed in the previous section, the low RR of the PGMD module used in this

study greatly limited the maximum attainable RR of a hybrid plant as it resulted in

increasing the water losses in the cooling tower.

In this case, enhanced MD configurations such as VMD might be a better alternative for
a hybrid RO/MD plant. The VMD configuration has much higher fluxes than DCMD
and AGMD as could be clearly observed from the experimental work of Cerneaux et al.
(2009) which compared the performance of different MD configurations. The other
advantage of VMD modules is that high fluxes can be attained at low feed water
temperatures which helps in limiting calcium sulphate scaling due to its higher

solubility at lower temperatures (Martinetti et al., 2009).

An example of a commercially available full scale VMD module is the vacuum multi-
effect MD produced by memsys in partnership with GE (memsys, 2014). Similar to
MSF and MED, the module consists of several stages, each containing a flat sheet
hydrophobic membrane, where the latent heat of the water vapour produced in one stage
is used to heat the brine in the following stage to increase the thermal efficiency of the
process by reusing the latent heat several times. But most importantly, the MD flux of
the module is enhanced by applying vacuum to the permeate channel of each stage
which increases the pressure gradient across the membrane and makes the conductive
heat losses negligible as discussed in Chapter 2 (section 2.4.2). Based on the
manufacture’s data sheet (memsys, 2015), a RR of up to approximately 39% is obtained
from a memsys module consisting of 6 effects with a total membrane area of 52 m? and
at a heating water temperature of 75-80°C using tap water as the feed and at a coolant
water temperature of 30-35°C. This RR is approximately 9 times higher than that
obtained from the PGMD module at similar operating conditions?**.

However, such module requires a large cooling flow rate in the condenser chamber
which is up to 9 times the feed flow rate (memsys, 2015). Accordingly, the increase in

the MD module RR was totally offset by the large cooling flow rate which increased the

21 The PGMD RR is approximately 4.4% at an evaporator channel and cooling channel temperatures of
80 and 30-35°C respectively and a feed flow rate of 500 kg/h
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evaporation losses in the cooling tower. A preliminary investigation®*®

showed that
nearly the same hybrid plant RR’s obtained using the PGMD module was achieved by

the memsys module in spite of its much larger RR (Figure 7-10).
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Figure 7-10: Comparison of the maximum attainable RR between a hybrid RO/MD plant using the
PGMD module and another using the memsys module with 2.2% water losses from the cooling
tower, 20°C MD cooling channel inlet temperature, 500 kg/h feed flow rate and when the RO plant
is designed to operate only during daytime

It is also worthwhile mentioning that with the memsys module and any other MD
module configurations using a separate condenser channel, there is the option of
pumping additional amount of GW to act as the coolant. In this case, the maximum
attainable RR will be also limited by the evaporation losses in the cooling tower.
However, the RR limitation is caused by the additional GW that needs to be pumped
rather than scaling issues. In this case, a preliminary analysis shows that using
additional GW to act as a coolant will significantly limit the hybrid plant RR**® and it is
better to use the brine from the tank instead (Figure 7-10).

7.2.4 Solar driven MD plant performance

In the previous section, it was concluded that in spite of its very low RR, the PGMD
module used in this study could still be used to desalinate the brine of a BW RO plant
operating during daytime only and in inland areas, where a cooling tower is needed, as

in this case RR’s of at least 90% could be achieved. Accordingly the performance of a

213 |n the analysis, it was assumed that the memsys module has a RR that is always 9 times that of the
PGMD module at similar operating conditions. Moreover, as the memsys module has a separate
condenser channel, it was assumed that the brine from the tank flows through the condenser channel
acting as the coolant similar to the PGMD module. The brine exiting the condenser channel and that
exiting the MD module then go through the cooling tower before being recirculated back to the brine
tank.

216 The maximum attainable RR was calculated using equations (7-4) to (7-7) and then the denominator of
equation (7-1) was modified to account for the additionally pumped GW which is equal to 10 * NMD =
Loss x m,; where the 10 factor accounts for the additional 9 folds of the flow rate circulated in the
memsys module, that needs to flow in the condenser chamber
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solar driven hybrid RO/MD plant was investigated for the aforementioned case after
assuming that additional pre-treatment measures like water softening and clarification

are taken.

7.2.4.1 TRNSYS model validity
Figure 7-11 shows the performance of a solar driven MD plant during a sunny day
where the plant is used to desalinate the brine from an RO plant desalinating 2,000 mg/I

GW. The plant operates exactly as described in section 7.1.5.1.

The FPC loop pump starts at 8:30 (A) followed by the heat storage loop pump. T¢,; and
Tyx-, then keep increasing with the increase in the incident solar irradiance. At 10:30
(B), Tyx, exceeds pre-set value 7 (Table 7-1) and therefore the MD plant starts to
operate. At 11:30 (C), as the sun irradiance is about to reach its peak, the water
temperature exiting HX1 exceeds 83°C and therefore the additional heat is used to
charge the storage tank such that Ty, remains at 83°C. At 16:40, the tank bottom
temperature approaches 83°C and therefore the UV valve is switched back to the B-C
position which explains the sudden increase in Tyx, and T, ;, from 16:40 to 18:20 (D to
E)217.

Near sunset, i.e. 18:20 (E), T, is below pre-set value 1 and therefore the FPC loop
pump is switched off and LV is switched to the B-A position such that the heat is
supplied from the storage tank. However, as the tank top temperature is initially very
high, the MD plant is shut down until Ty is below pre-set value 6. The MD plant then
keeps operating until the heat in the storage tank is exhausted, i.e. top tank temperature
is less than Pre-set value 2, at which the LV position is reset to the B-C position. Finally
the MD plant operates for a short time due to the residual heat in the pipes before

eventually shutting down when Ty, goes below pre-set value 7.

27 This case occurred in this day in particular where the solar irradiance is one of the highest in the whole
year.
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Figure 7-11: The performance of the MD plant during a sunny day

7.2.4.2 Design optimization

A) Effect of FPC area on the MD plant performance
Figure 7-12 shows the effect of the FPC area on the MD plant annual permeate
production and LCOW. As expected, increasing the FPC area allowed the MD plant to
operate for longer time higher evaporator inlet temperatures which resulted in an

increase in the annual permeate production.
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Figure 7-12: Effect of the FPC area on the annual permeate production and LCOW of the MD
plant with the initially estimated number of modules (NMD=63) and when GW with 2,000 mg/I
salinity is desalinated by the hybrid plant

However, at some point increasing the FPC area resulted in a significant increase in the

duration at which the MD plant is shut down to protect the modules from high
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temperature operation particularly during periods of high solar irradiance increasing the
duration at which the plant is shut down to protect the modules. Accordingly, in spite of
the increase in the plant annual average operating temperature, the increase in the FPC
area resulted in a limited increase in the annual permeate production and eventually a

reduction in the production at very large FPC areas®®.

For this reason the LCOW of the MD plant is the lowest when the FPC area is just
enough for the MD plant to operate as long as possible near 80°C while minimizing the
shutdown period due to high temperature operation. It is important to note, however,
that the FPC area/module ratio at which the LCOW is the lowest is not necessarily the
optimal case as the increase in the LCOW at higher FPC area/module ratios is also due

to the increase in the RR, and therefore the operating salinity.

B) Effect of number of MD modules on the annual permeate production
It is also observed from Figure 7-12 that the annual MD plant production required to
reach the maximum attainable hybrid plant RR was not reached with the initially
estimated number of modules®®. This is expected because the initial number of modules
was estimated under the assumption that the MD plant can constantly operate at 80°C
for 22 hours every day of the year, i.e. approximately 92% of the year. However, this is
not the case with a solar driven plant due to the intermittent nature of solar energy. For
example, the actual MD plant annual average operating temperature at the optimal FPC
area was 78.4°C and only operated for approximately 76% of the year when 2,000 mg/I
GW is desalinated by the hybrid plant.

For this reason, the number of modules was gradually increased to reach the required
annual permeate production. Figure 7-13 shows the effect of increasing the number of
MD modules on the annual permeate production. It is observed that while as expected
higher annual permeate production was obtained with larger number of modules, at the

same FPC area/module ratio the more modules added the less significant was the

218 1t should be noted that during the optimization process, the annual permeate production at very large
FPC areas was maximized when the FPC and heat storage loops operating temperature window was
increased. In other words, both loops were set to also operate at low temperatures where the operation is
less thermally efficient to consume the excess heat available hence reducing the duration at which the
plant is shut down.

219 E g. approximately 16% and 14% shortage from the required annual permeate production when 2,000
and 10,000 mg/l GW, respectively, is desalinated by the hybrid plant
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increase in the permeate production. This is attributed to the increase in the MD plant
operating salinity mainly as a result of the increase in the evaporation losses as more
modules are used; that in addition to the increase in the RR which increases the

operating salinity.
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Figure 7-13: Effect of increasing the number of PGMD modules on the annual permeate production
of the MDD plant when GW with 2,000 mg/I salinity is desalinated by the hybrid plant and when the
RO plant is designed to operate during daytime only and (b) when GW with 10,000 mg/I salinity is
desalinated by the hybrid plant and when the RO plant is designed to operate 24 hours

It is also observed that increasing the FPC area/module ratio was less effective in
increasing the annual permeate production when the RO plant is operating during
daytime only especially with more modules added. It was particularly observed that the
percentage increase in the average operating salinity, associated with the increase in the
annual permeate production with higher FPC area/module ratios, was much higher
when the RO plant is operating during daytime only. Therefore, it is concluded that this
behaviour is likely due to the different salinity profiles as discussed in section 7.2.2. In
particular, increasing the FPC area/module ratio extends the operating time of the MD
plant, i.e. operate more time during evening and night time. Therefore, when the RO
plant is operating during daytime, the extended operating time is after the RO plant is
shut down where the brine salinity starts to increase exponentially lowering the MD
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module permeate production. In contrast, when the RO plant is operating 24 hours, the
operating salinity during evening and night time does not increase by much from its

value during daytime.

For the same reason, at larger number of MD modules, it was more economical to
design the plant to operate at low FPC area/Module ratios when the RO plant operates
during daytime only as shown in Figure 7-14. In this case, as less heat is available the
annual permeate production decreased and therefore resulting in a reduction in the
average operating salinity. However, reducing the FPC area defeats the purpose of
increasing the number of modules to increase the annual permeate production. It is
therefore more economical to operate at high FPC/module ratio with lower number of
modules as the MD plant operates at higher evaporator inlet temperatures hence more
efficiently. For example, as shown in Figure 7-13a and Figure 7-14a, for the case
where the RO plant is operating during daytime only, the annual permeate flow rate
when the number of modules is increased by 40% and 60% over the initially estimated
value and at an FPC area/module ratio of 28.6 and 25.7 respectively was the nearly the
same, however the LCOW of the former was approximately 8% lower.
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Figure 7-14: Effect of increasing the number of PGMD modules on the LCOW of the MD plant
when GW with 2,000 mg/l salinity is desalinated by the hybrid plant and when the RO plant is
designed to operate during daytime only and (b) when GW with 10,000 mg/l salinity is desalinated
by the hybrid plant and when the RO plant is designed to operate 24 hours



244

7.2.4.3 Economic feasibility of PV-RO/FPC-MD hybrid plant

As discussed in section 7.2.4.2, the annual permeate production, hence the hybrid plant
annual RR, depends on the FPC collector area and number of MD modules used. It was
particularly shown that increasing the number of MD modules, while increased the
annual permeate production, resulted in a significant increase in the LCOW due to the
increase in the operating salinity especially when the RO plant operates during daytime

only.

For this reason, in this study the MD plant design at which at least 90% of the required
annual permeate production is obtained will be used to determine the LCOW of the
hybrid plant. In other words, increasing the number of modules to increase the annual
permeate production beyond the 90% of the required value will be considered as

uneconomical.

Figure 7-15 shows an estimation of the LCOW of the hybrid plant when brackish GW
is desalinated and with the typical GW depths found in Egypt. It is clear that
desalinating the RO brine by an MD process using PGMD modules will significantly
increase the LCOW. The LCOW of the hybrid plant ranged from 2.65 to 6.8 USD/m?®
with 2, 000 and 10,000 mg/l GW, respectively, when the RO plant is operating during
daytime only, and 2.3 to 5.7 USD/m®when it is operating for 24 hours. In other words,
the small percentage increase in the RR over that the RO only plant achieved using a
hybrid plant increased the LCOW by approximately 1.9 to 3.6 folds. The LCOW of the
hybrid plant did not also include the additional cost of pre-treatment that can allow such
high RR’s to be attained as discussed in section 7.2.1 which will result in a further

increase in the costs.

Moreover, as expected, using a hybrid plants becomes more economical when the GW
is extracted from the Nubian aquifer in the Sinai Peninsula where high RR’s are needed
the most due to the high costs associated with GW extraction. The LCOW of the hybrid
plant, in this case, was 1.9 to 2.6 times higher than that of the RO only plant (Figure
7-16).
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Figure 7-15: LCOW of the solar driven hybrid RO/MD plant with the typical GW depths in the
HSI zone when the RO plant is designed to operate (a) during daytime only and (b) for 24 hours
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Figure 7-16: Percentage increase in the LCOW after using an MD process to enhance the RR above
the design limited values of the RO plant with the typical GW depths in the HSI zone and when the
RO plant is designed to operate for 24 hours

The LCOW of the MD plant alone ranged from approximately 40.5 to 50.5 USD/m?®
which is extremely high especially when compared to that of the RO plant. Moreover,
as expected the LCOW of the MD plant was slightly higher, i.e. 6.2 to 7.7%, when the
RO plant is operating for 24 hours than in the case where it is only operating during
daytime due to the higher average operating salinity of the MD plant in the former, as
discussed in section 7.2.2, which increased the number of modules required as well as
the SHC. Nevertheless, the LCOW of the hybrid plant was lower in the former case
simply because the LCOW of the RO plant, which desalinates most of the water, was

lower as discussed in Chapter 4 (section 4.2.3.1).

It should be noted that the estimated LCOW of the MD plant in this study is higher than
that reported in Banat and Jwaied (2008) for a similar solar driven plant which was
estimated to be 36 USD/m®. This is due to the low MD module specific cost used in
their study which was approximately 10 times lower than that used in this study. The
study also assigned a specific cost to the FPC’s that is nearly half that used in this study.
Moreover, the MD plant in Banat and Jwaied (2008) was used to desalinate SW and
therefore the operating salinity is lower than the annual average operating salinity of the
MD plant discussed in this study which ranged from approximately 55 to 100 g/kg. This
could be observed from the ratio between the FPC area and the MD membrane area
which in Banat and Jwaied (2008) was less than half that of the plant analysed in this
study. Finally, it should be noted that for the same plant, Banat and Jwaied (2008)
reported that the unit water costs can drop to 18 USD/m?® under the assumption that the
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permeate water of the MD plant can be mixed with the feed water with 1:1 mixing ratio.
However, this assumption is not adequate given that 1:1 mixing ratio would result in a

220
I

permeate water salinity of at least 17.5 g/I*”” which is not suitable for drinking or

irrigation.

7.2.4.4 Effect of the feed flow rate on the LCOW of the MD plant

The previous analysis was carried out with the case where the MD module is operating
at 500 kg/h feed flow rate to reduce the number of MD modules required. However, as
discussed in section 7.1.4, operating a lower feed flow rates can reduce the SHC of the

MD process.

However, it was found that while the SHC was indeed reduced, reducing the feed flow
rate did not result in a reduction in the LCOW. As shown in Figure 7-17, even in the
best case where the MD plant is operating at the lowest average salinity, which occurs
when 2,000 mg/l GW is desalinated by the hybrid plant, and therefore lowering the feed
flow rate would result in the highest reduction in the SHC (section 7.1.4), the LCOW
increased by 6.7%. While the MD plant indeed operated more efficiently by lowering
the feed flow rate with an increase of 15% in the annual permeate produced per 1 m?of
FPC area, the reduction in the FPC area was outweighed by the increase in the number
of modules required, where 46% more modules were needed to produce the same

amount of annual permeate production.
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Figure 7-17: Effect of the feed flow rate of the PGMD module on the LCOW of the solar driven MD
plant, the required number of modules, and its thermal efficiency when 2,000 GW is desalinated by
the hybrid plant

220 Red Sea water salinity, desalinated by the plant discussed in Banat and Jwaied (2008), is assumed to
be approximately 35 g/l



248

7.2.5 Sensitivity analysis

A sensitivity analysis was carried out to assess the impact of the different components
of the MD plant on its LCOW.

Similar to the sensitivity analysis carried out in Chapter 4, the cost of each component
of the MD plant was reduced by 20% and the corresponding percentage decrease in the
LCOW of the plant was examined.

It is clear from Figure 7-18 that the costs associated with the MD modules, the FPC’s
and the heat exchangers in addition to the indirect costs, which are a function of MD
plant direct cost, have the biggest impact o the LCOW of the MD plant; which can be
also observed from Figure 7-19.

The high cost associated with the MD modules is mainly due to the low flux of the
PGMD module which required the use of a large number of modules; that in addition to
their current high costs which is at least 3.5 fold higher than that of an RO module.
Conversely, the very high SHC of the module required the use of a very large FPC and
heat exchanger areas.
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Figure 7-18: Impact of a 20% reduction in the equipment and indirect costs of the solar driven MD
plant on its LCOW when the plant is used to desalinate the brine of an RO plant designed to
operate for 24 hours and desalinating 10,000 mg/l GW
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Figure 7-19: Capital cost breakdown of a solar driven MD plant used to desalinate the brine of an
RO plant designed to operate for 24 hours and desalinating 10,000 mg/l GW

7.2.6 Possibilities to reduce the LCOW of the MD plant
Based on the sensitivity analysis carried out in section 7.2.5, it is concluded that in order
to reduce the LCOW of the MD plant, hence that of the hybrid plant, it is necessary to

reduce the cost associated with the MD modules and FPC’s or increase the productivity

of the MD module and decrease its SHC.

Several scenarios were investigated and their effect on the LCOW was examined which
are summarized in Table 7-4. It was already discussed in the previous section that the
current module price is very high and at least 3.5 time that of the RO plant.
Accordingly, the scenario where the MD module price would be similar to that of the

RO was also investigated.

It was also discussed that the flux and the SHC of the PGMD module used in the
analysis were very low and high, respectively. Accordingly, the following scenarios are
also investigated: a scenario where under the same operating conditions and with the
same heat consumption of the PGMD module, the flux of the PGMD is quadrupled
while the heat consumption remains unchanged; a scenario where the same flux of the
PGMD module could be obtained at only quarter of the heat energy consumption under
the same operating conditions; and a scenario where the flux and the heat consumption
of the PGMD module are doubles and halved, respectively, under the same operating
conditions. These particular ratios were chosen because the lowest SHC reported so far

for a commercial MD module was 55.5 kWh/m?3 obtained from the memstill module
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(Chapter 2 section 2.5.3) when SW is desalinated. This value is approximately 4 times
lower than that of the PGMD module at the same feed water salinity. Accordingly, a 4
times reduction in the SHC could be either achieved by a 4 fold increase in the flux, 4
fold reduction in the heat consumption, or 2 fold increase in the flux and 2 fold

reduction in the heat consumption.

Table 7-4: Suggested scenarios to reduce the LCOW of the solar driven hybrid RO/MD plant

Case Conditions
A 100 USD/m? Module Cost
B 4x MD Module Flux Increase
C 4x MD Module Flux Increase + 100 USD/m? Module Cost
D 4x MD Module Heat Energy Reduction
E 4x MD Module Heat Energy Reduction + 100 USD/m? Module Cost
F 2x MD Module Heat Energy Reduction + 2x MD Module Flux Increase
G 2x MD Module Heat Energy Reduction + 2x MD Module Flux Increase + 100 USD/m? Module

Cost
Solar Waste Heat Available
Solar Waste Heat Available + 100 USD/m? Module Cost
Solar Waste Heat Available + 4x MD Module Flux Increase
Solar Waste Heat Available + 4x MD Module Flux Increase +100 USD/m2 Module Cost
Solar Waste Heat Available + 4x MD Module Heat Energy Reduction

Solar Waste Heat Available + 4x MD Module Heat Energy Reduction + 100 USD/m2 Module
Cost

N Solar Waste Heat Available + 2x MD Module Heat Energy Reduction + 2x MD Module Flux

Increase
@) Solar Waste Heat Available + 2x MD Module Heat Energy Reduction + 2x MD Module Flux
Increase + 100 USD/m2 Module Cost

SEr X« -—-1I

It should be noted that with the scenarios involving a reduction in the heat consumption,
for simplicity, it is assumed that the area of the FPC and the heat exchangers, the
volume of the heat storage tank, and the flow rates in the collector and heat storage tank

loops are directly proportional to the heat consumption.

Finally, the case where the heat required by the MD plant can be obtained from the
waste heart of an electricity generating solar plant such as a CPV or CSP plant. A
discussed in Chapter 2 (section 2.2.1), the excess heat from both technologies could be
used to drive a thermal desalination process which would increase the overall utilization
of solar energy. In this case, for simplicity, it is assumed that the same heat supplied by
the FPC’s can be supplied by excess heat such that the costs associated with the

collectors and their racks are completely offset. In other words, the performance of MD
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plant is assumed to be unchanged and therefore the area of the heat exchangers, the
volume of the heat storage tank and the flow rates in the collector and heat storage tank

loops, hence the PV system size, are kept unchanged.

Figure 7-20 shows several scenarios and their effect on the LCOW of the MD plant. It
is clear the scenarios where a source of waste heat is available show the greatest
reduction in the LCOW of the MD plant. The availability of a waste heat was more
effective in reducing the LCOW of the MD plant than the scenario where the MD plant
heat consumption is reduced by 4 folds, although the latter case involves a reduction in
the costs associated with the heat storage tank, PV system and heat exchangers. This
emphasizes that, as discussed in section 7.2.5, the costs associated with the FPC’s is the
main factor affecting the LCOW of the MD plant.
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Figure 7-20: LCOW of the hybrid RO/MD plant under different scenarios when the RO plant is
designed to operate for 24 hours

The lowest LCOW is achieved with the cases where a source of waste heat is available
and the MD module experiences either a 4 folds decrease in the heat consumption, or a
2 fold increase in the flux and 2 fold reduction in the heat consumption; and in both
scenarios the MD module specific costs had to be reduced to 100 USD/m?. Under these
scenarios, the increase in the RR over that the RO only plant achieved using a solar

driven hybrid plant will result in a percentage increase in the LCOW ranging from 26 to
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47% depending on the GW depths (Figure 7-21) i.e. the LCOW of the hybrid plant
ranged from 1 to 2.8 USD/m3.
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Figure 7-21: Percentage increase in the LCOW after using an MD process under the “O” scenario
to enhance the RR above the design limited values of the RO plant with the typical GW depths in
the HSI zone and when the RO plant is designed to operate for 24 hours

7.3 Conclusion

In this chapter, a feasibility study of using an MD process to enhance the RR of the RO
plant was carried out. It was found that an enhancement in the RR is only feasible with
additional pre-treatment steps such as chemical softening, clarification and media

filtration which will increase the complexity and cost of the plant.

Most importantly it was found that the evaporation losses from the cooling tower have a
significant impact on the maximum attainable RR from a hybrid RO/MD plant. For the
PGMD module used in this study, such losses were the main RR limiting factor for a
hybrid RO/MD plant where no more than 10% enhancement in the RO RR was
obtained with brackish GW even after assuming that the brine can be concentrated to
250 g/kg without scaling issues. Moreover, even with enhanced MD process
configurations such as the memsys module, which is based on a VMD process, the large
cooling requirements resulted in an increase in the evaporation losses which limited the
maximum attainable RR of the hybrid plant to values similar to those obtained with the
PGMD module although the RR of the former was up to 9 times higher. Accordingly, it
is concluded that higher RR’s are only possible with high RR modules that have low

cooling requirements.
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Moreover, the small percentage increase in the RR over that the RO only plant achieved
using a hybrid plant, resulted in an increase in the LCOW by approximately 1.9 to 3.6
folds for the typical GW depths found in Egypt. Furthermore, as expected, using a
hybrid plant was more economical in areas where the GW is found at large depths
where high RR’s are needed the most due to the high costs associated with GW

extraction.

Based on the results of the sensitivity analysis carried out on the solar driven MD plant,
it was particularly found that the low flux and the high SHC of the PGMD module in
addition to its current high costs are the main contributors to the very high LCOW of
the MD plant. It is, therefore, concluded that hybrid RO/MD plants are likely to be only
economically feasible if a source of a waste heat is available from a CPV or a CSP
plant, the SHC of the process is reduced by 4 folds and the MD module costs become
similar to that of an RO module. In this case, the LCOW of the MD plant is reduced to
values ranging from 10.4 to 11.7 USD/m® which resulted in a more reasonable
percentage increase in the LCOW of the hybrid plant over that of the RO only plant
ranging from 26 to 47% for the range of GW depths found in Egypt.



8. Conclusion

The aim of this thesis is to investigate the feasibility of using solar driven plants for
brackish GW extraction and desalination. Such plants were suggested to help
establishing autonomous decentralized agricultural communities in Egypt away from

the heavily populated Nile valley and delta.

Reviewing water resources in Egypt showed that the Nile water, the main source of
fresh water, is almost fully exploited and that SW desalination and GW extraction will
be the best options to increase Egypt’s water supply. The latter option, however, was
shown to suit decentralized applications and could potentially be more economical than

SW desalination.

Accordingly, GW properties in the seven main hydro-geological systems across six
regions in Egypt as well as its potential for sustainable development were investigated.
It was found that approximately 55% of Egypt’s area has access to brackish GW, with
whole regions such as the Eastern Desert and the Sinai Peninsula mostly having access
to only BW. Conversely, fresh GW was found to be only confined to the overpopulated
Nile delta and valley area in addition to the western and south western parts of the
Western Desert which are found to be exposed to sand drift hazards and are not
attractive to establish decentralized communities due to their remoteness. The study also
showed that 47% of BW aquifers have moderate to high potential for sustainable
extraction. Five main areas were particularly identified to have priority for establishing
decentralized agricultural communities based on brackish GW extraction and
desalination: areas along the Nile River in the Western Desert and the Eastern Desert
having access to the Nubian aquifer and the shallow Quaternary aquifer; the central
parts of the Sinai peninsula tapping the Quaternary and the Nubian aquifer; the coastal

area along both shores of the Suez gulf; and the Mediterranean North West coastal area.

Due to the limited GW resources in Egypt and the need to desalinate brackish GW to be
suitable for drinking and irrigation use, the study mainly focused on investigating the
feasibility of high RR PV driven RO desalination plants. It was found that the RO plants
can operate at RR’s ranging from 75 to 90% with a SEC ranging from 0.65 to 1.55
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kWh/m?at 2,000 and 10,000 mg/I salinity, respectively, with the typical brackish GW
composition found in Egypt excluding the additional energy requirements associated
with GW extraction. The SEC values drop to 0.5 to 1.5 kWh/m?® after accounting for the
increase in the produced water by blending the GW with the RO permeate.

The LCOW of the PV-RO plant was investigated for an RO plant designed to operate
only during daytime, and another designed to operate for 24 hours. It was found that the
GW salinity and depth, hence the size of the PV system, play a major role in
determining which case is more economical. In particular, it was found that due to the
dominating LCC of the RO plant, it is more economical to design the PV-RO plant to
operate for 24 hours. In this case its LCOW was 7 to 36% lower than that of a plant

operating only during daytime when BW is desalinated.

For a PV-RO plant operating 24 hours and with the typical GW composition found in
Egypt, the LCOW ranged from approximately 0.7 USD/m® to 1.65 USD/m® when GW
with salinity ranging from 2,000 to 10,000 mg/l is extracted and treated from most
aquifers in Egypt. Higher LCOW ranging from approximately 1.3 to 2.2 USD/m*are
however expected if the plant desalinates GW extracted from the Nubian aquifer in the
Sinai Peninsula due to the high costs associated with GW extraction and well
construction. In contrast, the lowest LCOW, i.e. 0.7 USD/m?, is obtained when GW is
extracted from the coastal aquifer along the north western Mediterranean coast and the
delta area as the GW exists at shallow depths. The variation in solar resources between
the northern coastal areas and the rest of Egypt was also found to have an insignificant
effect on the LCOW of a PV-RO plant.

Furthermore, it was found that a PV driven RO plant operating for 24 hours could be
described as cost competitive with a similar plant driven by a diesel generator if the
current subsidies on diesel are removed. The LCOW of the former was approximately 7
to 16% higher than that of a DG-RO plant when brackish GW is desalinated and for the
expected range of GW depths and solar irradiances in Egypt.

A sensitivity analysis also showed that the battery bank specific costs and the interest
rate have a significant impact on the LCOW of the PV-RO plant. It was particularly
found that a PV-RO plant operating for 24 hours becomes clearly more economical than
a similar plant driven by a DG if the batter bank specific costs dropped from 200 to 100
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USD/kWh. Moreover, any reduction in the interest rate will work in favour of a PV-RO

plant but will still not result in making a PV-RO plant more economical.

It was also found that the SEC and the estimated LCOW range for extracting and
desalinating BW using PV driven RO plants are lower than those of PV driven SW RO
plants even without considering the additional energy and costs associated with

conveying the treated SW to inland areas.

The feasibility of replacing standard PV modules with PV T collectors to drive the RO
plant was also investigated. In particular, the potential reduction and increase in the RO
plant energy consumption by heating the water and in the PV system electricity yield by
cooling the PV cells, respectively, was explored. It was found that a net energy saving is
only achieved using unglazed PVT collectors given the high optical losses of glazed
collectors which for all locations in Egypt and at different feed water salinities
outweighed the annual energy reduction achieved by heating the feed water going to the
RO plant. However, only a modest increase in the annual electricity yield by cooling the
PV cells and reduction in the RO plant annual energy requirements by heating the feed
water, ranging from approximately 3.5% to less than 7% for both, was achieved using
unglazed PVT collectors. It was particularly found that the low capacity factor of the
PVT collectors and the variability of solar irradiance in addition to the operating
temperature limitation of the RO membranes are the main limitations for the PVT
collectors to have any economic advantage over standard PV modules when coupled

with an RO plant regardless of the feed water salinity.

This thesis also explored the feasibility of using an MD process to enhance the RR of
the RO plant. Due to the lack of commercially available MD process simulation tools, a
mathematical model for a full scale spiral wound PGMD module was built. The
mathematical model gave good agreement with experimental results available in the
literature with a mean deviation of 0.3% and 3.35% from the experimental cooling
channel exit temperatures and permeates flow rates, respectively. An important finding
by building this model was that the commonly used Isostrain model tend to
overestimate the MD membrane overall thermal conductivity resulting in high deviation

in the MD flux from the experimental values particularly at higher feed water salinities.
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This raises concerns on the accuracy of the models available in the literature which all

used the Isostrain model.

It was then found that an enhancement in the RR is only feasible with additional pre-
treatment steps such as chemical softening, clarification and media filtration which will
increase the complexity and cost of the plant. Furthermore, even with such pre-
treatment, it was found that the evaporation losses from the cooling tower have a
significant impact on the maximum attainable RR from a hybrid RO/MD plant. In
particular, it was found that with the PGMD module used in this study, such losses were
the main RR limiting factor for a hybrid RO/MD plant where no more than 10%
enhancement in the RR was possible with brackish GW even after assuming that the
brine can be concentrated to 250 g/kg without scaling issues. Such evaporation losses
were also found to limit the RR of the hybrid plant even with enhanced MD process
configurations such as those using vacuum to enhance the flux, due to the large coolant
flow rates required. Accordingly, it is concluded that higher RR’s are only possible with
high RR MD modules with low cooling requirements.

The economic analysis of the hybrid RO/MD plant also showed that the small
enhancement in the RR by using a solar driven hybrid plant resulted in a 1.9 to 3.6 times
increase in the LCOW over that of the RO only plant when brackish GW is desalinated
and for the typical GW depths found in Egypt. It was particularly found that the low
flux and the high SHC of the PGMD module in addition to its current high costs are the
main contributors to the high LCOW of the hybrid plant.

It was therefore concluded that hybrid RO/MD plants are likely to be only feasible if a
source of a waste heat is available from a renewable energy source such as a CPV or a
CSP plant, the SHC of the process is reduced by 4 folds, and the MD module costs
become similar to that of an RO module. In this case, the LCOW of the MD plant is
reduced to values ranging from 10.4 to 11.7 USD/m?® which resulted in a more
reasonable percentage increase in the LCOW of the hybrid plant over that of the RO
only plant ranging from 26 to 47% for the typical GW depths found in most of Egypt.

The main implication of this thesis is to provide evidence for decision makers in Egypt
regarding the potential for developing brackish GW resources to start establishing
decentralized communities with safe access to water and energy supplies which could
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assist in alleviating rural poverty levels. For this reason, a feasibility study of high RR
PV-RO desalination plants to provide a sustainable access of water was carried out.
With the results obtained which showed that a PV-RO plant is only slightly more
expensive than a similar plant driven by DG’s operating with unsubsidized diesel, the
GOE can consider the application of such plants especially that the government is
planning to gradually remove the subsidies on diesel. Using solar energy instead of
fossil fuels is a necessity due to lack of fossil fuel resources in Egypt. Moreover, the
estimated LCOW of the PV-RO plant, which also includes the costs associated with
GW extraction, in addition to the brackish GW potential study carried out in this thesis,
will certainly help with studies concerning the feasibility of establishing decentralized
communities in Egypt. The study also gives important insight on the conditions at
which a solar driven hybrid RO/MD plant will be worth using to further increase the RR
of the RO plant. The results can particularly motivate other researchers and
manufacturers to help improve the performance of the MD process as well as examining
potential sources of renewable waste heat, such as that generated from a CSP or CPV
plant, to run the process.

8.1 Original Contributions

In this thesis, brackish GW potential in Egypt was investigated. While there are other
studies that discussed brackish GW availability in Egypt, the long term potential for
brackish GW extraction was not considered in these studies. In particular, the previous
studies only focused on reporting the GW properties such as salinity and depth while in
this study the aquifer productivity and recharge potential were also included in the
multi-criteria analysis used to determining the potential for brackish GW extraction in
different areas in Egypt.

Furthermore, while there are numerous studies on the feasibility of PV driven RO plants
in the literature, it was found that most of the designs were carried out in an ad-hoc
manner where the RO modules are operating in non-optimal conditions which will
compromise their lifetime and increase the risk of fouling. In addition, almost all of the
reviewed plants were operating at low RR’s which is not suitable for water scarce
countries like Egypt and also resulted in a significant increase in the SEC. Moreover,

the methodology for cost analysis in general and for those carried out for plants applied
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in Egypt were either not discussed or were based on simplified designs of the PV
system. In this thesis the RO plants were designed to operate at high RR’s and within
the recommended operating parameters of the manufacturer which guarantees realistic
energy consumption values and that the RO modules will operate within their typical
reported lifetime. The PV system was also properly designed using hourly weather data

using PVSYST which also ensured a more accurate battery bank sizing.

This thesis also explored the feasibility of replacing standard PV modules with PVT
collectors which, to the author’s knowledge, was not studied before. It was concluded
that it is unlikely that PVT collectors will be able to make a significant contribution to

solar driven desalination.

Moreover, in this thesis a mathematical model for a full scale commercial PGMD
module was built. While this module has been previously modelled in the literature, the
model assumed a simplified flat geometry for the module ignoring the complex heat
interactions between its different layers. Conversely, in this thesis, the model accounted
for the actual spiral wound geometry which, to the author’s knowledge, has not been

carried out before.

Finally, the feasibility of a solar driven hybrid RO/MD was investigated with a full
scale commercial MD module. Other studies in the literature on hybrid RO/MD plants
were found to be unreliable and also based their analysis on lab scale MD modules
which may have high fluxes that cannot be achieved with full scale modules under the
same operating conditions. For this reason, the study carried out in this thesis gives a
more realistic assessment of the feasibility of hybrid RO/MD plants. The study also
considered the effect of the evaporation losses in the cooling tower on the maximum
attainable RR of a hybrid plant which was not considered in any of the previous studies,
and was found to be a major limiting factor of the use of an MD process to enhance the
RR of an RO plant in inland areas. The performance of a hybrid plant driven by solar
energy was also investigated which, to the author’s knowledge, has not been carried out

before.
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8.2 Future Work Recommendations

While reviewing the literature on the availability of brackish GW in Egypt, it was
observed that there are very few studies on estimating the amount of GW that could be
economically and sustainably extracted from different aquifers in Egypt in different
areas. Such data was only found for fresh GW extracted from the Nubian aquifer in the
New Valley Oases and East Oweinat area and is based on old studies carried out in the
1980’s. Moreover, while they cover a large area of Egypt, the fissured carbonate and
Al-Moghra aquifers were particularly found to be not well studied in terms of their GW
reserves and the amount of GW recharge from rainfall and other aquifers. Such studies
on the aquifer’s GW reserves and the amount that could be economically extracted are
essential to determine the feasibility of establishing decentralized communities or any
economic activity based on GW extraction.

It was also discussed that the RO plant energy consumption has a significant impact on
determining whether it is more economical to run design the PV-RO plant to operate
during the daytime only or for 24 hours. This result is very important in the context of
the different studies concerning battery-less PV-RO plants where, to the author’s
knowledge, none of them discussed the effect of operating the plant only during the day
on the LCOW. It is therefore worth investigating whether the cost saving by not using a
battery bank could offset the LCOW increase caused by operating the RO plant at low
capacity factor especially with BW applications.

In the mathematical model of the full scale PGMD module, the heat transfer coefficients
in each channel were determined by varying their values until the best fit to the
experimental data is achieved. The values of the heat transfer coefficient were found to
be 40% that estimated by existing correlations for spacer filled channels. For this
reason, it is recommended to verify the estimated values through independent
experiments such as those carried out by Phattaranawik et al. (2003). In their study, the
membrane in a DCMD module was replaced by an Aluminium foil to eliminate the
effect of mass transfer on heat transfer and therefore the module was basically treated as
a heat exchanger. Such experiment would be however more challenging with a PGMD
due to the existence of the additional permeate channel. It is also recommended to

conduct gas permeation tests on the PGMD module to verify the MTC value estimated
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in this study. This is because the MTC was estimated using the DGM model based
equations that incorporate the membrane structural parameters whose accuracy was
criticized in many MD modelling studies and resulted in a high tortuosity value of 3
which could be compensating for other membrane parameters. It will be also interesting
to modify the model to properly calculate the heat losses from the walls of the MD
module and by the removed permeate flow especially which could be significant if the
MD module is operating in a cold climate. Furthermore, it will be interesting to
compare the results of the model built in this study which accounted for the actual spiral
geometry of the PGMD module with the model where a simplified flat geometry was

assumed.

It was also discussed that there are currently no models available to estimate the thermo-
physical properties of general multi-component water solutions at high salinities.
Moreover, using the existing models will require some modifications using available
experimental or numerical modelling data which are incomplete and the data from the
models are therefore expected to have significant uncertainties (Pawlowicz and Feistel,
2012). For this reason, in this thesis existing correlations developed for SW was used to
estimate the thermo-physical of the brine desalinated by the MD process although its
composition is different than that of SW. Therefore, it is recommended to test the
accuracy of using existing models developed for SW with high salinity water that has
different chemical composition than that of SW.

Further research is also needed to develop more thermally efficient full scale
commercial MD modules with enhanced RR’s that do not require large coolant flow
rates. As concluded in this thesis, this kind of modules will be more suitable to be
coupled with an RO plant to enhance the RR particularly in inland areas where cooling

towers are needed.

Finally, CPV is a very promising technology with generally lower LCOW then CSP’s
and are also expected to be competitive with standards non-concentrating PV in the near
future as was shown in this study. Therefore, it is recommended to investigate the dual
use of CPV to generate both heat and electricity similar to PVT modules. The excess
heat of the CPV is recommended to drive a low temperature thermal desalination

process such as MD. It was shown that such measure will significantly lower the
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LCOW of the hybrid plant. This investigation is particularly recommended to be carried
out with CPV technologies using Fresnel lenses to refract sun radiation where it is likely
to be less challenging to extract the heat from the panels compared to configurations

using parabolic dishes.
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Appendix A: Groundwater Extraction
and Estimated Reserves in Egypt

Location
New Valley
Oases

East Oweinat

Lake Nasser
Shores

Siwa Oasis

Eastern
Desert and
Red Sea
Coast

Wadi Al
Fareigh

Aquifer/ Type
of Water

Nubian/Fresh
GW

Nubian/Fresh
GW

Nubian (Upper
Zone)/
<1,500 mg/I

Nubian &
Fissured
Carbonate/
Mainly brackish
GW

Unspecified
Aquifers/
Mainly brackish
GwW

Al-Moghra/
Fresh GW

GW
Extracted
(bcmlyr)
0.547°

0.8°

0.05°

0.15?

0.05°

0.0572f

Date

2000

2000

2000

GW
Reserves
(bcmlyr)

1.045°

2.346°

0.257¢

0.182°

0.21°

0.031%

0.02?

0.12f

Comments on GW Estimated Reserves

e Amount that could be economically
extracted over a period of 100 years

e Amount that could be economically
extracted (period unspecified)

e Amount that could be extracted with
expected drawdown from 60 to 70 m

e Available in the Nubian aquifer in the
main wadis between the cities of Aswan
and Qena

e The amount represents the aquifers’
maximum annual recharge rates®**

e Available in the Red Sea coastal
aquifer

® (.03 becm/year from rainfall + 0.001
bem/year from the underlying Nubian
aquifer

e Available in the alluvial deposits
aquifers along the coastal zone

e The amount represents the aquifer’s
maximum annual rainfall recharge
rates??*

e Could be potentially extracted over
long term period (period unspecified)

221 That is if entirely extracted will result in a drop in GW levels beyond economical limits
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Sinai Unspecified
Peninsula Aquifers / Fresh
& Brackish GW

North West ~ Coastal Aquifer/
Mediterrane = Mainly brackish
an Coast GW

Total

a] (Hefny and Shata, 2004)

0.15%¢

> 0.005%

>1.8

0.03to
0.04°

0.012to
0.018%

>0.05°

e The first value range is available in the
Suez Gulf coastal aquifer

e The second value range is available in
the alluvial deposits aquifer in south east
and north of the Sinai Peninsula

e Both amounts represent the aquifers’
maximum annual rainfall recharge rates
e Lack of studies regarding GW
potential in the Sinai Peninsula
especially for the Nubian aquifer

> 4.16 fossil GW
+1.3" of renewable GW

b] (Euroconsult/Pacer Consultants, 1983) cited in (Nour and Khattab, 1998)

c] (Salim 1984) cited in (Hefny and Shata, 2004)
d] (Soliman 1987) cited in (Nour and Khattab, 1998)
e] (Cedare, 2000) cited in (Hefny and Shata, 2004)

f] (Nour and Khattab, 1998)
g] (FAO AQUASTAT, 2005)
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Appendix B: Review of Solar Energy
Systems

B-1: Solar Thermal Collectors

Solar thermal collectors are devices that convert solar radiation into heat energy which
Is transferred to a working fluid such as air, water or oil. The heat could be used directly
in a heating process or could be used to generate electricity via a steam turbine, a
Rankine cycle engine or a Stirling heat engine (Morrison and Rosengarten, 2012). Solar
thermal collectors are either classified in the literature as stationary and non-
stationary?? collectors (Kalogirou, 2004), or as concentrating and non-concentrating
collectors (Duffie and Beckman, 2006). In concentrating collectors mirrors or lenses are
used to concentrate solar radiation such that the area receiving sun radiation, i.e. the
aperture area, is much larger than the absorber area, while in non-concentrating systems
both areas are equal. Stationary and non-stationary collectors are usually non-
concentrating and concentrating devices respectively. Solar ponds are also considered in

this study as solar thermal collectors and are discussed under a separate heading.

B-1-1: Stationary collectors

This section is based on data obtained from the literature (Stine and Geyer, 2001,
Kalogirou, 2004, Duffie and Beckman, 2006, Abu-Arabi, 2007, Morrison and
Rosengarten, 2012). Flat plate and evacuated tube collectors are the main types of
stationary solar thermal collectors. Flat plate collectors (Figure B-1) are the most
common type of solar collectors and are used for low temperature water and air heating
applications. Flat plate collectors are typically made of a black painted metal surface,
referred to as the absorber, which has high absorptivity of sun radiation. The heat
energy in the absorber is transferred to a working fluid flowing into tubes bonded to or
integrated in the absorber plate. The absorber is covered by a transparent envelop made
of glass or plastic to reduce heat losses by convection and radiation. Some FPC’s,

however, do not use covers, i.e. unglazed FPC’s, and are only used for applications

222 Equipped with single or double axis tracking systems
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where the desired fluid temperature is close to ambient (maximum operating
temperature < 35°C) such as in swimming pool water heating applications. The back
side and the sides of the absorber area are covered by a heat insulating material to
reduce conductive heat losses. Flat plate collectors use both direct and diffuse
components of solar radiation and therefore do not necessarily need solar tracking
devices. Flat plate collectors, however, have high heat losses which limit their operating
temperature to less than 60°C unless the collectors are double glazed or have selective
coatings where operating temperatures up to 90°C can be obtained. In a double glazed
FPC, the air trapped between the two glass covers minimizes convective and conductive
heat losses. Selective coatings, e.g. black chrome, are thin layers that have high
absorption of short wave length solar radiation, which comprise most of the incident
solar radiation, but low emissivity of long wave length radiations, i.e. infrared radiation,
which are otherwise re-emitted from the absorber and lost to the surrounding, i.e. heat
lost by radiation, resulting in a reduction in the collector efficiency.

Cower sheet

Liquid - N
outlet

Insulated
sides

Liquid pipes

IO
! -~
nsulation \\\/

Figure B-1: Typical flat plate collector
Source: (Stine and Geyer, 2001)

Evacuated tube collectors are also non-concentrating solar thermal collectors which can
absorb both diffuse and direct solar radiation. However, in these systems the absorber is
mounted into vacuum glass tubes to eliminate convective heat losses. For this reason,
ETC’s have higher efficiency than FPC’s and higher working fluid temperatures
reaching up to 180°C. The most common type of ETC’s use a heat pipe bonded to the
absorber plate where the liquid inside, e.g. pure water or methanol, evaporates as the
solar radiation is absorbed (Figure B-2). A manifold is installed at the top of the
evacuated tube where the working fluid is circulated acting as a heat exchanger. The

vapour in the heat pipe therefore condenses at the top of the heat pipe while giving its
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heat to the working fluid through the manifold. However, there are ETC configurations,
such as Dewar tubes, where the working fluid is heated directly inside the evacuated
tubes. (Kalogirou, 2004, Duffie and Beckman, 2006, Morrison and Rosengarten, 2012)

Heat pipe
Manifold condenser

Iy

| i --—— Fluid flow

e

Collector

plate
\

n
"
t
Evacuated E:
tube N /
H
H 11
HH

N

Heat pipe evaporator

Figure B-2: Schematic showing a heat pipe ETC
Source: (Kalogirou, 2004)

Compound parabolic collectors are a special type of stationary collectors that combine
ETC’s or simple absorber plates with parabolic reflectors to increase the amount of
absorbed incident solar radiation (Figure B-3). Accordingly, higher operating
temperatures are attained reaching up to 220 °C without the need for solar tracking
devices as the reflectors allow the absorber to receive solar radiation at a wider incident
angles including diffuse solar radiation. (Kalogirou, 2004, Morrison and Rosengarten,
2012)

Figure B-3: Schematic showing a compound parabolic ETC
Source: INS-SOLAR (2009) cited in (Ab Kadir et al., 2010)
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B-1-2: Non-stationary collectors

This section is based on data obtained from the literature (Kalogirou, 2004, Duffie and
Beckman, 2006, U.S. Department of Energy, 2011, Morrison and Rosengarten, 2012).
Non-stationary collectors are usually concentrating collectors that use reflective or
refractive surfaces, i.e. mirrors or lenses, to focus solar radiation onto a focal line or
point receiver to increase the amount of solar radiation energy received per unit area
which allows a smaller absorber surface area to be used which also reduces the heat
losses. Accordingly, concentrating collectors have high operating temperatures, i.e. up
to 1,500 °C, which is not possible with non-concentrating collectors. These high levels
of temperature are mainly used for electricity generation and for this reason these
systems are usually referred to as concentrated solar power (CSP) systems.
Concentrating collectors require single or double axis tracking as they can only use the
direct component of solar radiation. Therefore, precise tracking is required to ensure
that the solar radiation falls exactly on the absorbing surface. The main types of non-
stationary concentrating collectors are PTC’s, central receiver power towers, parabolic
dishes, and LFR’s. Based on a review by Tian and Zhao (2013) of the existing and
under construction CSP plants, PTC is the most commonly used CSP technology (71%)
followed by power towers (15.7%), LFR’s (10.5%) and finally parabolic dishes where
only one plant was reported to use this technology.

Parabolic trough collectors (Figure B-4) use parabolic trough shaped single axis
tracking mirrors which focus direct solar radiation onto a linear receiver carrying the
working fluid. The linear receiver is a black tube, usually with selective coating,
covered with glass and is placed in the focal zone of the mirrors. Temperatures up to
400°C could be obtained from such systems and are mainly used to produce steam to
run conventional turbine generators. Solar to electricity conversion efficiencies as high
as 20 to 26% can be obtained from PTC’s.
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Figure B-4: Schematic showing a PTC
Source: (NREL, 2010)

Central receiver power towers (Figure B-5) use an array of heliostats, i.e. two axis
tracking individual mirrors, to focus solar radiation onto a receiver located on the top of
a tower. The generated heat is absorbed by the working fluid, e.g. molten salt,
circulating in the tower. In such systems temperatures up to 1,500 °C could be attained
and are used for electricity generation through steam turbines. Central receiver power
towers are usually coupled with thermal storage for more flexibility in electricity
generation as well as extended operation. These systems are used for large applications
where one central receiver system generates more than 10 MW of power. Central
receiver power towers have an electricity conversion efficiency of up to 23%.

Figure B-5: A central receiver power tower 10 MW plant installed in California, USA
Source: (Sandia National Laboratories, n.d.)

Parabolic dish collectors (Figure B-6) use an array of two axis tracking parabolic
mirrors where a receiver is positioned on the focal point of each dish. A Stirling heat
engine is usually mounted on the receiver to convert the generated heat energy in the
absorber into electrical energy. Accordingly, parabolic dishes are modular and suitable

for small scale applications where a single dish can have power capacities ranging from
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7 to 25 kW. Such systems have the highest electrical conversion efficiency compared to
other CSP’s with a record value of 31.4%. In another parabolic dish CSP system
configuration, the heat generated from each dish is collected and transferred to a central

power generation unit.

Figure B-6: A parabolic dish collectors coupled with Stirling engines
Photo by Randy Montoya (Sandia National Laboratories, 2008)

Linear Fresnel reflectors (Figure B-7) are very similar to PTC’s where mirrors are used
to focus the solar radiation onto a linear receiver. However, instead of using one long
mirror, the mirror is segmented into an array of smaller individual mirrors. Therefore, in
such systems the mirrors do not have to be parabolic and cheaper flat mirrors are used.
The absorber in these systems is separated from the mirrors and therefore is stationary
which allows larger absorbers to be used. Furthermore, as small mirrors could be used
the structural complexity of the system is reduced and it is also easier to clean the
mirrors than in PTC’s. Linear Fresnel reflectors are also more able to handle wind
loading problems. However, LFR CSP systems have a lower solar to electricity

conversion efficiency than systems using PFC’s with values ranging from 15 to 25%.

Figure B-7: A linear receiver Fresnel concentrator from a plant installed in New South Wales,
Australia
Source: Solar Paces (n.d.) cited in (Murdoch University, 2013)
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Table B-1: Summary of main properties of different solar thermal collectors

Collector type Sun tracking Maximum useful Solar to electricity
operating conversion efficiency
temperature?®
Flat Plate Collector Stationary/Non- 90°C -
Tracking
Evacuated Tube Stationary/Non- 180°C -
Collector Tracking
Compound Stationary/Non- 220°C -
Parabolic Collector Tracking
Linear Fresnel Single axis tracking 300 °C 15 to 25%
Reflectors
Parabolic Troughs Single axis tracking 400°C 20 to 26%
Parabolic Dishes Double axis tracking 1,000 °C Up to 31.4% for a system
using Stirling Engines
Power Towers Double axis tracking 1,500 °C 20 to 23%

Source: (U.S. Department of Energy, 2011, Morrison and Rosengarten, 2012)

B-1-3: Solar ponds

This section is based on data obtained from the literature (Kalogirou, 2005, Duffie and
Beckman, 2006, Morrison and Rosengarten, 2012). Solar ponds are large shallow, i.e. 1
to 6 m deep, mass of water that work similarly to a large horizontal thermal collector
where solar radiation is converted to heat raising the temperature of a working fluid.
The solar pond is characterized by three main zones. The bottom layers, referred to as
the lower convective zone, are where the solar radiation is mainly absorbed. Water in
this zone has a constant and a near saturation salinity, typically about 6 times of that of
seawater, and its temperature is also constant. The middle layers, referred to as the non-
convective zone, which have a thickness from 0.5 to 1.5 m. The water salinity and
temperature in this zone increase with depth and this salinity gradient stops natural
convection from occurring between the high temperature lower zone and the lower
temperature upper zone as the salinity increase offsets the reduction in water density
caused by the temperature gradient between both zones. For this reason, the heat
absorbed in the lower zone is not transferred to the upper zone, where it would be
otherwise lost to the environment by convection and radiation, and is stored in the lower

zone which acts as a thermal storage while the middle zone acts as a thermal insulator.

22 The word useful is used to distinguish the maximum operating temperature from stagnation
temperatures which are equivalent to no-load /zero flow temperatures and are higher than the values
shown in the table
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The top layers are referred to as the upper convective zone and it is a thin zone, i.e. 0.3
m, whose salinity and temperature are almost constant and the latter is close to that of
ambient temperature. Mixing and convection occur in this zone due to the effect of
wind. For this reason, wind breakers and wave suppressors are required to keep the
wind from increasing the upper convective zone’s thickness on the expense of the
insulating middle zone, which would otherwise reduce the performance of the solar
pond. The salinity gradient in the pond also needs to be continuously maintained due to
the diffusion of salts from the high salinity to the lower salinity zones which disturbs the
salinity gradient in the pond and also reduces its performance. Accordingly, salts need
to be continuously added to the bottom layers, while removed from the top layers i.e.
adding a concentrated water solution to the pond and removing the dilute solution
respectively. Solar ponds also need to have a lined bottom to prevent the high salinity
water from seeping into underground aquifers polluting them, as well as preventing heat
losses through the seeping water. Temperatures up to 90°C could be obtained from solar
ponds which could be used to generate electricity through a Rankine cycle engine, or to
drive a desalination process. (Kalogirou, 2005, Duffie and Beckman, 2006, Morrison

and Rosengarten, 2012)

B-2: Photovoltaic Systems

Photovoltaic (PV) cells are devices used to directly convert solar radiation into electrical
energy. They are made of semi-conductor materials where silicon is the most widely
used material but other semi-conductor materials such as gallium arsenide, copper
indium-gallium diselenide and cadmium telluride are also used. A typical silicon based
PV cell has two layers: a very thin top layer, in order of 1 um thick, which is doped with
phosphorous atoms and is referred to as the N- junction or the emitter; and a thick layer,
in order of 300 um thick, which is doped with boron atoms and is referred to as the P-
junction or the base. Phosphorous atoms in the N-junction make covalent bonds with
silicon atoms and because they have 5 electrons in their valence band compared to 4 for
the silicon atoms, the extra electron easily breaks free, i.e. move to the conduction band,
at room temperature. Therefore, the N-junction is dominated by free electrons.
Conversely, the boron atoms in the P-junction have only 3 electrons in the valence band
and therefore after bonding with silicon atoms, an empty space is created. This empty

space is waiting to receive an electron to complete the covalent bond and is thus
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considered to be positively charged and referred to as a hole. The P-Junction is therefore
dominated by positively charged holes. When both junctions are connected, the
electrons in the N-junction diffuse to the P-Junction and the holes in the latter diffuse to
the former. Both electrons and holes therefore move leaving behind exposed ions which
are fixed to the lattice structure. These oppositely charged ions create an electrical field
which opposes the diffusion of electrons and holes between the junctions and creates a

224

charge free region referred to as the depletion region““". When solar radiation falls on

the surface of the PV cell, some of the incident photons which have energy higher than

225

the band gap energy“ of silicon will be absorbed generating electrons in the
conduction band and a corresponding hole in the valence band. If the generated
electron-hole pairs are within the depletion region or close to it, the electrical field will
swipe these charges and therefore the electrons could reach the metal contact on the top
of the cell then move to the external circuit generating current while the holes move

towards the cell’s rear metal contact waiting to recombine from the electrons coming

from the external circuit. (Honsberg and Bowden, 2013)

antireflection coating

& !’ front contact
emitter
sunlight

external
load “* " base
Qo
electron-hole
pair

" rear contact

Figure B-8: Schematic showing the basic operation of a photovoltaic cell
Source: (Honsberg and Bowden, 2013)

Several PV cells are connected together, e.g. 36 or 72 cells connected in series, and are
typically encapsulated between two Ethyl Vinyl Acetate (EVA) layers, a Tedlar layer at
the bottom and a glass cover at the top to provide electrical isolation as well as

mechanical and corrosion protection. This whole set is referred to as a PV module.

Photovoltaic based technology comprises non-concentrating PV, PVT, and CPV

systems.

224 Region depleted of electrons
22 Energy level required to excite the electrons
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B-2-1: Non-concentrating PV systems

Non-concentrating PV systems are typically used for roof mounted residential grid
connected systems, standalone systems in remote areas, and utility scale power plants.
In such systems, the PV modules are usually stationary but some systems use tracking
devices to enhance electricity production. There are three main types of PV cells used in
commercial modules in non-concentrating PV systems: mono-crystalline cells, poly-

crystalline cells and amorphous silicon cells.

Mono-crystalline cells have the highest conversion efficiency due to their highly
ordered crystal structure, but are the most expensive as they are slow to manufacturer.
Poly-crystalline cells are the most widely used type and they are cheaper than mono-
crystalline cells as they are easier to manufacture. However, they have less ordered
lattice structure than mono-crystalline cells as they are made of many small crystals
attached together instead of one single crystal as in the latter. Therefore, poly-crystalline
cells have more defects because of the boundaries between the crystals, referred to as
grain boundaries, decreasing the amount of light generated electron-hole pair that can be
effectively used. The typical efficiency of mono-crystalline commercial modules®?®
range from 13.3 to 15.9% compared to 9.5 to 15.3% for poly-crystalline modules,
obtained from The University of Queensland website (2013), but some commercial

mono-crystalline and poly-crystalline modules have efficiencies reaching up to 21.5%%%’

and 16.3% respectively??

. Amorphous silicon cells are very thin PV cells, i.e.1 to 50
um thick, and therefore are classified as thin film cells. These cells have a better photon
absorption capability and for this reason can be made thinner thus using less material.
Amorphous silicon cells are therefore cheap, and easier and faster to manufacture.
However, such cells have no long range order in the lattice structure where the silicon
atoms are randomly arranged creating dangling, i.e. incomplete, bonds which reduce the
collection efficiency of the light generated electron-holes. Therefore the amorphous
silicon modules have low efficiency in the range of 6% obtained from The University of
Queensland website (2013). Other thin film modules using CIS or CdTe as semi-

conductor material have better efficiencies than amorphous silicon modules with values

226 Module efficiency is lower than cell efficiency mainly because not all the module area is covered with
PV cells and due to losses in metal contacts connecting the cells

22T E.g. SUNPOWER X Series Modules. Datasheet: http://us.sunpowercorp.com/support/datasheets/

228 E g. Phono Solar Diamond Series. Datasheet: http://www.phonosolar.com/uploadfiles/solar/235-
265_131023080637.pdf



http://us.sunpowercorp.com/support/datasheets/
http://www.phonosolar.com/uploadfiles/solar/235-265_131023080637.pdf
http://www.phonosolar.com/uploadfiles/solar/235-265_131023080637.pdf
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in the range of 11% (U.S. Department of Energy, 2011), and values as high as 13.8%
are obtained such as that of the STION STN 150 model®*® which is a CIGS thin film
module. For more details in each type of silicon based solar cells please see Wenham et
al. (2006) and Stapleton et al. (2009).

B-2-2: Photovoltaic thermal collectors

Photovoltaic thermal collectors are a special configuration of PV modules which make
use of the extra heat generated by the modules. Not all of the incident solar radiation on
the PV module generates electricity but the majority is absorbed by the module material
generating unwanted heat. This heat raises the temperature of the PV module and lowers
its conversion efficiency. For example, typical poly-crystalline modules have 0.5%
power reduction for every 1°C increase above 25°C, the standard test condition?*°
temperature (Stapleton et al., 2009). Therefore, in PVT systems air or water are used to
absorb this extra heat reducing the module’s operating temperature thus increasing its
efficiency. In the meantime, the air or water gets pre-heated before being used in
another process. In this case, a larger fraction of the incident solar energy is converted
into useful energy increasing the overall conversion efficiency per unit area compared to
a system using separate PV modules and FPC’s to generate electricity and heat
respectively (Bambrook, 2011) which saves in the amount of material used and
potentially the costs.

Photovoltaic/thermal collectors generate more solar energy per unit surface area than a
combination of separate photovoltaic panels and solar thermal collectors.(Elswijk et al.,
2004)

The additional thermal output that is provided from the PVT systems makes them cost
effective compared to separate PV and thermal units of same total used aperture surface

area (Tripanagnostopoulos et al., 2004)

B-2-3: Concentrating PV systems
In concentrating Photovoltaic systems solar radiation is concentrated using mirrors or

lenses on a focal zone where PV cells are located. Therefore the amount of incident

229 Datasheet: http://www.stion.com/wp-content/uploads/2013/03/Stion-Product-Data-Sheet-STN-
Module-135-150.pdf
2301000 W/m?of incident radiation, 25°C cell temperature, and air mass of 1.5



http://www.stion.com/wp-content/uploads/2013/03/Stion-Product-Data-Sheet-STN-Module-135-150.pdf
http://www.stion.com/wp-content/uploads/2013/03/Stion-Product-Data-Sheet-STN-Module-135-150.pdf
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solar radiation per unit area is significantly increased allowing the use of a much smaller
area of PV cells. In this case, high efficiency and more expensive PV cells such as
tandem solar cells, also called multi-junction cells, could be used. Tandem cells are PV
cells made of different materials attached together where each cell has a different band
gap. In this case, the tandem cells allow a more efficient absorption of solar radiation
compared to typical solar cell which has only one band gap allowing a limited portion
of the light spectrum to be absorbed. Accordingly, a CPV module has much higher
efficiencies than typical PV modules with a commercial world record efficiency of
35.9% at standard test conditions (Gormley, 2013).

There are three main configurations of CPV systems. Some systems use parabolic
dishes with tandem PV cells located at the focal point of each dish such as the systems
manufactured by SolarSystems (SolarSystems, 2011). Another configuration is similar
to the central receiver power tower where the PV cells are located at the top of the
tower, such as the systems manufactured by RAYGEN (RAYGEN, 2013). In the last
configuration, instead of reflecting sun radiation onto the PV cells which are installed in
front of the reflectors, Fresnel lenses are used to refract sun radiation onto the PV cells
installed behind each of the lenses, such as the systems manufactured by Soitec (Soitec,
2013) and AMONIX (AMONIX, 2012b).

Figure B-9: The CS500 CPV System manufactured by SolarSystems
Source: (SolarSystems, 2011)
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Figure B-10: Schematic showing a central receiver CPV type manufactured by RAYGEN
source: (RAYGEN, 2013)

27

Figure B-11: A CPV System using refractor Fresnel Lenses
Source: (AMONIX, 2012a)
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Appendix C: Review of Desalination
Processes

C-1: Major Desalination Processes
C-1-1: Multi-stage flash distillation

Multi-stage flash distillation is one of the most widely used desalination processes
producing approximately one quarter of the worldwide desalinated water (IDA, 2013).
The MSF process is typically used for medium and large scale applications (Buros,
2000). Nevertheless, the process seems to be gaining more market in small scale
applications where approximately 21% of the MSF plants reported in the International
Desalination Association (IDA) (2013) inventory are small scale plants with capacities

ranging from 96 to 1,000 m* per day.

The following information on the MSF process is obtained from the literature (Howe,
1974, Porteous, 1975, Buros, 2000, Wade, 2001, The National Reserach Council, 2004,
Eltawil et al., 2009, Cotruvo et al., 2010, Al-Karaghouli and Kazmerski, 2013). The
MSF desalination plant consists of up to 40 vessels referred to as stages, each operating
at progressively lower pressure. Each vessel comprises two chambers: the
evaporator/flash chamber located at the bottom of the vessel and it is where the feed
water evaporates; and the condenser chamber located at the top of the vessel and it is
where the produced steam condenses. The feed water, usually seawater, enters into the
condenser chamber of the last stage then flows through the condenser chambers of the
other stages acting as the coolant liquid. In the meantime, the feed water is preheated by
recovering the heat of condensation in each stage reducing the external thermal energy
required to heat the feed water. The feed water exiting the condenser chamber of the
first stage enters the brine heater vessel. This vessel contains a heat exchanger where the
feed water is heated under pressure to a near saturation temperature, referred to as the
top brine temperature and ranges from 90 to 110 °C, by using an external steam supply.
The feed water then enters into the first stage through an orifice in a throttling process
which causes a sudden drop in pressure. The pressure therefore becomes less than the

saturation pressure of the water at the corresponding top brine temperature hence a
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small part of the bulk feed water suddenly evaporates, i.e. flash evaporates, to reduce
the water’s temperature to match the new saturation conditions at the lower pressure.
The brine in the first stage, now at lower temperature, enters the next stage through an
orifice undergoing a further reduction in pressure and the same process is repeated. In
each stage the generated steam condenses on the surface of the heat exchanger tubes in
the condenser chamber and the distilled water is collected from trays located beneath

the heat exchanger tubes in each stage.

The thermal efficiency of MSF plants increases with higher top brine temperatures,
however the maximum temperature is limited by scale formation particularly calcium
sulphate scaling. Increasing the number of stages in the MSF process increases its
performance ratio (PR) which means that less external heat will be required to produce
the same amount of distilled water. Nevertheless, increasing the number of stages
increases the capital cost to the point where a further increase in the number of stages
becomes uneconomical and for this reasons MSF desalination plants typically consist of
15 to 25 stages.

Steam Ejector

Ejector Steam (Vacuum pump) Cooling water
Brine Heater T K Discharge
I 1 1 >

Vg V4 _ Fresh

0
o1y oy

N N . Brine
Brine Brine Brine > Discharge

A

Y

ve
Brine
Condensate
Back to Boiler

Figure C-1: Schematic showing a typical MSF process
Source: (Miller, 2003)

C-1-2: Multi-Effect distillation

Multi-Effect distillation is one of the oldest desalination processes that has been used
since 1900 mainly in chemical industry then in naval vessels (Reddy and Ghaffour,
2007). However, at that time MSF gained more popularity than the MED process as it
was less prone to scaling problems. The interest in the MED process was then renewed
since the 1980’s due to improved designs that allowed the operation at lower

temperatures minimizing scaling problems (Buros, 2000). Nevertheless, the technology
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still has a small market share in the desalination industry where based on the IDA
inventory (2013), the process’s share of overall worldwide desalinated water is only
8%. The MED process is typically used for small to medium scale applications
consisting 48% and 43% respectively of the plants reported in the IDA inventory.

The following information on the MED process is obtained from the literature (Howe,
1974, Wade, 1993, Buros, 2000, Wade, 2001, Watson et al., 2003, Reddy and Ghaffour,
2007, Eltawil et al., 2009). Multi-Effect Distillation plants work similarly to MSF plants
where evaporation and condensation occur in successive vessels, referred to as effects,
progressively kept at lower pressure. The heat required for evaporation is also supplied
by an external steam supply. However, in an MED plant the steam generated in each
vessel is used to evaporate the feed water in the following vessel instead of condensing
in the same vessel as in MSF. The steam of the previous effect enters the condensing
side of the heat exchange tubes of the next effect and loses its latent heat to the feed
water sprayed over the surface of the heat exchanger tubes. The effect is kept at lower
pressure than the previous one such that the latent heat transferred to the sprayed feed
water is enough to raise the water’s temperature beyond the saturation point and
evaporate. The same process is repeated in each effect except the first one where the
feed water is heated through the external steam supply. In the last effect, the generated
steam is condensed in a separate heat exchanger, referred to as the main condenser,
where the feed water is used as the coolant. The distilled water is then collected from

each effect and the main condenser.

The top brine temperature of the MED process is usually less than MSF to prevent
scaling problems and it ranges from 60 to 70 °C but some designs can operate at
temperatures up to 110 °C. While, the MED process needs to operate at low
temperatures, it still has a high PR as spraying the feed water over the surface of the
heat transfer tubes increases the heat transfer rate. The PR of the MED process is also
proportional to the number of effects but is limited by the costs and therefore an MED
plant will typically consist of 8 to 16 effects.
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Figure C-2: Schematic showing a typical MED process
Source: (Al-Karaghouli and Kazmerski, 2013)

C-1-3: Vapour compression

Vapour compression is also a distillation process and is usually combined with MED

plants to increase the latter’s PR. Approximately 60% of the reported MED plants in the

IDA inventory (2013) are combined with a VC process. Conversely, desalination plants

using only a VVC process are rarely used, with only 3 plants using this process out of

approximately 13,000 desalination plants currently operating worldwide.
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Figure C-3: Schematic showing a typical VC process driven by either a mechanical or a thermal

compressor
Source: modified after (Al-Karaghouli and Kazmerski, 2013)

231

1 Al-Karaghouli and Kazmerski (2013) indicated that a high pressure steam is used in the ejector while
usually a low to medium pressure steam is used and therefore the high pressure steam indicated in the
original figure was replaced with motive steam
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The following information on the VC process is obtained from the literature (Howe,
1974, Darwish and Al-Najem, 1987, Buros, 2000, Miller, 2003, Watson et al., 2003,
Kalogirou, 2005). The VC plant, similar to an MED plant, consists of one or more
vessels kept at progressively lower pressures. The feed water enters into the vessels and
is sprayed over the surface of the heat exchanger tubes inside which steam is flowing.
The steam loses its heat to the feedwater and condenses while part of the feedwater
evaporates such that the water saturation pressure matches the low pressure inside the
vessel. The process also operates at low temperatures similar to MED. In the VC
process, however, the main heat of evaporation is obtained by compressing the steam
generated in the last effect then reintroducing it into the first effect, instead of using a
heat exchanger to supply the heat required for the first effect from the external steam
supply. The VVC process is carried out either through mechanical compression, i.e. MVC

process, or through thermal compression, i.e. TVC process.

The MVC process usually consists of one effect as adding more effects does not
increase the PR. In this case, the steam generated in the effect is compressed through a
mechanical compressor and reintroduced inside the tubes of the heat exchanger of the
same effect to evaporate more feed water. This recycled steam then condenses and
becomes a part of the distilled water. It should be noted that an external steam supply is
initially required to start the MV C process. Conversely, the TVC process can have more
than one effect as its PR increases with the number of effects. In the TVC process,
steam ejectors use a low to medium pressure motive steam, supplied by a boiler or a
cogeneration turbine, to remove and compress part of the steam generated in the last
effect, as it mixes with the motive steam, before reintroducing it in the first effect. The
TVC process is usually combined with MED and is used for medium to large scale
applications with capacities ranging from 10,000 to 30,000 m® per day; while the MVC
process is mainly used by itself for small and medium scale applications with typical
plant sizes up to 3,000 m* per day because of compressor capacity limitations. In a
hybrid MED/TVC system, the TVC process is used to recover the low temperature
steam in the last MED effect to increase the overall system efficiency. It should be
noted that some authors such as Li et al. (2013), considered the MVC and TVC
processes as heat pump processes and discussed other methods such as absorption heat
pump and adsorption heat pumps that could be also used to recycle the steam in the last
effect of the MED process.
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C-1-4: Electro-dialysis

Electro-dialysis is a membrane desalination process mainly used for BW desalination
(Abu-Arabi, 2007, Eltawil et al., 2009). While it is a promising technology that was
commercialized a decade before the RO process and used to compete with the latter in
1970’s (Reahl, 2006), it currently has a low share of the desalination market producing
only 3% of the worldwide desalinated water (IDA, 2013). The ED process is mostly, i.e.

94.5% of the plants, used for small and medium scale applications.
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Figure C-4: Schematic showing a typical ED process
Source: (Miller, 2003)

The ED unit consists of two electrodes and several hundred pairs of closely spaced
anion and cation selective membranes between which the feed water flows. A potential
difference is applied across the membrane pairs such that the generated electrical field
moves the anions and the cations in the feed water towards the positive and the negative
electrodes, respectively. Due to the presence of successive anion and cation selective
membranes, as the ions move they eventually become trapped in one channel, i.e. the
brine, while the adjacent channel is mostly depleted of ions, i.e. the desalinated water.
The process is therefore referred to as electro-dialysis as the diffusion of salts through a
membrane, i.e. the dialysis process, is forced by an electrical field. (Howe, 1974,
Porteous, 1975, Buros, 2000)

Electro-dialysis Reversal (EDR) is another configuration of ED where the polarity of
the applied voltage is regularly reversed, i.e. several times an hour, such that the

desalinated water channel becomes a brine channel and vice versa. In this case, the ions
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are kept from accumulating on the membrane surface limiting inorganic scaling and
fouling occurrences which increases the lifetime of the membrane as well as minimizing

pre-treatment requirements. (Buros, 2000, Miller, 2003).

C-2: Minor Desalination Processes
C-2-1: Freezing

Freezing is a desalination process that is based on phase change by freezing the salty
water using a typical refrigeration cycle driven by compressors. In this case, ice crystals
form and the salts are naturally excluded. The salts are then removed from the frozen

mixture and the ice is melted to obtain fresh water. (Buros, 2000, Miller, 2003)

C-2-2: Humidification-dehumidification

Humidification-dehumidification is a thermal desalination process that involves water
evaporation and condensation similar to MSF and MED. However, in an HDH process
surface evaporation at atmospheric pressure occurs instead of water boiling. Therefore,
the process operates at low temperatures requiring a low grade source of heat and for
this reason HDH processes are usually driven by solar energy. The second factor that
characterizes the HDH process from MSF and MED, is that air is the medium used to
carry the water vapour from the evaporation zone, i.e. humidification, to the
condensation zone where the air is cooled to extract the water vapour i.e. air

dehumidification.

Single effect solar stills use an HDH process and they are the simplest method of
desalination. A Single effect solar still consists of a basin with sloping transparent glass
or plastic cover and a black lined bottom. The solar radiation falling on the basin is
absorbed by the feed water and the bottom of the basin, increasing the temperature of
the former hence its vapour pressure. Accordingly, the feed water surface evaporation is
significantly enhanced and the air between the feed water and the glass cover becomes
humidified and warmed. The warmed air then starts to circulate by natural convection
towards the inner side of the relatively cool glass cover and part of its water vapour
content condenses. The produced water is then collected from the base of the cover.
(Howe, 1974, Miller, 2003)
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Figure C-5: Schematic showing a typical single basin solar still process
Source: (Miller, 2003)

A single effect solar still has a low efficiency ranging from 30 to 45%%3 with
productivities of less than 5 I/d/m? of still area (Al-Hallaj et al., 1998, Abu-Arabi, 2007,
Zejli and Elmidaoui, 2007) with a large SHC of about 1,950 kWh/m?® (Joyce et al.,
2001). The low efficiency of single basin solar stills is mainly due to the high heat
losses from the glass cover and because the latent heat of condensation could not be
recovered (Parekh et al., 2004). Some single effect solar stills are coupled with solar
thermal collectors, referred to as active solar stills, to increase the amount of heat
transferred to the feed water. The feed water could therefore be heated to higher
temperatures increasing the productivity of the solar still with values that could be 24%
higher than that of passive solar stills (Fath, 1998).

The low thermal efficiency of single effect solar stills led to the development of multi-
effect solar stills. Multi-effect solar stills allow the reuse of the latent heat several times.
In these systems, the latent heat of condensation of one effect is used to evaporate the
feed water in the following effect similar to an MED process. The multi effect solar
stills are therefore more thermally efficient than single effect stills (Goosen et al., 2000)
with PR’s?*® of up to 80% higher (Parekh et al., 2004). For a review on different

configurations of multi effect solar stills see (Fath, 1998).

232 The authors did not define the efficiency represented by those values but it is normally the ratio
between the actual water produced and the amount of fresh water that could be produced if all the energy
of the incident solar radiation contributed to evaporation as defined by Goosen et al. (2000)

23 Defined here as the ratio between the energy used during distillate production and the total energy
input
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Figure C-6: Schematic showing a multi-effect solar still process
Source: (Li et al., 2013)

Multi-effect humidification®** is another configuration of the HDH process and is
sometimes directly referred to as an HDH process. The MEH process is different than
solar stills in that it uses separate sections for evaporation and condensation.
Accordingly, MEH plants can have higher capacities than solar stills whose capacity is
limited as both the evaporator and the condenser are integrated together in one unit (Al-
Hallaj et al., 1998).1n typical solar driven MEH systems, such as the ones discussed in
Miller-Holst et al. (1998), Al-Hallaj et al. (1998) and Bacha et al. (2007), the feed water
passes through a heat exchanger in the condensation chamber to recuperate the latent
heat of the condensing vapour. The warmed feed water is then heated by solar collectors
before entering the evaporation chamber where a circulating air flow carries the water
vapour to the condensing chamber. The humidified air is circulated to the condenser
chamber either through natural convection or fan forced convection. The water vapour
in the air then cools down in the condenser chamber and part of it condenses producing
fresh water. The MEH process has two main configurations: the open-water/closed-air
cycle and the open-air/closed-water cycle. In the first, a continuous flow of feed water
enters the condenser chamber while the air keeps recirculating in a closed cycle carrying
the water vapour from the evaporation to the condensation chamber in a repeating
process of humidification and de-humidification. The second MEH configuration is a
batch process used to obtain higher RR’s, where the feed water keeps recirculating
between the evaporation and condensation chambers. Meanwhile, a continuous flow of

air enters the evaporator chamber to cool the water exiting the chamber so it will still be

234 Although there is only one stage in this system, the term “multi effect’ is used to denote that the
process has a gain output ratio, i.e. the ratio between the heat required by the process to the heat used in
distillate production, larger than 1 (Parekh et al., 2004)
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able to condensate the water vapour in the condensation channel. The dehumidified air
is then discharged outside the unit instead of being recirculated as in the open-

water/closed-air configuration.

Solar Collector
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Evaporator Condenser
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«

Brine Reflux Distillate

Figure C-7: Schematic showing an open-water/close air cycle MEH
Source: (Al-Karaghouli and Kazmerski, 2013)

Multi-effect humidification have higher productivities than single effect solar stills
where the productivities of several solar MEH plants without thermals storage built in
the Canary Islands in Spain were 11.8 I/m?/d (Parekh et al., 2004). Higher nominal
productivity of about 35.7 I/m?/d were also reported by Miiller-Holst (2007) for a
demonstration MEH plant with thermal storage that was installed in Jeddah in Saudi

Arabia, however its actual productivity was not reported.

A review of other configurations of solar HDH processes and different work carried out
to improve the efficiency of different HDH processes can be found in (Fath, 1998),
(Goosen et al., 2000), (Miller, 2003), (Parekh et al., 2004), and (Kalogirou, 2005).

C-2-3: Forward osmosis

The FO process is based on the osmotic phenomenon similar to RO. However, instead
of pressurizing the feed water to overcome the osmotic pressure, the osmotic
phenomenon itself is the driving force for desalinating the water. This is achieved
through adding a solute to the pure water, referred to as the draw agent, such that the
water concentration becomes higher than that of the feed water. Accordingly, the feed
water will cross the semi-permeable membrane to dilute the water on the permeate side

and all the contaminants are blocked by the membrane. The remaining draw agent in the
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filtered water is then removed. The FO process is, however, an emerging technology
that is still under research and development and therefore there is still a limited work on
using it in desalination. (Cath et al., 2006, Khaydaro et al., 2007, Zhao et al., 2012)

C-2-4: Other processes associated with desalination

There are other novel desalination technologies that were not reviewed in this study.
These technologies are briefly reviewed in Miller (2003), Younos and Tulou (2005) and
Li et al. (2013) and are mostly still in a research and development stage. There are also
other methods that are used to obtain fresh water but they may not be considered as
desalination processes such as the processes that extract the humidity in the atmosphere
through, among others, cooling the air or using desiccants or adsorption material which
are briefly reviewed in Parekh et al. (2004).

Other processes such as ion exchange and electro-deionization are used to partially treat
the feed water either as a pre-treatment for desalination processes especially RO or as a
post-treatment for water polishing to obtain ultra-pure water (Miller, 2003, Younos and
Tulou, 2005, Vertex Hydropore, 2010, DOW Chemical Company, 2013a). However,
while in theory such processes could be used for desalination they are not economical

for such application.

There are also other pressure driven membrane treatment technologies such as ultra-
filtration (UF), pore size ranging from 0.005 to 0.1 um, and micro-filtration (MF), pore
sizes from 0.1 to 5 um, that are mainly used for pre-treating the feed water, mainly
before an RO process. These membranes remove, through a screening separation
mechanism, suspended solids, colloids, bacteria, and other organic content which can
foul or clog the RO membranes but cannot remove dissolved solids due to the large pore
size of the membrane (Pinnekamp and Friedrich, 2006, Crittenden et al., 2012d).
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Appendix D: Guidelines for Irrigation
Water

While BW is not suitable for drinking without proper treatment, it might be directly
used in irrigation. The suitability of water for irrigation purposes depends on its salinity,
sodicity and the toxic effect of some chemical substances, which are discussed in this
section and are based on the FAO guidelines (Ayers and Westcot, 1994).

D-1: Effect of Water Salinity

The use of high salinity water in irrigation increases the amount of salts accumulating at
the plant root zone impeding water absorption by the plant as more energy is required to
extract relatively salt free water from the higher salinity water available in the soil.
Accordingly, the plant is less able to use the available water which could result in a
water stress affecting the plant growth and hence its yield. (Ayers and Westcot, 1994,
Pearson, 2009).

Table D-1 shows the effect of water salinity on the yield of some of the suggested
HVLWC crops to be cultivated in Egypt. As observed from Table D-1, water with
salinities less than 450 mg/l (EC<0.7) is generally suitable for all crops while higher
water salinities impose restrictions on crop selection depending on the salinity level. For
example, salt tolerant crops can tolerate water salinities up to 5,200 mg/l without any
reduction in the yield compared to salt sensitive crops which would experience 50% or
more yield reduction if irrigated with the same water. Water with salinities higher than
8,000 mg/l (EC>8.7) is expected to cause more than 25% yield losses to all crops and is

considered in this study to be unsuitable for irrigation.
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Table D-1: FAO irrigation water salinity guidelines for different crops when sprinkler irrigation is

used
High value Low Salt tolerance Water Salinity Limits in mg/l (EC in ds/m)235'*
water consuming No Effect 10% to 25% yield > 50% yield
Crops loss loss

Bean®*, Onions, Salt Sensitive 450 (<0.7)  770-1,220 (1.2-1.9) 1,920 (>3)
Sesame,

Cucumbers, Broad Moderately 1,220 (<1.9) 1,730- 2,500 (2.7-3.9) 4,960 (>6.2)

Bean, Grapes, Sensitive
Maize, Melon,
Potatoes,
Tomatoes
Cowpeas, Figs, Moderately 2,500 (<3.9) 3,200-5,440 (5.0-6.8) 7,840 (>9.8)
Squash Zucchini, Tolerant
Cotton Tolerant 5,200 (<6.5)  6,320-8,000 (7.9-10) 10,960 (>13.7)

*The FAO guideline values are based on the study by Maas (1994) cited in (Ayers and Westcot, 1994)

It should be noted that the FAO water salinity guideline values shown in Table D-1 are
not absolute tolerances and will vary based on soil conditions and cultural practices.
The guideline values apply for crops irrigated by sprinklers, where water is applied

infrequently®’

. This suits the context of this study given that in areas away from the
Nile delta and valley the use of the water efficient sprinkler and drip irrigation is
mandatory (FAO AQUASTAT, 2005). However, the guideline values might be too
restrictive when drip irrigation is used as this method allows the use of higher salinity

d238

water than sprinkler irrigation without compromising the crop yiel (Brouwer et al.,

1988). This is especially true for crops that are sensitive to salt accumulation on the

%5 FAO salinity guideline values are based on the following conditions: 1) 15 to 20% leaching factor 2)
good drainage condition with no uncontrolled shallow water table present within 2 metres of the surface
such that the salts accumulating in the crop root zone comes only from the irrigation water. 3) Soil
textures ranging from sandy-loam to clay-loam 4) Arid and semi-arid climates 5) Crop water uptake
profile was based on the average uptake of different crops where 40% of water is absorbed from the upper
quarter of root zone, and 30%, 20% and 10% from the other three quarters

2% phaseolus vulgaris

237 Crop gets its water needs between irrigations from the stored water in the soil

2% The frequent application of water in drip irrigation allows the plant to directly use the readily available
applied water instead of the higher salinity soil water that exists deeper in the root zone. Conversely, with
infrequent irrigation methods, i.e. sprinkler irirgation, water becomes depleted in the low salinity upper
root zone with extended irrigation intervals and therefore the plant is forced to use the more saline water
in the soil. Moreover, as less amounts of irrigation water is applied in drip irigation, less salts accumlate
in the soil and therefore higher salinity water could be used. (Ayers and Westcot,1994, Alam et al., 2007)
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leaves (section D-3); otherwise not much variation in the salinity limits is expected with
salt tolerant crops (Hanson and May, 2011). The guideline values also apply for arid
and semi-arid climates, which is the case in Egypt. Moreover, the guideline values are
based on a 15 to 20% leaching factor, which is the percentage of the applied irrigation
water that percolates below the root zone and is directly proportional to the amount of
applied irrigation water. However, leaching factors may vary according to the salinity of
the water used in irrigation. For example, higher leaching factors allow the use of higher
salinity water than the values shown in Table D-1, as the additional amount of irrigation
water increases the portion of the accumulated salts that leaches deeper into the ground
away from the plant roots preventing them from accumulating at the root zone. In
contrast, using lower leaching factors makes the crops more sensitive to irrigation water

salinity.

Finally, it should be noted that while the crops can handle more saline water when drip
irrigation is used, high water salinity cause clogging issues with drip irrigation
equipment especially with salinities exceeding 2,000 mg/l where severe clogging issues
are expected (Nakayama, 1982 cited in Ayers and Westcot, 1994).

D-2: Effect of Sodium in Irrigation Water

The presence of high sodium concentrations relative to those of calcium and magnesium
in irrigation water increases the soil sodicity. An increase in soil sodicity causes soil
dispersion which reduces the water infiltration rate in the upper surface of the soil hence
reducing the water supply to the crop. Soil dispersion occurs as the large sodium ions
disrupt the binding forces between the soil clay particles and disperse them blocking the
soil pores and reducing the soil permeability. In contrast, calcium and magnesium ions
are smaller in size and tend to from divalent bonds and therefore do not affect the
binding forces between the clay particles. The tendency of irrigation water to cause soil
dispersion is determined by the Sodium Adsorption Ratio (SAR) which compares
sodium ion concentrations to those of calcium and magnesium given that the latter two
compete with the sodium ions to occupy spaces between the clay particles. However, as
the water salinity helps to aggregate the soil fine particles resulting in an increase in the
soil aeration and permeability, the SAR values should be considered in conjunction with
the irrigation water salinity (Table D-2). It should be also noted that soil infiltration



326

problems also occur when using water with very low salinity (< 350 mg/l) as it is
usually highly corrosive and therefore dissolves the soil soluble minerals particularly
calcium which causes soil dispersion. (Ayers and Westcot, 1994, Pearson, 2009)

Table D-2: FAO water salinity and SAR guideline values when sprinkler irrigation is used

Water Salinity Limits in mg/l (EC in ds/m)%>*

SAR No effect on infiltration  Slight to moderate Severe effect
0-3 > 450 (> 0.7) 128-450 (0.2-0.7) <130(<0.2)
3-6 > 770 (>1.2) 190-770 (0.3-1.2) <190(<0.3)

6-12 > 1,200 (> 1.9) 320-1,200 (0.5-1.9) <320(<0.5)

12-20 > 1,850 (> 2.9) 830-1,850 (1.3-2.9) <830(<1.3)

12-40 > 3,200 (> 5.0) 1,850-3,200 (2.9-5.0) <1,850(<2.9)

* FAO guidelines used the data from the University Of California Committee Of Consultants (1974)

D-3: Specific Elements Affecting Crops

High levels of chloride, sodium and boron ions in the water have toxic effects on the
plant and reduce its yield. Chloride and sodium ions are absorbed directly by the leaves
causing leaf burn and defoliation resulting in crop damage when surface irrigation, e.g.
sprinkler irrigation, is used. Table D-3 shows the FAO guideline limits for sodium and
chloride concentrations in irrigation water of some of the suggested HVLWC crops
investigated in this study when sprinkler irrigation is used.

Table D-3: FAO guideline limits for sodium and chloride concentrations in irrigation water of some
of the suggested HVLWC crops when sprinkler irrigation is used

Crop Category Sodium™” (mg/l) Chloride ™" (mg/I)
Grape Moderately 115-230 175-355
Potato Sensitive
Tomato
Corn (Maize) Moderately 230-460 355-710
Cucumber Tolerant
Sesame
Cotton Tolerant >460 >710

*FAO guideline values are based on the data from Maas (1984)
The guideline values are not absolute tolerances and should be only used as a first approximation for

potential hazard.

Moreover, while boron is considered an essential element for plant growth, excessive
concentrations have toxic effect on the plant leading to yield losses. This is particularly
important when GW is used as it is more likely to have high boron concentrations.
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Similarly, while nitrogen, mainly existing in the form of nitrate ions, is a good fertilizer,
excessive concentrations produce crops of poor quality, cause crop over growth, or
delay crop maturity reducing the yields. Table D-4 shows the FAO guideline limits for
boron concentrations in irrigation water of some of the suggested HVLWC crops
investigated in this study.

Table D-4: FAO guideline limits for boron concentrations in irrigation water of some of the
suggested high value low water consuming crops

Crop Category Maximum boron tolerance* (mg/l)

Cowpeas Sensitive 0.5-0.75
Grape 0.5-0.75
Onion 0.5-0.75
Beans 0.75-1

Sesame 0.75-1
Cucumber Moderately 1-2
Potato Sensitive
Corn (Maize) Moderately 2-4
Squash Tolerant
Tomato Tolerant 4-6
Cotton Very Tolerant 6-15

*FAQ guideline values are based on the data from Maas (1984)

Furthermore, high concentrations of bicarbonate in water causes unsightly deposits on
leaves and fruits when sprinkler irrigation is used, reducing their marketability. Finally,
in spite of their typical low concentrations in water, trace elements accumulate in the

soil in an irreversible process and can permanently make the soil unproductive.

FAO guideline limits for other elements in water and their effect on the soil and/or the

crops are shown in table below.
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Table D-5: FAO guideline limits for some elements in water which affect the soil and/or the crops

Element Limits (mg/l)
No effect
HCOy’ <90
(Sprinkler
Irrigation)
NO,? <20
pH? 6.5 to 8.4

Severe restrictions
on crop selection®

(Sprinkler
Irrigation)

Effect

e Unsightly deposits on leaves and fruits when sprinkler
irrigation is used reducing fruit marketability

e Excessive vegetative growth, delayed crop

maturity

e High pH is due to carbonate and bicarbonate content.
Carbonate and bicarbonate causes calcium and
magnesium ions to form insoluble minerals, which
intensifies the soil sodicity problem as sodium ions will
dominate in this case.

e Low pH cause equipment corrosion

e pH >8 cause severe clogging issues with drip
irrigation equipment >*

Trace Elements Recommended Maximum Concentration®® in Irrigation Water

As

Pb

Se
Cu
Cd

Fe

Li
Zn
Ni
Cr

0.11
1.0
5
0.2

0.02
0.2
0.01

5.0

25
2.0
0.2
0.1

e Toxic Effect

o N/A

e Can inhibit plant growth

eToxic Effect

e >1.5 mg/l will cause severe clogging issues with drip
irrigation equipment >*

e Toxic effect reducing productivity’

e Toxic effect

e Toxic effect

e Can Accumulate in plants and soil affecting human
health

e Can contribute to soil acidification and loss of
essential phosphorus and molybdenum reducing the
crop yield

e Unsightly deposits on leaves and fruits when
sprinkler irrigation is used

e >1.5 mg/l cause severe clogging issues with drip
irrigation equipment®*

e Toxic effect

e Toxic effect

e Toxic effect

e Conservative limits recommended due to lack of
knowledge on its toxicity to plants

! Water users should experience soil and cropping problems or reduced yields

2 FAO guidelines used the data from the University Of California Committee Of Consultants (1974)

® Relative value at which clogging may occur based on limited experience and is not a precise value.

* FAO guideline values obtained from Nakayama (1982)

® The maximum concentration is based on a water application rate consistent with good irrigation
practices i.e. 10,000 m® per hectare per year. If the water application rate greatly exceeds this value, the
maximum concentrations should be adjusted downward accordingly. No adjustment should be made for
application rates less than 10,000 m? per hectare per year.
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® The limits include the long term effect of accumulation in soil which can permanently affect its

productivity
’ (Oron et al., 2007)

Source: (Ayers and Westcot, 1994)

D-4: Water Drinking Guidelines for Livestock and
Poultry

FAO guidelines recommend®* water salinities less than 3,200 mg/I (5.0 dS/m) to
prevent serious physiological disturbance for livestock?*® and poultry. Otherwise, water
salinities of up to 6,400 mg/I (8.0 dS/m) are unfit for poultry use while salinities
exceeding 8,800 mg/l (11.0 dS/m) are not recommended for livestock use. The
guidelines also recommend maximum magnesium concentrations, which if exceeded
would cause diarrhoea to animals, as follows: less than 250 mg/I for poultry, cows and
lambs; less than 400 mg/l for beef cattle; and less than 500 mg/I for sheep. The

guideline limits for other trace elements that cause toxicity to animals are shown in

table below.

Table D-6: FAO guideline limits for some trace elements that cause toxicity to animal

Elements Upper limit (mg/l)

Al 5.0
As 0.2
B 5.0
F 2.0
Pb 0.1
Mn 0.05
Se 0.05
NO; 400
Cu 0.5
Cd 0.05
Zn 24
Cr 1.0

FAO guidelines used the data from the National Academy of Sciences (1972)
Source: (Ayers and Westcot, 1994)

29 Based on the study by the National Academy of Sciences (1972)
240 Beef cattle, sheep, lambs, cows, swine and horses



330

Appendix E: Groundwater Depth Data in
Several Locations in Egypt

Location Depth to Water Depth to Top Aquifer Accessed
Level (m) Aquifer (m)
High Irradiation Zone
South East WD 30-110 Unconfined Nubian
Wadi Asyuti 31-65 Unconfined Quaternary
Qena Area (Inc. 8-46 Unconfined Quaternary
Wadi Qena and 0-40 100-500 Nubian
Wadi Hammamat)
Central Sinai South 300-400 500-900 Nubian
Central Sinai Middle 100-400 500-1000
Al-Qaa 50-70 50-100 Quaternary
Low Irradiation Zone
Nile Delta 0-3 (Confined area) 0-30 Nile Delta Aquifer
35-60 (Unconfined 40-80
area)
Alexandria 3-21 7-32 Coastal Aquifer
Al-Arish Area <4-85 44 t0 95 Coastal Aquifer

Sources: (Nour and Khattab, 1998, Sultan et al., 2007, Hefny and Shata, 2004, RIGW, 1988, Atta et al.,
2005, Sharaky et al., 2007, EI Alfy, 2012, El Samanoudi et al., 2011)
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Appendix F: RO Plant Design Example

With the given feed flow rate and recovery rate shown in table below, the number of
RO modules can be determined such that the flux is in the range of 30 I/m?h which in

this case is 46 modules giving a flux of 29.45 I/m?/h.

Table F-1: Design parameters used in the example

Feed Water 4,000 mg/l Feed Water 20°C
Salinity Temperature
RORR 90% RO Feed Flow 61.5 m*h

There are numerous configurations that could be obtained with 46 modules.
Nevertheless, based on the DOW Chemical Company guidelines (DOW Chemical
Company, 2013f), 18 modules in series are likely to be needed to obtain 90% RR.
Accordingly, the configurations with a number of modules in series close to 18 are first
considered (Table F-2). Moreover, the design should aim to put as much RO modules as
possible in the first stage (DOW Chemical Company, 2014, pers. comm., 2 Feb.), which
was found to reduce the hydraulic load on the modules in this stage and evenly
distribute it over the whole array. In most cases this also resulted in reducing the SEC as
the modules in the other stages operated at lower recovery rate.

Regarding the module type, the DOW Chemical Company guidelines recommend using
BW modules when water with salinity less than 5,000 mg/I is the feed water. Therefore,
as a starting point, the RO plant performance is projected using BW modules in all
stages for each configuration shown in column 1 in Table F-2. With each design, the
pressure of the booster pumps is varied to balance the hydraulic load on the RO

modules.
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Table F-2: Different RO array configurations considered in the example

RO Array Module Type Comment
Configurations*
4-4+3-6+2-6 BWHR+BWHR+BWHR

(16)** BW+BWHR+BWHR
BW+BW+BWHR Permeate Flow Limit Exceeded
BW+BW+BW
SWULE+BWHR+BWHR
SWULE+BW+BWHR
5-5+3-5+1-6 BWHR+BWHR+BWHR Permeate Flow Limit Exceeded
(16) BW+BWHR+BWHR Permeate Flow Limit Exceeded
BW+BW+BWHR Permeate Flow Limit Exceeded
BW+BW+BW Permeate Flow Limit Exceeded
SWULE+BWHR+BWHR Permeate Flow Limit Exceeded
SWULE+BW+BWHR Design Within Limits
4-6+3-4+2-5 BWHR+BWHR+BWHR Permeate Flow and RR Limits Exceeded
(15)
5-5+3-6+1-3 BWHR+BWHR+BWHR Permeate Flow and RR Limits Exceeded
(14)

*A1-B1+A2-B2+A3-B3 where A and B are the number of pressure vessels and RO modules in series in
each stage respectively

** Number of RO modules in series

As observed from Table F-2, the maximum recommended recovery rate limit of the
modules was exceeded when the array consisted of 14 and 15 modules in series.
Therefore it is likely that a configuration with at least 16 modules in series would be
required. With the 16 series modules configuration, the permeate flow is however
exceeded. Therefore, the next step is to gradually use higher salt rejection modules as
they help to evenly distribute the hydraulic load within the same stage.



Appendix G: RO Plant Rosa Designs

A) Low Scaling Potential GW

Permeate
Flow Rate Stage 2 Stage 3 Overall
RO Feed | Direct After Feed Boost Boost Permeate
Water Flow Rate | Feed Blending RO Plant Pressure Pressure Pressure SEC Power | Salinity after
Temperature (m3/h) (m3/h) (m3/h) Module Type Configuration (Bar) (bar) (bar) (kWh/m®) = (kW) | blending (mg/l)
Feed Salinity=2,000 mg/l RR=90% Number of Modules=40 Flux=29.39 I/m?h
20°C 53.4 14.42 S1*: BW30HR-440i 17.66 0.88 42.25 481
40°C using S2: BW30HR-440i
20°C Design 53.4 14.42 S3: HRLE-440i 4-6+2-5+1-6 9.99 4.5 15 0.57 27.25 536
30°C 53.4 14.42 S1: SW30ULE-440i 16.93 0.82 39.45 488
40°C using 62.5 S2: BW30HR-440i
30°C Design 53.4 14.42 S3: BW30HR-440i 4-6+2-6+1-4 13.66 0.5 8 0.68 32.45 508
S1: SW30XLE-440i
S2: SW30ULE-440i
40°C 53.4 14.42 S3: SW30ULE-440i 4-6+2-5+1-6 15.76 2 6.5 0.8 38.3 487
Feed Salinity=4,000 mg/l RR=90% Number of Modules=46 Flux=29.45 I/m?h
20°C 61.53 7.12 S1: SW30ULE-440i 25.8 1.32 73.2 490
40°C using S2:BW30-440i
20°C Design 61.53 7.12 S3: BW30HR-440i 5-5+3-5+1-6 17.67 3.5 12.5 0.94 52.05 569

30°C 61.53 7.12 S1: SW30XLE-440i 5-5+3-5+1-6 23.75 6.5 135 1.3 72.15 479
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40°C using
30°C Design

40°C

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

40°C

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

40°C

20°C
40°C using
20°C Design

30°C

61.53

61.53

67.97

67.97
67.97

67.97

67.97

73.7

73.7
73.7

73.7

73.7

74.59

74.59
74.59

7.12

7.12

4.73

4.73
4.73

4.73

4.73

3.54

3.54
3.54

3.54

3.54

2.83

2.83
2.83

62.5

62.5

62.5

S2: SW30XLE-440i
S3: SW30XLE-440i
S1: SW30XHR-440i
S2: SW30HRLE-440i
S3: SW30HRLE-440i

Feed Salinity=6,000 mg/l RR=85% Number of Modules=48 Flux=29.44 l/m?/h

S1: SW30ULE-440i
S2: SW30ULE-440i
S3: BW30HR-440i

S1: SW30XLE-440i
S2: SW30XLE-440i
S3: SW30ULE-440i
S1: SW30HRLE-440i
S2: SW30HRLE-440i
S3: SW30XLE-440i

Feed Salinity=8,000 mg/l RR=80% Number of Modules=48 Flux=30.05 I/m?h

S1: SW30ULE-440i
S2: SW30ULE-440i
S3: SW30ULE-440i

S1: SW30HRLE-440i
S2: SW30XLE-440i
S3: SW30ULE-440i
S1: SW30XHR-440i
S2: SW30HRLE-440i
S3: SW30XLE-440i

Feed Salinity=10,000 mg/l RR=80% Number of Modules=50 Flux=29.2 I/m?/h

S1: SW30ULE-440i
S2: SW30ULE-440i
S3: SW30ULE-440i

S1: SW30HRLE-440i

5-5+3-5+1-6

6-4+3-4+2-6

6-4+4-4+2-4

6-4+4-4+2-4

6-4+3-4+2-6

6-4+4-4+2-4

6-5+4-3+2-3

6-4+4-4+2-5
6-5+4-3+2-4

19.39

27.97

27.88

20.26
25.62

21.63

24.46

30.5

21.3
32.7

21.63

32.53

32.33

23.86
35.15

1.5

6.5

6.5

7

3.5

6

8.5

14

6.5

10

10.5

10

9

14
9.5

11

1.39

1.57

1.17
1.49

1.29

1.46

1.9

1.42
1.87

1.63

1.9

2.09

1.64
21

60.95

76.75

90.55

67.85
86.3

74.75

84.2

111.95

84
110.35

96.05

111.9

124.65

98.15
125.35

495

486

484

541
494

521

500

492

565
497

526

500

504

598
508
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40°C using
30°C Design

40°C

20°C
40°C using
20°C Design
30
40°C using
30°C Design

40°C

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

40°C

74.59

74.59

80.83

80.83
80.83

80.83

80.83

87.27

87.27
87.27

87.27

87.27

2.83

2.83

1.88

1.88
1.88

1.88

1.88

141

141
141

141

1.41

62.5 S2: SW30XLE-440i
S3: SW30ULE-440i 30.72
S1: SW30XHR-440i
S2: SW30HRLE-440i

S3: SW30XLE-440i 6-5+4-3+2-3 34.71 6 9
Feed Salinity=15,000 mg/l RR=75% Number of Modules=50 Flux=29.66 I/m?/h
S1: SW30ULE-440i 38.11
S2: SW30ULE-440i
S3: SW30ULE-440i 7-3+5-4+3-3 29.72 9.5 20.5
S1: SW30HRLE-440i 41.61
625 S2: SW30HRLE-440i
S3: SW30ULE-440i 7-3+5-4+3-3 36.98 10 12.5
S1: SW30XHR-440i
S2: SW30XHR-440i
S3: SW30XLE-440i 7-3+5-4+3-3 41.41 10.5 14
Feed Salinity=20,000 mg/l RR=75% Number of Modules=50 Flux=29.89 I/m?h
S1: SW30XLE-440i 49.52
S2: SW30ULE-440i
S3: SW30ULE-440i 7-3+5-4+3-3 40.56 6 22
S1: SW30HRLE-440i 47.69
62.5 S2: SW30HRLE-440i
S3: SW30ULE-440i 7-3+5-4+3-3 43.16 12 135

S1: SW30XHR-440i
S2: SW30XHR-440i
S3: SW30XLE-440i 7-3+5-4+3-3 48.44 125 20

* Stage number
A Total number of RO modules

1.86

2.09

2.76

2.29
2.81

2.54

2.84

3.57

3.03
3.5

3.22

3.7

111.2

124.95

167.1

139
170.1

154

172.28

218

185.3
213.65

196.6

226.3

546

515

521

648
526

575

530

525

660
540.

599

541
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B) Typical GW Composition

Water
Temperatur
e

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

20°C
40°C using
20°C Design

30°C
40°C using
30°C Design

RO Feed
Flow Rate
(m3/h)

53.4

53.4
53.4

53.4

65.15

61.53
65.15

61.53

67.97

67.97
67.97

67.97

Direct
Feed
(m3/h)

14.42

14.42
14.42

14.42

7.12

7.12
7.12

7.12

4.73

4.73
4.73

4.73

Permeate
Flow
Rate
After

Blending

(m3/h)

62.5

62.5

62.5

Overall
Stage 2 Stage 3 Permeate
Feed Boost Boost Salinity
RO Plant Pressure | Pressure = Pressure SEC Power | after mixing
Module Type Configuration (Bar) (bar) (bar) (kwh/m® | (kw) (mg/l)
Feed Salinity=2,000 mg/l RR=90% Number of Modules=40 Flux=29.39 I/m?/h
S1: HRLE-440i 11.78 0.7 335 485
S2: HRLE-440i
S3: BW30-440i 4-6+2-5+1-6 6.46 35 115 0.5 23.85 528
S1: BW30HR-440i 12.06 0.65 31.45 486
S2: BW30HR-440i
S3: BW30HR-440i 4-6+2-6+1-4 9.14 35 6.5 0.53 25.3 504
Feed Salinity=4,000 mg/l RR=85% Number of Modules=46 Flux=29.45 I/m?%h
S1: HRLE-440i 13.3 0.86 47.4 498
S2: HRLE-440i
S3: BW30HR-440i 6-4+3-4+2-5 7.95 35 10.5 0.63 34.85 588
S1: BW30-440i 14.48 0.84 46.35 511
S2: BW30HR-440i
S3: BW30HR-440i 6-4+3-4+2-5 19.39 3 6 0.69 38.35 553
Feed Salinity=6,000 mg/l RR=85% Number of Modules=48 Flux=29.44 I/m?/h
S1: BW30HR-440i 20.83 1.23 71.05 490
S2: BW30HR-440i
S3: BW30HR-440i 6-4+3-4+2-6 19.72 5 8.5 0.86 49.95 516.4
S1: SW30ULE-440i 19.72 1.16 67.0 516
S2: SW30ULE-440i
S3: BW30-440i 6-4+4-4+2-4 16.26 55 75 0.99 57.5 560



337

Feed Salinity=8,000 mg/l RR=80% Number of Modules=48 Flux=30.05 I/m?/h

20°C 73.7 3.54 S1: BW30HR-440i 22.74 1.46 86.05 494
40°C using S2: BW30HR-440i
20°C Design 73.7 3.54 S3: BW30HR-440i | 6-4+4-4+2-4 14.67 6 10 1.05 62.15 579
30°C 73.7 3.54 62.5 ' 51 sW30ULE-440i 21.81 1.41 82.9 503
40°C using S2: SW30ULE-440i
30°C Design 73.7 3.54 S3: SW0ULE-440i = 6-4+4-4+2-4 21.63 6 9.5 1.23 72.4 534
Feed Salinity=10,000 mg/l RR=75% Number of Modules=50 Flux=29.2 I/m?%h
20°C 79.56 2.83 S1: BW30HR-440i 23.77 155 92.65 507
40°C using S2: BW30HR-440i
20°C Design | 74.59 2.83 $3: HRLE-440i 6-5+4-3+2-4 17 8.5 25 1.18 70.25 623
30°C 79.56 2.83 62.5 ' 51 sW30ULE-440i 23 1.54 91.7 504
40°C using S2: SW30ULE-440i

30°C Design 74.59 2.83 S3: BW30HR-440i 6-5+4-3+2-4 19.6 8 45 1.36 80.95 536



Appendix H: Correlations to Estimate
the Effect of Salinity and Temperature on
Water Properties

H-1: Density

The correlation shown below is based on experimental measurements in the literature
carried out on synthetic seawater, which does not contain calcium which will otherwise
cause scaling at higher temperature, and has an accuracy of + 0.1%. The equation
covers a wide range of temperature and salinity ranging from 0 to 180°C and salinities

from 0 to 160 g/kg respectively.

p=(a; +a,T +asT?+ a,T? + asT*) (H-1)
+ (bS + b,ST + b3ST? + b,ST? + bsS?T?)

a, =9.999 x 102, a, = 2.034 x 1072, a3 = —6.162 x 1073, a, = 2.261 x 107>
as = —4.657 x 1078, b; = 8.02 x 102, b, = —2.001, b; = 1.677 X 1072
b, = —3.06 X 107%, by = —1.613 x 107°

The water salinity and the temperature in correlation (H-1) are in kgs/kgsoi and °C

respectively.

H-2: Specific Heat Capacity

The effect of water salinity and temperature on its specific heat capacity is estimated
using the correlation developed by Jamieson et al. (1969), cited in Shargawy et al.
(2010), which is based on experimental measurements carried out on synthetic seawater.
Shargawy et al. (2010), concluded that the correlation gives the best match to the values
calculated by the International Association for the Properties of Water and

Steam (IAWPS) 2008 (The International Association for the Properties of Water and
Steam, 2008) formulation compared to other correlations in the literature. The
correlation is valid for water temperatures ranging from 0 to 180 °C and salinities from
0 to 180 g/kg and has an accuracy of £ 0.28% compared to experimental data.
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Cp;=A + BT +CT? + DT® (H-2

A= 5328-976%x10"%2S + 4.04 x 107* 52
B=-6913x10"3 + 7.351x 107* S - 3.15 x 107° 52
C=96x10"%-1927x10"°S+ 8.23 x 1077 §?
D= 25%x10"7+1.666 x 1077 S - 7.125 x 10712 52

H-3: Specific Enthalpy

The correlation below is based on the data calculated by IAWPS 2008 formulation. The
equation is valid for water temperatures ranging from 0 to 120°C and salinities from 0
to 120 g/kg.

h=h, — S(a; + a;S + azS% + a4S> + asT + agT? + a;T3 + agST  (H-3)
+ ClgSZT + a105T2)

h,, = 141.355 + 4202.07 T — 0.535 T2 + 0.004 T3 (H-4)

a; = —2.348 x 10%,a, = 3.152 x 10°, a3 = 2.803 x 10%,a, = —1.446 x 107
as = 7.826 x 103, a5 = —44.17,a; = 0.2139,a5 = —1.991 x 10%,
ag = 2.778 x 10%,a,, = 97.28

The water salinity and temperature in correlation (H-3) and (H-4) are in kgs/kgso and °C

respectively.

H-4: Water Dynamic Viscosity

The equation below is based on experimental data from the literature that were carried
out on synthetic seawater and has an accuracy of + 1.5%. The equation is valid for water

temperatures ranging from 0 to 180°C and salinities from 0 to 150 g/kg.
n=p, (1+ a; S + a, $?) (H-5)
u, = 4.2844 x 107> + (0.157(T + 64.993)? —91.296)"1  (H-6)
a; = 1.541+1.998 x 1072 T —9.52 x 107> T?

a, =7.974—7561 x 1072 T —4.724 x 10™* T?
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The salinity and temperature in correlations (H-5) and (H-6) are in kgs/kgse and °C

respectively

H-5: Water Thermal Conductivity

The effect of water salinity and temperature on its thermal conductivity is estimated
using the correlation developed by Jamieson and Tudhope (1970) which is based on
experimental measurements carried out on synthetic seawater. The correlation gives,
according to Shargawy et al. (2010), the best fit to experimental measurements available
in the literature especially at the temperature range between 40°C to 180°C where the
equation gives a maximum deviation of £ 1% from experimental measurements within 0

to 160 g/kg salinity range.

(H-7)

343.5 + 0.037 5) ( T )0-333

logk = log(240 + 0.0002 S) + 0.434 (2.3 — T T 647 +003S

H-6: Vapour Pressure

The effect of water salinity on vapour pressure is calculated using the correlation by
Emerson and Jamieson (1967), which is based on experimental data carried out on
synthetic seawater as it gives the best fit to experimental data (Shargawy et al., 2010).
The correlation, according to Fichtner (1978) could be used for water temperatures

ranging from 10 to 200°C and salinities from 0 to 160 g/kg with errors less than 2.5%.

logy 7-=-2.1609 10 S~ 35012 107S*  (H-g)

To calculate the pure water vapour pressure (p,, ) at different temperatures Antoine
equation is used (Lawson and Lloyd, 1997, Phattaranawik et al., 2003, Winter et al.,
2012) which has less than 0.44% deviation from the values shown in the steam tables in
Cengel and Cimbala (2006) over the expected operating temperature range in this study

(i.e. 20 to 85°C).

B H-
p, = 13332 » 10(A ~TFT) (H-9)

Where the constants A, B and C are 8.07131, 1730.63 and 233.426 respectively for

water

The temperature in equation (H-9) is in °C



341

H-7: Latent Heat of VVaporization

The latent heat of vaporization for salty water was shown by Shargawy et al. (2010), to
be the same as that of pure water and could be estimated from the following correlation.

AH, =2.501 x 106 — 2369 x 103 T + 0.2678 T —8.103 X 1073 T3 — 2.079 x 1075 T* (H-10)

The temperature in the correlation is in °C

It should be noted that while Shargawy et al. (2010) multiplied equation by (1 — ﬁ)

to consider that the latent heat of vaporization is with respect to 1 kg of seawater
solution, I believe that this is inaccurate given that by definition the latent heat of
vaporization is the amount of heat released from the condensation of 1 kg of condensed
vapour and therefore the mass of the solution is irrelevant in this case. Moreover, the
latent heat of vaporization calculated using the 2010 Thermodynamic Equation of
Seawater (TEOS-10) (McDougall et al., 2010) do not consider this factor.

H-8: Specific Heat Capacity of Water Vapour

The specific heat capacity of water vapour is estimated using the following polynomial
fit correlation developed based on the data in Cengel and Cimbala (2006) with less than
0.05% deviation from the latter within the expected temperature operating range in this

study.
Cp, = 0.01775T% — 0.2432T + 1867 (H-11)

The temperature in the correlation is in °C
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Appendix I: Model “A” Flowchart

Start

\ 4

A 4

Constants: module dimensions,
membrane properties, spacers
dimensions, evaporator channel inlet
temperature and general constants

Variables: cooling
channel inlet temperature
and mass flow rate, and
feed water salinity

v

Calculating the number
of layers of the module

v

Calculating the length of
each membrane DE

v
o

!

Determining the cooling channel exit
temperature corresponding to the
cooling channel inlet temperature and
mass flow rate, and feed water salinity

v

Initial assumptions for the module permeate
water production mass flow rate and the
permeate channel average temperature

A

A

O

This step is not required
if heat transfer within
the permeate channel is
assumed to occur by
conduction

Determining the coordinates of the evaporator and cooling
channel partitions associated with the membrane DE(n=i, N,,=j)
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Calculating the bulk water properties (i.e. Water density, volumetric
flow rate, viscosity, velocity, Reynolds number, Prandlt number,
specific heat capacity) for the evaporator, cooling and permeate

channels partitions associated with the DE(n=i, N,=j)

v

Calculating the convective heat transfer coefficient in
the evaporator, cooling and permeate channels
partitions associated with the DE(n=i, N=j)

v

Solving the system of nonlinear equations of heat and
mass transfer for the DE(n=i, N,,=j) to calculate its flux,
and its membrane surface and condenser foil temperatures

Was the bulk water temperature of the next
evaporator (cooling) channel partition, i.e.
the partition associated with DE (n=i+1,
Nm=j), calculated in the previous iterations?

Apply mass and heat balance equations on the Apply mass and heat balance equations on the
evaporator (cooling) channel partition associated evaporator (cooling) channel associated with
with the DE(n=i, N,=j) to calculate the bulk the next DE(n=i+1, N,,=j ) to update its bulk
water temperature, in addition to mass flow rate water temperature, in addition to mass flow
and bulk water salinity for the evaporator rate and bulk water salinity for the evaporator
| channel, of the partition associated with the next channel. P
i DE(n=i+1 and N,.=j) In this case, the calculated values in the D
In this case, the values in the partition associated partition associated with the next DE(n=i+1,
with the next DE(n=i+1, N,=j ) include the N.,=j ) include the interaction between the
interaction between the current evaporator current evaporator (cooling) channel partition
(cooling) channel partition and only the and both of its underlying and overlying
underlying cooling (evaporator) channel partition cooling (evaporator) channel partitions
> Np=j+l |«

(=

No
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Were the bulk water properties of
the channel partition associated
with the current DE (n=i, N_=j)

previously calculated and j>1?

Calculate the error between the bulk water temperatures of the
evaporator and the cooling channels partitions associated with the
current DE and the values calculated from the previous iteration

Error <0.5%"?

m end = m end'l

> n=i+1 <

No

Nm.end = Nm,ena+1
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3

-

Sig=1
Last turn reached

This step is not

Nm=Nm,max

d " required if heat
and N=N gy

transfer within the

permeate channel is

Calculate the module permeate water assumed to occur by
production mass flow rate and the average conduction
permeate channel temperature

i | Calculate the error between the values of module permeate water | |
: production mass flow rate (E1) and the average permeate channel | |
: temperature (E2) and those from the previous iteration :

E1l or E2<0.5%?

Outputs: Heat transfer rate, heat and electricity SEC,
evaporator channel exit temperature, average membrane
mass transfer coefficient, average convective heat transfer
coefficient in the evaporator and permeate channels, the
modelled module permeate water production mass flow rate
and cooling channel exit temperature and the errors between
their values and the experimental ones

v

Repeat all the previous processes
for different input variables

End
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Appendix J: Model “B” Flowchart

Start
Y A 4
Constants: module dimensions, Variables: cooling channel
membrane properties, spacers inlet temperature and mass
dimensions and general flow rate, and feed water
constants salinity, and evaporator
channel inlet temperature
A 4
Calculating the length of — - L1 _
each membrane DE Initial assumptions for the cooling channel
exit temperature
» Sig=0 |«
A 4
Nim,max =32
A 4
Nm,end =1

Determining the coordinates of the evaporator and cooling
channel partitions associated with the membrane DE(n=i, N=j)

'
]
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Calculating the bulk water properties (i.e. Water density, volumetric
flow rate, viscosity, velocity, Reynolds number, Prandlt number,
specific heat capacity) for the evaporator, cooling and permeate

channels partitions associated with the DE(n=i, N,=j)

v

Calculating the convective heat transfer coefficient in
the evaporator, cooling and permeate channels
partitions associated with the DE(n=i, N=j)

v

Solving the system of nonlinear equations of heat and
mass transfer for the DE(n=i, N,,=j) to calculate its flux,
and its membrane surface and condenser foil temperatures

Was the bulk water temperature of the next
evaporator (cooling) channel partition, i.e.
the partition associated with DE (n=i+1,
Nm=ij), calculated in the previous iterations?

Apply mass and heat balance equations on the Apply mass and heat balance equations on the
evaporator (cooling) channel partition associated evaporator (cooling) channel associated with
with the DE(n=i, N,=j) to calculate the bulk the next DE(n=i+1, N,,=j ) to update its bulk
water temperature, in addition to mass flow rate water temperature, in addition to mass flow
and bulk water salinity for the evaporator rate and bulk water salinity for the evaporator
.| channel, of the partition associated with the next channel. P
" DE(n=i+1 and N,=j) In this case, the calculated values in the D
In this case, the values in the partition associated partition associated with the next DE(n=i+1,
with the next DE(n=i+1, N,,=j ) include the N.,=j ) include the interaction between the
interaction between the current evaporator current evaporator (cooling) channel partition
(cooling) channel partition and only the and both of its underlying and overlying
underlying cooling (evaporator) channel partition cooling (evaporator) channel partitions
> Np=j+l |«

(=

No
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Were the bulk water properties of
the channel partition associated
with the current DE (n=i, N_=j)

previously calculated and j>1?

Calculate the error between the bulk water temperatures of the
evaporator and the cooling channels partitions associated with the
current DE and the values calculated from the previous iteration

Error <0.5%?

No

No

Nm.end = Nm,eng-1

!

n=i+1

A 4

A

No

Nm.end = Nm,ena+1




349

3

T

Sig=1
Last turn reached

Nin=Nm,max
and N=Nyax?

Calculate the module permeate water
production mass flow rate and the cooling
channel inlet temperature

v

Calculate the error between the actual value of the cooling
channel inlet temperature and the calculated value (Err_T )

Varying the value of
the cooling channel
exit temperature
linearly based on the
value of Err_T

Err_T<0.1%?

Outputs: Heat transfer rate, heat and electricity
SEC, evaporator and cooling channels exit
temperatures, average membrane mass transfer
coefficient, the average convective heat transfer
coefficient in the evaporator and permeate
channels, and the module permeate water
production mass flow rate

A 4

Repeat all the previous processes
for different input variables

End
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Appendix K: Estimating the Cooling
Channel Exit Temperature from
Experimental Data

Using the flux and SHC data in Winter et al. (2011), the amount of heat added to the

water exiting the cooling channel and entering the evaporator channel can be calculated

as follows:
3600 m;
. 3 _ p,MD
VP,MD (m /h)- Py (K-1)
Qaga = SHC X Vyup (K-2)

Qadd =mg Cp (Te,i - Tc,o) (K-3)

where p,, is the density of the permeate water and is estimated at the average

(Te,i+T

module temperature, i.e. . ”), Q44 1S the amount of external heat added to the

feed flow to increase its temperature to the desired value (T, ;) and V;, y, is the MD

permeate water volumetric flow rate.

In equation (K-3), the specific heat capacity of water is assumed to be constant and is

estimated at the evaporator channel inlet temperature.

Accordingly, by knowing the SHC, the feed and permeate flow rates, and the evaporator
inlet temperature, the amount of external heat added and the cooling channel exit

temperature (T, ,) can be calculated.
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