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The aim of this work is to perform an in-depth overview on the sustainability of 

several major commercialized technologies for water desalination and to identify 

the challenges and propose suggestions for the development of water desalination 

technologies. The overview of those technologies mainly focuses on the 

sustainability from the viewpoint of total capital investment, total product cost, 

energy consumption and global warming index. Additionally, a systematic 

sustainability assessment methodology has been introduced to validate the 

assessment process. Conclusions are:1) Reverse osmosis desalination (RO) plants 

are better than multi-stage flash distillation (MSF) desalination plants and 

multiple-effect distillation (MED) desalination plants from the viewpoint of 

energy consumption, global warming index and total production cost; 2)Though 

energy intensive, MSF plants and MED plants secure their advantages over RO 

plants by lower total capital investment, wider applicability and purer water 

desalted and they are still likely to flourish in energy-rich area;3) Water 

production stage and wastewater disposal stage are the two stages during which 

most pollutant gases are emitted. The water production stage alone contributes 

approximately 80~90% of the total pollutant gases emission during its life cycle; 

4)The total capital cost per m
3
 desalted water decreases remarkably with the 

increasing of plant capacity. The differences between the capital cost per m
3
 

desalted water of RO and other desalination plants will decrease as the capacity 

increases; 5) It is found that utilities costs serve as the major part of the total 

product cost, and they account for 91.16%, 85.55% and 71.26% of the total 

product cost for MSF, MED and RO plants, respectively; 6) The absolute 

superiority of given technology depends on the actual social-economic situation 

(energy prices, social policies, technology advancements).  
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Symbols and abbreviations 

MSF   Multi-stage flash distillation 

MED   Multiple-effect distillation 

RO    Reverse osmosis 

    
   CO2 equivalent 

GHG   Greenhouse gas 

GWI   Global warming index 

GWP   Global warming potential 

GCC   Gulf Cooperation Council 

VC     Vapor compression 

ED     Electro-dialysis 

NF     Nano-filtration 

TDS    Total dissolved solids 

LCA    Life-cycle assessment 

CPDP   Co-generation power desalting plant 

MVC    Mechanical vapor compression 

TBT     Top brine temperature 

GR      Gain ratio 

PR      Performance ratio 

TCI     Total capital investment 
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1. Introduction 

As a whole the world suffers from the scarcity of potable water as oceans 

represent the earth’s major water reservoir. About 97% of the earth’s water is 

seawater while another 2% is locked in icecaps and glaciers. Available fresh water 

accounts for less than 0.5% of the earth’s total water supply (Akili D. Khawaji, 

2008). Water stress benchmark level is 1000m
3
/y per capita and about 20% of the 

world’s population-more than 1.4 billion people is lacking fresh water with 

minimum sanitation conditions. About 80% of all known diseases are related to 

water misuse (R.G. Raluy et al., 2004).Water with a dissolved solids (salt) content 

below 1000 mg/l is considered acceptable for a community water supply (Yuan 

Zhou, 2004). The costs of obtaining and managing water from conventional 

sources have risen due to the increasing levels of treatment required to comply 

with more stringent water quality standards.  

Accompanied by other approaches for acceptable water production such as 

increasing the water efficiency, water desalination seems to be quite promising, 

especially in places where the energy price is relatively low(M.A. Darwish, 2009), 

partly because of falling costs of desalination as a result of the technological 

advances in the desalination process. The largest number of desalination plants 

can be found in the Arabian Gulf as shown in Figure (1.1). In 2002 just over 30 

million m
3
/d of fresh water was being produced over the world, with 18 million 

m
3
/d desalted from seawater (R.G. Raluy et al., 2004). The total capacity of 

desalination in Gulf Cooperation Council (GCC) countries increased from 3000 

million m
3
/year in 2000 to about 5000 million m

3
/year in 2012 (Mohamed A. 

Dawoud, 2012). It is expected that the capacity will increase to 9000 million 

m
3
/year in 2030 as shown in Figure (1.2). 

A seawater desalination process separates saline seawater into two streams: a 
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fresh water stream containing a low concentration of dissolved salts and a 

concentrated brine stream. A variety of desalting technologies have been 

developed over the years, including primarily thermal and membrane processes. 

The main thermal processes include multi-stage flash distillation (MSF), 

multiple-effect distillation (MED) and vapor compression (VC). Thermal 

desalting is one of the most ancient ways of desalting seawater or brackish water. 

It is based on distillation processes and involves some form of boiling or 

evaporation. The required thermal energy is produced in steam generators, waste 

heat boilers or the extraction of back-pressure steam from the turbines in power 

stations. The membrane processes contain reverse osmosis (RO), electro-dialysis 

(ED) and nano-filtration (NF). Reverse osmosis (RO) membrane separation is a 

process based on separation rather than distillation, although membrane separation 

can also be performed. RO membranes basically let water pass through them but 

reject the passing through of salt ions. In fact, a small percentage (0.3% for new 

membranes of seawater salts) passes or leaks around seals. The operation pressure 

of RO systems is a function of feed water salinity (R.G. Raluy et al., 2004). 

Electric pumps are usually used to drive membrane processes. The MSF and RO 

processes dominate the market as shown in Figure (1.3). Multi-stage flash 

distillation (MSF), multiple-effect distillation (MED) and reverse osmosis (RO) 

are focused on in this study because of market interests and data availability. 

Currently 50% of the world’s seawater production still relies on fossil energy 

sources which inevitably lead to heavy pollution. 
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Figure 1.1.Seawater desalination capacity in the Arabian Gulf (Mohamed A. Dawoud, 

2012) 

 

Figure 1.2.Historical and expected future desalination capacity in GCC 2000-2030(M.A. 

Darwish, 2009) 

MSF as a mature technology with ideal reliability and heavy pollution has long 

been used, especially in areas where the energy is relatively cheaper, the water 

production requirement is huge and the total dissolved solids (TDS) content is 
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higher (Toufic Mezher, 2011). MED has also obtained some attention in recent 

years and is expecting further development. However, the development and 

market share increase of RO is impressive and noteworthy. Though younger than 

technologies such as MSF and MED, RO, with its fast development and certain 

advantages, continues to excite the public. In addition, each technology is being 

constantly developed towards a better solution. Generally, a switch to more 

efficient plant configurations such as combined cycle plants can further improve 

the energy and environmental situation because of the energy saved and pollution 

reduced brought by process integration (Toufic Mezher, 2011). The feedstock of 

desalination plant can be seawater, brackish water, sanitary wastewater and so on. 

And appropriate desalination technologies should be applied based on the type, 

composition and concentration of the feedstock. Seawater is desalted often by 

various thermal processes and also by RO because of its relatively high impurities 

content, whereas brackish water is treated mainly by means of RO and ED. 

Sustainability is often introduced when we try to assess a product or process from 

the viewpoint of engineering and industry. And the definition and explanation of 

sustainability can vary very much depending on the specific situation and context. 

H.E. Daly (H.E. Daly,WH Freeman and Company) proposed that sustainability 

requires: 1. The use rate of renewable resources (e.g. groundwater) does not 

exceed the rate of their regeneration; 2. The use rate of non-renewable resources 

(e.g. fossil fuel, mineral ores) does not exceed the development rate of sustainable 

substitutes; 3. The pollutants emission rate does not exceed the capacity of the 

environment to absorb and render them harmlessly. 
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Figure 1.3.Global desalination capacity by process (Toufic Mezher, 2011) 

When it comes to the water desalination process, the total capital investment, total 

product cost, energy consumed and pollutants discharged should be emphasized 

since the feedstock is largely seawater, which can be regarded as infinite to certain 

extent. Water desalination technologies are of great importance for human beings 

to deal with potable water scarcity and other related challenges in the coming 

years. However, constantly developing and emerging desalination technologies, 

with their specialized advantages and drawbacks, energy requirements and 

pollution, total capital investment and total product cost, are confusing the society 

and making it increasingly difficult to make optimal choices. It could be more 

complex if taken certain factors into consideration, such as the different feedstock 

characteristics, the different energy price and different energy and environment 

policies in different areas. Many efforts and contributions to make the problem 

clear have been made. The lifecycle emissions of MSF, MED and RO are 

analyzed by Raluy et al.(2004) and a typical life cycle cost analysis by the 

equivalent uniform annual cost method has been performed by A.D. Khawaji et 

al.(2002). However, they only focused on one respect, either the emission or the 

cost. N. H. Afgana(1999) also conducted the sustainability analysis and 

assessment on the desalination technologies. However, the cases it used may not 

be accurate enough for the desalination industry today. The purpose of this work 

is to conduct an in-depth overview of predominating water desalination 
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technologies and then commit the comparison of the sustainability of these 

technologies. The identification of sustainability of those technologies is realized 

by a systematic sustainability assessment methodology, of which a multi-criteria 

analysis, combined with multi-dimensional set of sustainability indicators, is 

proposed to assess the sustainability of technologies. And the identification of 

sustainability of the technologies mainly focuses on technology applicability, 

energy consumption, total capital investment, total product cost and the 

environmental impact. While we focus on MSF, MED and RO technologies, it is 

noteworthy that there are also many other desalination technologies and new 

technologies are constantly emerging. To make the analysis of sustainability more 

accurate and reliable, Life-cycle assessment (LCA) method is used in this study. 

The energy consumption, pollutant emissions and the economic performance are 

the main focus since the feedstock is largely seawater, which can be regarded as 

infinite.  

Water desalination technologies have been developed for decades and are still 

being developed and advanced. Technology advancement, though vary from each 

other vastly and are quite sudden, still share some attributes, such as advancement 

towards energy saving and process integration. To certain extent, the development 

trends are predictable. To make this work more realistic and useful, the 

development trends of these technologies are presented based on the newly 

published advancements and the frequency of publications. Development trends 

are essential for the investment, of which the success mainly lies on the accuracy 

and timeliness of information and the execution strategies.  

Like most chemical processes, sludge/waste is an inevitable by-product of the 

water desalination technologies. They can cause serious environmental and social 

problems, such as the pollution of water, the destruction of balance of ecosystem 

and the direct threat to the residents nearby and so on. Water desalination 
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processes will generate some waste, mainly brine water with high salt contents, 

which could endanger the surroundings if discharged without any treatments. The 

sludge/waste needs to be handled promptly and appropriately. Some suggestions 

are provided in the end of this study to perfect the water desalination processes. It 

should be kept in mind that the cost of the treatment should be minimized while 

certain treatment goals are achieved when proposing the disposal procedures. 

2. Sustainability 

2.1. Definition of sustainability 

The most widely quoted definition of sustainability as a part of the 

concept sustainable development, that of the Brundtland Commission of 

the United Nations on March 20, 1987: “sustainable development is development 

that meets the needs of the present without compromising the ability of future 

generations to meet their own needs (United Nations, 1987) .” The 2005 World 

Summit on Social Development resolved to promote the integration of the three 

components of sustainable development– economic development, social 

development and environmental protection. This view has been expressed as an 

illustration using three overlapping ellipses indicating that the three pillars of 

sustainability are not mutually exclusive and can be mutually reinforcing. The 

general diagram of sustainability is shown in Figure (2.1) as followed (Adams, 

2006). 

http://en.wikipedia.org/wiki/Sustainable_development
http://en.wikipedia.org/wiki/Brundtland_Commission
http://en.wikipedia.org/wiki/United_Nations
http://en.wikipedia.org/wiki/2005_World_Summit
http://en.wikipedia.org/wiki/2005_World_Summit


12 
 

 
 

 

Figure 2.1.The aspects of sustainability development (Adams, 2006) 

The simple definition "sustainability is improving the quality of human life while 

living within the carrying capacity of supporting eco-systems", 

(IUCN,1991) though vague, conveys the idea of sustainability having quantifiable 

limits. But sustainability is also a call to action, a task in progress or “journey” 

and therefore a political process, so some definitions set out common goals and 

values (Milne, 2006). The Earth Charter (Earth Charter Initiative, 2000) speaks of 

“a sustainable global society founded on respect for nature, universal human 

rights, economic justice, and a culture of peace.” 

Sustainability is often characterized by three dimensions: economic, 

environmental and social dimensions (Bradley et al., 2002; Helen et al., 2008; 

Palme et al., 2005; Daniel et al., 2000). Besides, technical dimension has been 

commonly emphasized as the wider aspects of sustainability, which refers to the 

ability of the system to sustain and improve the performance of the purposed 

functions (Makropoulos et al., 2008; Butler et al., 2003; Balkema et al., 2002). 

Environmental sustainability refers to the idea that the consumption of resources 

and discharge of pollutants don’t endanger the long-term development of 

environment (Helen et al., 2005). 

Economic sustainability means that the costs should not exceed the benefits 

(Helen et al., 2005). It addresses the best possible distribution of limited resources 

http://en.wikipedia.org/wiki/Quality_of_life
http://en.wikipedia.org/wiki/Sustainability#cite_note-caring-24
http://en.wikipedia.org/wiki/Sustainability#cite_note-caring-24
http://en.wikipedia.org/wiki/Sustainability#cite_note-25
http://en.wikipedia.org/wiki/Earth_Charter
http://en.wikipedia.org/wiki/Earth_Charter
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to satisfy the human demands. 

Social sustainability is to achieve and maintain the harmony between people and 

the society. The appropriate interaction, development of people and arrangement 

of the society are needed to achieve this goal (Helen et al., 2005). 

In summary, sustainability, as a term been introduced and developed for a long 

time, has a lot of definitions and is largely dependent on the specific situations. 

From the viewpoint of engineering and industry, it mainly refers to three aspects: 

1) Economic, the consumption of resources and energy, the economic 

performance; 2) Environmental, the pollutants emission and the effects on 

environment; 3) Social, the social effects, effects on the relationship between 

human beings and society. In this study, the economic and environmental aspects 

are focused on.  

2.2. The general methodology for sustainability 

assessment of chemical processes 

In terms of sustainability assessment of chemical processes, it involves holistic 

and multidisciplinary approach, which implies it should not be based primarily on 

technical insight, but also takes into account environmental, social and 

economical issues. Besides, more and more attention has been paid to 

sustainability indicators and they have been increasingly recognized as a useful 

tool for policy-makers and public communication in providing information on the 

sustainability performance of countries, regions or companies with respect to 

environmental, economic, social and technical sustainability (Singh et al., 2012). 
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2.2.1. Identification of sustainability assessment 

objectives 

Large amount of sustainability assessment objectives of chemical processes can 

be found in publications and they share several principles. That is to be socially, 

environmentally, economically and technically acceptable and reliable. For 

instance, in a Swedish research program named “Sustainable Urban Water 

Management” which was initiated by the Swedish Foundation for Strategic 

Environmental Research in 1999, five perspectives were defined for the main 

objectives of a sustainable chemical process: 1) moving towards a non-toxic 

environment; 2) improving health and hygiene; 3) saving human resources; 4) 

conserving natural resources; 5) saving financial resources (Daniel et al., 2000).. 

Marropoulos et al. (2008) proposed that sustainable water management is to 

provide good services, not to impose existing infrastructure, to have least effect on 

the environment and to be socially and economically acceptable. American 

Society of Civil Engineering suggested that the sustainable water systems are to 

make great contribution to the objectives of society for the current and future 

generations while keeping their ecological, economic, environmental and 

technical integrity (Bradley et al., 2002). 

2.2.2. The selection and identification of sustainability 

assessment indicators 

It is essential to introduce and utilize sets of indicators to make the concept and 

identification of sustainability more practical and operational though the 

definition of sustainable development of chemical processes is quite clear and 

well recognized (Ellis et al., 2004; Daniel et al., 2000). An indicator or criterion 

can be defined as a means of measuring the extent to which objectives are 
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achieved. Indicators are useful in sustainability assessment for several reasons: 

Firstly the sustainability results can be compared if the same indicators are used to 

assess the sustainability of water desalination plants in different locations, or 

within the same location but across time. Secondly indicators provide simplicity 

as they are able to translate massive information into a simple ranking list, which 

is especially useful for policy-makers or decision-makers who do not want to 

spend much time for detailed analysis of issues. Thirdly indicators can clearly 

show the aspects where improvement is needed. 

In general, there are two kinds of sustainability indicators: quantitative indicators 

and qualitative indicators. Quantitative indicators are defined as measures of 

quantity, such as the total product investment. Qualitative indicators are often 

subjective opinions and perceptions about an issue, for example local 

development promoted by water desalination plant. Those two kinds of indicators 

can be easily distinguished from the source of information used. Usually, 

quantitative indicators are numerical and taken from more formal statistical 

analysis or experiment, whereas qualitative indicators are expressed in descriptive 

form stating the facts or opinions (Butler et al., 2003). The main drawback of 

qualitative indicators is that the quantification of these indicators is quite difficult 

or with high uncertainty, which makes the coming aggregation procedure 

complicated. Therefore, quantitative indicators which are based on existing data 

that is easy to collect and validate are better than qualitative indicators from the 

viewpoint of accuracy and simplicity. Consequently good enough reasons are 

needed to verify that the qualitative indicator is better than its counterpart, 

quantitative indicator or the qualitative indicator is the only choice in this situation 

when deciding to select a qualitative indicator. If not, quantitative indicators are 

always the better choice. For instance, when comes to social indicators, it is 

always difficult to find quantitative indicators and therefore they are often 

neglected. However, these indicators have great effects on the sustainability of 
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water desalination plants. As a consequence, it is necessary to include some 

indicators which are hard to quantify.  

The identification process of sustainability indicators will inevitably affect the 

sustainability assessment results (Benzerra et al, 2012) since the determination of 

sustainable water desalination technology is based on these indicators. There are 

mainly three ways can be used for selecting sustainability indicators according to 

publications.  

The first way to identify indicators is to extend the involvement of the selection 

procedure, i.e., the selection procedure of indicators not only involves researchers, 

but also the indicator users, for example, company employees (Palme et al., 2005). 

It enables both researchers and users to contribute their knowledge and experience 

and ensures the successful implementation of indicators by the extended 

involvement of the staff at company level. The risk of neglecting some important 

aspects can be effectively eliminated by this method. However it may be 

unpractical to recommend it for wide application because of its high cost and time 

consumption. 

The second way to select indicators emphasizes how to adjust indicators to 

different context or indicators prioritization. A multidimensional problem with 

high complexity arises from large amount of indicators and to collect data for all 

indicators would be time consuming and expensive (Daniel et al., 2000). 

Therefore, the number of indicators must be reduced to promote the practical and 

operational use of indicators. The effective and efficient way to reduce the number 

of indicators is to commit indicators prioritization associated with intended 

purpose. Prioritization rules can be set by researchers for different context 

associated with the prime objectives of the water desalination systems. Then a set 

of priority indicators are selected, which represent what is to be investigated firstly. 
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The continuing of the evaluation procedure (Daniel et al., 2000) may be 

unnecessary if the assessment result is poor in regard to the priority indicators set. 

Otherwise, the complete set of sustainability indicators are used for further 

assessment and final decision-making. 

The third way to select indicators refers to a so-called ‘filtering’ process, which 

identifies indicators from indicators set already in use for evaluating sustainability 

(Michelle et al., 2009). The filters were proposed to make sure that (1) selected 

indicators were relevant to the systems; (2) values of each indicator were easy to 

measure both in current situation and future trend and (3) the impacts or 

contribution of indicators on sustainability were important (for example, greater 

than 5%). The first filter was done by the stakeholders involved in the system. The 

second filter is achieved by sorting data that can provide good quality. The third 

filter is involved in determination of relationship between the indicators by using 

the Analytical Hierarchy Process (AHP). Indicators which contributed little to the 

overall sustainability can be dropped out without reducing the accuracy of the 

sustainability assessment, while indicators that are important to the overall 

sustainability are kept. Therefore, the remaining indicators not only ensure the 

availability and reliability of data, but also provide the largest amount of 

information about the system sustainability (Michelle et al., 2009).  

Generally, sustainability indicators for evaluating sustainability of water 

desalination systems are categorized into four aspects: economy, environment, 

social equity and technical performance. Each dimension can be further 

interpreted by sub-indicators to provide a practical basis for the assessment 

procedures. A brief description of the different dimensions and the most 

commonly used indicators are presented as follows. 

Environmental indicators usually define the impacts that water desalination 
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systems impose on the environment, addressing the optimal source utilization of 

water, land, energy and chemicals, and the quality of effluent and sludge 

(Balkema et al., 2002). Environmental indicators include energy consumption, 

reuse of treated water and bio-solids, removal efficiencies of TSS, BOD/COD, 

nutrients, heavy metals and pathogens, odors, pH, air emission, land requirement 

and so on.    

Economic indicators are of great importance for decision-making as it is often 

expressed as money. Theoretically, all kinds of costs and benefits should be 

considered as the economic indicators, including environmental and social values 

(Helen et al., 2008). However, practically only financial costs and benefits are 

considered since it is hard to measure the social and environmental costs. Besides, 

it should cover the costs of life cycle from resource extraction, production, use 

and end-of-life. But in practice, capital cost, operation cost and maintenance cost 

are often focused on in terms of economic indicators because of data availability 

and simplicity. Generally speaking, the economic indicators include total capital 

investment, total product cost, operation and management cost, labor, affordability 

and so on. 

Social indicators are important for the successful implication of water desalination 

systems, especially when end-users are largely involved in the decision-making. 

Social indicators are usually difficult to measure and therefore are often 

qualitative, including risk to human health, public participation and acceptance, 

institutional requirements, local development, responsibility and so on. 

Technical indicators reveal the ability of a water desalination system to fulfill its 

proposed function while other indicators focus on the efficiency of the system 

(Balkema, 2003).  Technical indicators show the ability to sustain and enhance 

the performance of the systems functions for which it is designed, usually as 
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wider aspects of sustainability (Butler et al., 2003). Therefore, technical or 

functional indicators can be seen as constraints as it does not make any sense to 

operate a water desalination system efficiently when it even fails to fulfill its basic 

objectives, for instance reaching the minimal required effluent quality. Technical 

indicators can be performance of the facility including the quality of treated 

seawater and sludge, reliability of the system, flexibility and adaptability to make 

future change to the system, robustness to handle the fluctuations in the influent 

and so on. 

No plant is going to survive without remarkable economic benefits nor social 

desirability today. And the economic and social benefits should always be kept in 

mind when designing and initiating a plant. Water desalination technologies have 

been developed for decades. Lots of desalination plants have been built and new 

ones are constantly emerging. It is of great importance for the proposed plant to be 

economic profitable and social desirable. So the total capital investment and the 

total product cost are chosen to investigate the economics of different desalination 

plants. Water desalination plants are highly energy intensive and usually bring 

heavy pollution, which is increasingly emphasized and will cause penalty thus 

reduce the competitiveness of the plants. So energy consumption and 

environmental impacts are also focused on in this study. 

2.2.3. The value assessment of the selected sustainability 

indicators 

Many methods have been proposed to determine the performance values for 

sustainability indicators. Booysen et al. proposed three ways for assigning 

performance to indicators for composite indexing purpose to assess the 

sustainability of countries and corporate (2002). They include the use of standard 

scores (z and t value), conducting survey results and conventional linear scaling 
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transformation (LST) method. Besides, a normalization curve is suggested to 

assign performance score to each indicator, which is implemented in computer for 

selection of building assemblies (Nassara et al., 2003). The user can add points to 

the curve to define the shape of the curve, and then the best curve can be fitted 

automatically (Nassara et al., 2003). Some indicators such as some social 

indicators which are qualitative indicators lack the explicit values. Then the rank 

of the indicators with regard to the performance can be defined as a normalized 

score, which can be carried out by using either the rank reciprocal method or the 

rank sum weight method (Nassara et al., 2003). Quantitative indicators can also be 

scaled between 0 and 1 by dividing the indicator value by the difference between 

the highest and lowest value possible for this indicator, while for the qualitative 

indicators, normalization can be performed by dividing them by the number of 

desalination technologies that are selected in the systems (Balkema, 2003). 

Besides, a formula is proposed to allocate the performance score of indicators for 

measuring the local urban sustainable development in Padua Municipality, shown 

as below (Scipioni et al., 2009). The scale ranges from 0 to 1000 points with 0 

being the worst case of all systems being compared and 1000 the best case 

(Scipioni et al., 2009): 

                             
             

             
                     (2.1) 

 Where              the score allocated to indicator i 

                             the value of indicator i 

                              the best value of indicator 

                            the worst value of indicator 
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2.2.4. Comprehensive sustainability assessment 

The methods above enable the normalization and identification of the 

sustainability on different dimensions, economical, technological, environmental 

and social aspects. The visual and direct comparison of sustainability of different 

technologies is possible. And further comments and suggestions can be proposed 

based on the sustainability assessment. 

Sustainability is quantized and measured to reveal the resources, economic, social 

and environment situation of a technology or process visually and vividly. 

Sustainability measurement is a term that denotes the measurements used as the 

quantitative basis for the informed management of sustainability. The results of 

sustainability assessment can often be presented by the so-called sustainability 

metrics. The metrics used for the measurement of sustainability (involving the 

sustainability of environmental, social and economic domains, both individually 

and in various combinations) are evolving: they include indicators, benchmarks, 

audits, sustainability standards and certification systems like Fair 

trade and Organic, indexes and accounting, as well as assessment, appraisal and 

other reporting systems. They are applied over a wide range of spatial and 

temporal scales.  

Some of the best known and most widely used sustainability measures include 

corporate sustainability reporting, Triple Bottom Line accounting, World 

Sustainability Society and estimates of the quality of sustainability governance for 

individual countries using the Environmental Sustainability Index and 

Environmental Performance Index. 

In this work, we firstly have a detailed discussion on main desalination 

technologies, the processes, the configurations, the input and output etc. Then we 

http://en.wikipedia.org/wiki/Ecological_indicator
http://en.wikipedia.org/wiki/Sustainability_standards_and_certification
http://en.wikipedia.org/wiki/Fairtrade
http://en.wikipedia.org/wiki/Fairtrade
http://en.wikipedia.org/wiki/Organic_certification
http://en.wikipedia.org/wiki/Sustainability_reporting
http://en.wikipedia.org/wiki/Triple_bottom_line
http://en.wikipedia.org/wiki/Environmental_Sustainability_Index
http://en.wikipedia.org/wiki/Environmental_Performance_Index
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can get certain data based on literature and certain assumptions. Then certain 

calculations and assumptions are committed to get the results for different 

processes. Based on these results, we can get the data for energy consumption, 

total capital investment, total product cost and pollutants emission etc. of each 

technology. Different sustainability factors are weighted based on their different 

importance and the results of calculations. Then the final and total sustainability 

can be obtained for comparison. 

3. Prevailing water desalination technologies 

A variety of desalting technologies have been developed over the years, including 

primarily thermal and membrane processes. The main thermal processes include 

multi-stage flash (MSF) distillation, multiple-effect distillation (MED) and vapor 

compression (VC). The membrane processes contain reverse osmosis (RO), 

electro-dialysis (ED) and nano-filtration (NF). The MSF and RO processes 

dominate the market. Multi-stage flash (MSF) distillation, multiple-effect 

distillation (MED) and reverse osmosis (RO) are focused on in this study because 

of market interests and data availability. It is noteworthy that many other 

desalination technologies are also available. 

While seawater serves as the major feedstock for the desalination plants around, 

we take seawater with common characteristics for analysis in this study. Major 

ions in seawater are defined as those elements whose seawater concentration is 

greater than 1 ppm. The main reason this definition is used is because salinity is 

reported to ± 0.001 or 1 ppm. Thus, the major ions are those ions that contribute 

significantly to the salinity. According to this definition there are 11 major ions. At 

a salinity of S = 35.000 seawater has the composition given in Table (3.1) (Pilson, 

1998). The salinity is 35.00% 
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Table 3.1.Concentrations of the major constituents in surface seawater 

 g/kg mmol/kg 

Na
+
 10.781 468.96 

K
+
 0.399 10.21 

Mg
2+

 1.284 52.83 

Ca
2+

 0.4119 10.28 

Sr
2+

 0.00794 0.0906 

Cl
-
 19.353 545.88 

SO4
2-

 2.712 28.23 

HCO3
-
 0.126 2.06 

Br
-
 0.0673 0.844 

B(OH)2
+
 0.0257 0.416 

F
-
 0.0013 0.068 

Total 35.169 1119.87 

Alkalinity / 2.32 

Everything else ~0.03 / 

Water ~964.8 53.555 

3.1. Multi-stage flash distillation (MSF) 

3.1.1. Technology review 

The multi-stage flash distillation (MSF) process is based on the principle of flash 

evaporation. In the MSF process, seawater is evaporated by reducing the pressure 

as opposed to raising the temperature. The economies of the MSF technology are 
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achieved by regenerative heating where the seawater flashing in each flash 

chamber or stage gives up some of its heat to the seawater going through the 

flashing process. The heat of condensation released by the condensing water 

vapor at each stage gradually raises the temperature of the incoming seawater. The 

MSF plant consists of heat input, heat recovery, and heat rejection sections. 

Although a high temperature additive is commonly used for scale control, an acid 

dose can also be utilized (F.I.Jambi, 1989). 

In each stage the pressure is maintained below the corresponding saturation 

temperature of the heated seawater flowing into it. The introduction of the 

seawater into the flash chamber causes it to boil rapidly and vigorously due to 

flashing. Orifices and baffles installed between stages make the brine’s pressure 

reduce to that of the equilibrium vapor pressure required for boiling at the brine’s 

temperature. Boiling continues until the seawater temperature reaches the boiling 

point at the stage (flash chamber). Therefore, flash distillation is accomplished 

progressively by the production of water vapor with the controlled sequential 

reduction of pressure on hot seawater. The unflashed brine passes from one stage 

to the next — a lower pressure stage for further flashing — so that the seawater 

can be evaporated repeatedly without adding more heat.  

Each stage of the evaporator is provided with demisters to minimize carryover of 

brine droplets into the distillate. The evaporator has a decarbonator (if acid is used 

for scale control) and a vacuum deaerator to remove dissolved gases from the 

brine. The stripping media for the decarbonator and deaerator are air and flashed 

vapor, respectively. The decarbonator is employed to remove CO2 converted from 

bicarbonate in the seawater by an acid such as sulfuric acid (A.D. Khawaji,1997; 

A. Harris, 1983). The bicarbonate present in the seawater is the main species that 

forms alkaline scale (A. Harris, 1983; H.G. Heitmann, 1990). Vacuum in the 

evaporator stage is established and maintained by a steam jet ejector system 
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complete with a vent condenser, inter condenser, after condenser. The system 

extracts the non-condensable gases such as O2, N2, and CO2 released during the 

flashing process. 

Water flow in MSF is forced flow and the flow velocity is around 1.7m/s, which 

can continuously scour the tube (Ming Du, 1998). This character prevents scaling 

formation and enables the seawater input with various salinity. The content of the 

total solids in the produced water can be as low as 5ppm. A general diagram of 

MSF is shown in Figure (3.1). 

 

Figure 3.1.A schematic diagram of the multi-stage flash distillation (MSF) 
a
 

a
http://www.sidem-desalination.com/en/Process/MSF/ 

3.1.2. Energy consumption and pollutant emission 

Generally, the ambient seawater salinity in the Gulf is about 35 ppm and the 

desalination plants increases this salinity in its vicinity by about 5 to 10 ppm on 

average above the ambient condition. In this study, we take seawater in Gulf area 

and thus assume the intake seawater have the same characteristics, e.g. salinity. 

http://www.sidem-desalination.com/en/Process/MSF/
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3.1.2.1. Energy consumption 

In this study, we take the data and case in Kuwait in 2003 into consideration. The 

oil price in Kuwait in that year is reported to be $60/bbl (M.A. Darwish, 2009). 

In 2003, the fuel energy consumed to produce electric power and desalted water in 

Kuwait was 433.5 million GJ (equivalent to 75.92 million barrels of crude oil 

based on 5.71 GJ energy content of one barrel). 431 million m
3
 desalted water and 

35,577 million kWh electric power were produced (Kuwait Ministry of Energy, 

2004). And technologies used to desalinate in Kuwait in 2003 is 100% MSF (M.A. 

Darwish, 2009). We proceed with following assumptions: 1) 100% of the 

desalination plants are co-generation power desalting plant(CPDP) where steam 

produces both power (work) and desalted water; 2) The energy conversion 

efficiency of the power plant part is 40%; 3) The ratio of carbon in the fuel is 

assumed equal to be 0.85 kg/kg of fuel, and burning 1 kg of fuel thus produces 

(0.85×44/12=) 3.1167 kg of CO2/(kg fuel); 4) The ratio of sulfur in the fuel is 

assumed equal to 0.012 kg/kg of fuel, and burning 1 kg of fuel thus produces 

(0.012×64/32=) 0.024 kg of SO2/(kg fuel); 5) The plant meets the allowable 

emission level in the US, which is 0.258 (kg NOx)/GJ heat output (M.A. Darwish, 

2009). 

We have equation: 

                             (3.1)                     

Where            the power generated in the power plant 

                  the energy input to generate Q1 power 

                  the energy conversion efficiency of the power plant 

In this case,   =35577 million KWh,   =40%,  

So we can get   =88942.5 million KWh=320.193 million GJ 
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We have equation: 

                                                          (3.2)                     

Where             the total energy consumption 

                   the energy used to desalinate 

In this case,   =433.5 million GJ,   =320.193 million GJ 

So we can get   =113.307 million GJ 

3.1.2.2. Pollutant emission 

So we get, 113.307 million GJ of energy is needed to get 431million m
3
 desalted 

water, so for MSF, T=2.629×10
8
J/ m

3
, which means we need about 2.629×10

8
J 

energy to obtain 1 m
3
 desalted water. Since one barrel of oil can give out 5.71 GJ 

energy and the price of one barrel oil is 60$, we can easily get that N=4.716$/ m
3
, 

which means the energy cost to produce one m
3
 of desalted water is 4.716$ for 

MSF. The weight of one barrel oil is 128.779kg and it contains 5.71×10
9
J, so we 

get M=44.34×10
6
J/kg, which means one kg of oil can give out 44.34×10

6
J energy. 

Since T=2.629×10
8
J/ m

3
, so we get H=5.929kg/ m

3
, which means we need 

5.929kg to get 1 m
3
 desalted water. So18.48kg CO2, 0.142kg SO2 and 1.53kg NOx 

will be discharged. 

431 million m
3
 desalted water was produced in Kuwait in 2003 and there are 6 

major plants around the country (Mohamed A. Dawoud, 2012). Assume that each 

plant has 15 parallel equipments and the running time is 8000 hours per year. 

Then it can be easily obtained that for each equipment, the water produced is 

166.3kg/s.  

So for MSF, we can roughly get, 
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Table 3.2.The results for the MSF process 

Item Value 

Water produced 166.3kg/s 

Energy required 2.629×10
8
J/ m

3 

CO2 discharged 18.48kg/ m
3 

SO2 discharged 0.142kg/ m
3 

NOx discharged 1.53kg/ m
3 

3.2. Multiple-effect distillation (MED) 

3.2.1. Technology review 

The multiple-effect distillation (MED) process is the oldest desalination method 

(M. Al-Shammiri, 1999) and is very efficient thermodynamically (A. Ophir, 2005). 

The MED process takes place in a series of evaporators called effects, and uses 

the principle of reducing the ambient pressure in the various effects. This process 

permits the seawater feed to undergo multiple boiling without supplying 

additional heat after the first effect. The seawater enters the first effect and is 

raised to the boiling point after being preheated in tubes. The seawater is sprayed 

onto the surface of evaporator tubes to promote rapid evaporation. The tubes are 

heated by externally supplied steam from a normally dual purpose power plant. 

The steam is condensed on the opposite side of the tubes, and the steam 

condensate is recycled to the power plant for its boiler feed water. The MED 

plant’s steam economy is proportional to the number of effects. The total number 

of effects is limited by the total temperature range available and the minimum 

allowable temperature difference between one effect and the next effect. 

Only a portion of the seawater applied to the tubes in the first effect is evaporated. 

The remaining feed water is fed to the second effect, where it is again applied to a 

tube bundle. These tubes are in turn heated by the vapors created in the first effect. 
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This vapor is condensed to fresh water product, while giving up heat to evaporate 

a portion of the remaining seawater feed in the next effect. The process of 

evaporation and condensation is repeated from effect to effect each at a 

successively lower pressure and temperature. This continues for several effects, 

with 4 to 21 effects and performance ratio from 10 to 18 being found in a typical 

large plant (T. Michels, 1993). Some plants have been built to operate with a top 

brine temperature (TBT) in the first effect of about 70°C, which reduces the 

potential for scaling of seawater (A. Ophir, 1994), but increases the need for 

additional heat transfer area in the form of tubes. The power consumption of an 

MED plant is significantly lower than that of an MSF plant, and the performance 

ratio of the MED plant is higher than that of the MSF plant. Therefore, MED is 

more efficient than MSF from a thermodynamic and heat transfer point of view 

(M.A. Darwish, 1995). Horizontal MED plants have been operating successfully 

for almost three decades (M.A. Darwish, 1995). MED plants can have horizontal, 

vertical, or submerged tubes. The size of low temperature MED units has 

increased gradually. Two MED units in Sharjah, UAE have a capacity of 22,700 

m
3
/day each (L.A. Awerbuch, 2002). A design and demonstration module for the 

MED process exists for a 45,400 m
3
/day unit (L.A. Awerbuch, 2002). Most of the 

recent applications for the large MED plants have been in the Middle East. 

Although the number of MED plants is still relatively small compared to MSF 

plants, their numbers have been increasing. 

3.2.2. Energy consumption and pollutant emission 

3.2.2.1. Energy consumption 

Take a case into consideration (M.A. Darwish, 2009). In this case, steam from a 

boiler is supplied to a BPST, with a discharge pressure usually higher than that of 

the condenser pressure of a conventional condensing turbine. The power output of 
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the turbine is used to drive the compressor of mechanical vapor compression 

(MVC) desalting unit either directly or through its electric power output. In 

addition, the steam discharged from the turbine at low pressure of 35 kPa is 

supplied, as the heat source, to the first effect of a multi effect desalting MED 

system. 

 

Figure 3.2.Back pressure steam turbine (BPST) using its power output to drive 

mechanical vapor compression MVC desalting plant, and, using its exhaust steam heat to 

drive multi effect desalting MED systems (M.A. Darwish, 2009) 

Assume the steam enters the BPST at 4 MPa and 538 ℃, and enthalpy    = 

3532.7 kJ/kg, and expands in the turbine to 35 kPa, quality of 0.95, and enthalpy 

   = 2,519 kJ/kg, when it is discharged from the turbine to the MED desalting 

unit. The steam leaves the MED as condensate (saturated liquid at P = 35 kPa, and 

   = 303.4kJ/kg), and is directed to the boiler through a deaerator. 

For 100 MW fuel energy supplied to a boiler of 90% efficiency, the boiler heat 

output 

   = 90 MW, and                                        （3.3） 

This gives    = 27.87 kg/s as the boiler steam mass flow rate for that 100 MW 
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fuel heat input to the boiler. 

The gain ratio (GR) and the performance ratio (PR) are the two most commonly 

applied methods for rating thermal driven desalting systems, such as the thermal 

vapor compression TVC, multi stage flash MSF, and multi effect boiling MED 

desalting units. The GR is the desalted water output (D) per kg of supplied heating 

steam (S) defined by GR = D/S. The GR does not consider the actual heat quantity 

given by each kg of used steam,   (the enthalpy difference across the 

desalination plant heater), or the actual heat consumed by the desalter. It is more 

logical is to calculate the heat required     per unit mass of desalted water D,i.e., 

  /D, instead. This was taken into consideration by defining another energy rating 

parameter, the performance ratio (PR), by changing the S used in the definition of 

GR to the associated amount of heat    based on the standard value of the latent 

heat of evaporation of water,    ref = 2,330 kJ/kg (for example, if the supplied 

steam enters as saturated vapor and leaves as saturated liquid, at about 70°C, 

which is the average temperature of operating thermally driven desalting system), 

and thereby PR is the desalted water output D per kg of supplied steam that has 

the reference latent heat value   ref = 2,330 kJ/kg,and then PR = GR. 

A typical 6-effect plant operating in the Gulf has a performance ratio PR = 5.5 

(M.A. Darwish, 2009). 

It is noticed here that there is a difference between the gain ratio 

                  
                 

            
 

      

  
                      (3.4) 

and the performance ratio PR defined by 

                    
    

         
   

    

       
                      (3.5) 

The heat    supplied to the MED is equal to: 

                                                          (3.6) 
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   is the steam mass flow rate to the MED (equal to that through the boiler and 

the turbine), and its enthalpy    = 2,519 kJ/kg, (equal to that leaving the BPST), 

and    = 303.4 kJ/kg is the condensate enthalpy leaving the MED (equal to that 

supplied to the boiler). 

For the assumed PR = 5.5, GR=5.23, and then the MED water product D (MED)= 

      = 27.87×5.23 =145.8 kg/s. 

3.2.2.2. Pollutant emission 

Since the equivalent work charged to the MED is 5.192 MW due to the heat 

supplied to the MED, then the specific work done due to the heat supply is    = 

5192/145.8 = 35.6 kJ/kg. The specific pumping energy for the MED is 7.2 kJ/kg, 

and total pumping energy = 7.2×145.8 = 1,050 kW, and its corresponding fuel 

energy is 1,050/   =3,140 kW. Consequently, the total specific mechanical work 

is we(MED) = 35.61 + 7.2= 42.81 kJ/kg, and the specific fuel energy for the MED 

= we(MED/   = 42.81/0.344 = 128.1 kJ/kg, where    is the condensing cycle 

efficiency. 

So for MED, we can roughly get, 

Table 3.3.The results of the MED process 

Item Value 

Water produced 145.8 kg/s 

Energy required 1.281×108J/ m
3 

CO2 discharged 9kg/ m
3 

SO2 discharged 0.069kg/ m
3 

NOx discharged 0.745kg/ m
3 
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3.3. Reverse osmosis(RO) 

3.3.1. Technology review 

In the reverse osmosis (RO) process, the osmotic pressure is overcome by 

applying external pressure higher than the osmotic pressure on the seawater. Thus, 

water flows in the reverse direction to the natural flow across the membrane, 

leaving the dissolved salts behind with an increase in salt concentration. No 

heating or phase separation change is necessary. The major energy required for 

desalting is for pressurizing the seawater feed. A typical large seawater RO plant 

(Y. Ayyash, 1994; A.R. Al-Badawi, 1995; M.B. Baig ) consists of four major 

components: feed water pre-treatment, high pressure pumping, membrane 

separation, and permeate post-treatment. Raw seawater flows into the intake 

structure through trash racks and traveling screens to remove debris in the 

seawater. The seawater is cleaned further in a multimedia gravity filter which 

removes suspended solids. Typical media are anthracite, silica and granite or only 

sand and anthracite. From the media it flows to the micron cartridge filter that 

removes particles larger than 10 microns. Filtered seawater provides a protection 

to the high pressure pumps and the RO section of the plant. The high pressure 

pump raises the pressure of the pretreated feed water to the pressure appropriate 

for the membrane. The semi-permeable membrane restricts the passage of 

dissolved salts while permitting water to pass through. The concentrated brine is 

discharged into the sea. Pretreatment is needed to eliminate the undesirable 

constituents in the seawater, which would otherwise cause membrane fouling 

(A.H.H. Al-Sheikh, 1997; S. Bou-Hamad, 1997). A typical pretreatment includes 

chlorination, coagulation, acid addition, multi-media filtration, micron cartridge 

filtration, and dechlorination. The type of pretreatment to be used largely depends 

on the feed water characteristics, membrane type and configuration, recovery ratio, 

and product water quality. Various chemicals added to the seawater are sodium 
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hypochlorite for the prevention of microorganism growth, ferric chloride as a 

flocculant, sulfuric acid for the adjustment of pH and the control of hydrolysis and 

scale formation, and sodium bisulfite to dechlorinate (Y. Ayyash, 1994; A.R. 

Al-Badawi, 1995; M.B. Baig ). RO is often used to treat less saline water, such as 

brackish, river and wastewater. Since the last decade, it has been increasingly 

applied for seawater as well and has become competitive to thermal processes. 

The quality of the input seawater has a significant effect on the RO process and 

comprehensive pretreatments are needed. 
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Figure 3.3.The schematic diagram of the plant for reverse osmosis desalination system 

Reverse Osmosis technology relies heavily on proper pretreatment of water and 

the characteristics of the membrane has a direct and important effect on the 

performance of the membrane and thus affects the final results of separation. 

Much efforts have been made and will be made to develop membrane which has 

better anti-oxidation performance and can bear higher pressure. 

Several typical assemblies is given in Table 3.4 below. 

Table 3.4.several typical assemblies around the world 

Company Type name Material Structure Capacity 

/       

Salt 

removal rate 
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DuPont Permasep 

B-10TWIN 

Polyamide Hollow fiber 60.6 99.35 

Toyobo TOYOBO 

Helloes 

HM10255F 

Cellulose 

acetate 

Hollow fiber 27.5 99.2-99.4 

Dow 

Chemical 

SW-8040 Polyamide Roll 

composite 

membrane 

23 99.6 

Nitto NTR-70 SWC-S8 Polyamide Roll 

composite 

membrane 

16 99.6 

Owing to the high flow rate of the input stream and intercept of the membrane, the 

effluent usually flows with quite high pressure. This could damage the equipment 

and also cause heavy waste since the high pressure fluid can be used to recover 

energy. The Dual Work Exchanger Energy Recovery (DWEER) (Gord F.Leitner, 

2007) was proposed to recover the high pressure of the effluent and use it to pump 

up the feed stream thus save energy. 

 

Figure 3.4.The schematic diagram of the pressure recovery system (Gord F.Leitner, 2007) 

As shown in Figure (3.4), there are two membranes and a pressure exchange 

system. High pressure feedstock is fed into the first membrane chamber, water and 

other small-sized particles can go through the membrane and go the next stage 

while big-sized particles are retained by the membrane. They stay in the input side 
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of the membrane and then form a concentrated water stream. It is then pushed out 

of the chamber by the input stream. This effluent stream has quite high salt 

concentration and flows with high pressure. It will damage the equipment and also 

cause waste of energy if discharged directly. With the pressure recovery and 

exchange unit, we can use this high pressure stream to compress the second input 

stream, which will save certain pump work for the input stream. So it is a step to 

save energy and reduce pollution. 

3.3.2. Energy consumption and pollutant emission 

3.3.2.1. Energy consumption 

Here we take the case from M.A. Darwish (2009) into consideration. In this case, 

the seawater desalinating system is interconnected with a condensing steam 

turbine as shown in Figure (3.5). 

 

Figure3.5.The schematic diagram of a seawater reverse osmosis(SWRO) desalinating 

system interconnected with a condensing steam turbine(CST) 

It is assumed that the system consume 6KWh/m
3
 desalted water. For 100 MW fuel 

energy input to a steam generator of a power plant of net efficiency        , the 
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system generator output of 36 MW can thus desalt at the rate  

                  
 

             
 

       

  
   

    

      
   

          

                   (3.7) 

With a specific fuel heat input of 

         
  

 
 
 
 

        

          
 

    

  
                     (3.8) 

The fuel cost based on $60/bbl and 5.7 GJ heat/bbl   

           
     

        
                               (3.9) 

3.3.2.2. Pollutant emission 

The CO2 emitted to the environment is 4.225 (kgCO2)/m
3
. The emitted SO2 is 

0.0325 kg/m
3
, and the emitted NOx is 0.35 kg/m

3
. 

4. Analysis and identification of sustainability 

of different water desalination technologies 

Currently Multi-stage flash (MSF) distillation, multiple-effect distillation (MED) 

and reverse osmosis (RO) dominate the market. MSF and MED, which are widely 

used and known as reliable and mature technologies, have broader applicability 

and can produce cleaner water. They still enjoy the popularity in some areas, 

especially in old factories. RO with constantly improving membrane, develops 

very fast because of its obvious advantages over other technologies from the 

viewpoint of energy consumption and consequently, pollutant emission. And the 

market share of RO is constantly increasing. In this study, a comprehensive and 

systematic comparison of sustainability of these three technologies is conducted 
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below. In regards to the discussion and identification of sustainability, three 

different dimensions are focused on, economic, environmental and social aspects. 

For the economic part, we focus on the total capital investment and total product 

cost. This is mainly because that for any given or proposed processes or plants, 

the economic benefits and social desirability are among the most important issues 

and concerns. And the total capital investment and the total product cost are the 

most important and fundamental economic parameters for a industrial process or a 

plant. For the environmental part, we mainly investigate the global warming 

potential (GWP) and energy consumption though there are many 

environmental-related issues and indicators, such as energy consumption, land 

requirement, sludge quality level of noise and odor and GWP and so on. This is 

due to firstly, global warming remain the most direct and dangerous threats to the 

human beings, as heavy greenhouse gas (GHG) emission will bring global 

warming and greenhouse effect which will endanger the low-coastline areas. 

Secondly, the emission of some poisonous gases, such as H2S, may directly harm 

human bodies. Thirdly, the selection of indicators is largely affected by data 

availability in this study. 

4.1. Economic sustainability 

4.1.1. The total capital investment 

Before an industrial plant can be put into operation, a large sum of money must be 

supplied to purchase and install the necessary machinery and equipment. Land 

and service facilities must be obtained, and the plant must be erected complete 

with all piping, controls, and services. In addition, it is necessary to have money 

available for the payment of expenses involved in the plant operation.  

The capital needed to supply the necessary manufacturing and plant facilities is 
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called the fixed-capital investment, while that necessary for the operation of the 

plant is termed the working capital. The sum of the fixed-capital investment and 

the working capital is known as the total capital investment. The fixed-capital 

portion may be further subdivided into manufacturing capital investment and 

nonmanufacturing capital investment. 

4.1.1.1. The identification of equipment costs of different 

desalination plants 

There are around 250 water desalination plants and the total production capacity is 

5 billion m
3
/year in Gulf region in 2008 (M.A. Darwish, 2009). So the typical 

capacity for a water desalination plant is 20 million m
3
/year. However, reliable 

and accurate enough information on total equipment costs for such kind of plant is 

not available. So we need to make some assumptions in this study. The price 

information below is the latest information on desalination equipment price. 

(1)A MSF system with a capacity of 0.1m
3
/h, the price is $1500. 

(2)A MED system with a capacity of 0.154m
3
/h, the price is $2300. 

(3)A RO system with a capacity of 0.2839m
3
/h, the price is $3885.7. 

In order to get a industrial capacity of equipment, we use the six-tenths-factor rule 

(Max S Peters, 1991) to estimate the cost of bigger equipment. 

                               
   

   
 
   

                         (4.1) 

Where           The cost of equipment with the capacity/size of a 

                 The cost of equipment with the capacity/size of b 
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     The a value equipment capacity/size  

           
     The b value equipment capacity/size 

When we set the capacity of 2500m
3
/h, we can get the equipment costs of 

different desalination plants: 

Table 4.1.The equipment costs of different water desalination plants with the 

capacity of 2500m
3
/h 

 MSF MED RO 

   /$ 652912.9 772643.9 904356.4 

4.1.1.2. The identification of the total capital investment 

The total capital investment (   ) consists of fixed-capital investment and 

working capital, of which the fixed-capital investment can be further categorized 

as direct costs and indirect costs.     can be determined by many methods, and 

one of a well known method for the identification of     is given below. It is 

estimated by the equipment investments and the ratio factors. The typical factors 

are given in Table (4.2) (Peter, 1991; Xiang, 2014). 

                                    
 
                        (4.2) 

Where          the investment for main equipment components                     

    is the ratio factor for direct /indirect capital investment and 

working capital investment. 

Table 4.2.The ratio factors of different components to equipment investments 

Component Ratio factor,    (%) 
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(1) Direct investment  

(1.1) Equipment investments 100 

(1.2) Installation costs 40 

(1.3) Instrumentation and controls 13 

(1.4) Piping 66 

(1.5) Electrical installations 15 

(1.6) Buildings (including services) 45 

(1.7)Yard improvements 15 

(1.8)Service facilities 55 

(1.9) Land 6 

  

(2) Indirect investment  

(2.1) Engineering and supervision 30 

(2.2) Construction expenses 10% of (1) 

(2.3) Contractor’s fee 5% of (1) 

(2.4) Contingency 8% of (1) 

(3) Fixed-capital investment 467 

(4) Working capital 15% of (5) 

(5) Total capital investment  (3)+(4) 

With Equation (4.2) and Table (4.2) the distributions of capital investment of MSF, 
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MED and RO plants can be obtained as shown in Figure (4.1). 

 

Figure 4.1. The capital investment distributions of MSF, MED and RO with the 

capacity of 2500m
3
/h. 

It is observed that the total capital investment for MSF, MED and RO plants are 

$3.3527million, $4.2418million and $4.9646million. This is mainly because of the 

complexity of RO plants over MSF and MED plants. It requires stringent 

pre-treatment and the advanced membrane. And those pre-treatment steps and 
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membranes usually increase the complexity and total capital investment of the 

process. RO plants are less competitive from the viewpoint of total capital 

investment.  

The effect of the capacity on the total capital cost per m
3
 of desalted water is 

shown below in Figure (4.2). 

 

Figure 4.2.The effect of capacity on the total capital investment per m
3
 desalted 

water  

It can be obtained from the figure above that: (1).The higher the capacity is, the 

less the total capital cost per desalted water; (2).The higher the capacity is, the 

smaller the difference between the total capital cost per desalted water of RO 

plants and other plants. So, in order to achieve better economic performance and 

promote the development of RO plants, bigger capacity is suggested with 

comprehensive consideration before operation. 

4.1.2. The total product cost 

Determination of the necessary capital investment is only one part of a complete 
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cost estimate. Another equally important part is the estimation of costs for 

operating the plant and selling the products. These costs can be grouped under the 

general heading of total product cost. The latter, in turn, is generally divided into 

the categories of manufacturing costs and general expenses. Manufacturing costs 

are also known as operating or production costs. Further subdivision of the 

manufacturing costs is somewhat dependent upon the interpretation of direct and 

indirect costs. 

All expenses directly connected with the manufacturing operation or the physical 

equipment of a process plant itself are included in the manufacturing costs. These 

expenses, as considered here, are divided into three classifications as follows: (1) 

direct production costs, (2) fixed charges, and (3) plant-overhead costs. 

Direct production costs include expenses directly associated with the 

manufacturing operation. This type of cost involves expenditures for raw 

materials (including transportation, unloading and so on); direct operating labor; 

supervisory and clerical labor directly connected with the manufacturing operation; 

plant maintenance and repairs; operating supplies; power; utilities; royalties; and 

catalysts. 

Fixed charges are expenses which remain practically constant from year to year 

and do not vary widely with changes in production rate. Depreciation, property 

taxes, insurance, and rent require expenditures that can be classified as fixed 

charges. 

Plant-overhead costs are for hospital and medical services; general plant 

maintenance and overhead; safety services; payroll overhead including pensions, 

vacation allowances, social security, and life insurance; packaging, restaurant and 

recreation facilities, salvage services, control laboratories, property protection, 

plant superintendence, warehouse and storage facilities, and special employee 
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benefits. These costs are similar to the basic fixed charges in that they do not vary 

widely with changes in production rate.  

In addition to the manufacturing costs, other general expenses are involved in any 

company’s operations. These general expenses may be classified as (1) 

administrative expenses, (2) distribution and marketing expenses, (3) research and 

development expenses, (4) financing expenses, and (5) gross-earnings expenses. 

Administrative expenses include costs for executive and clerical wages, office 

supplies, engineering and legal expenses, upkeep on office buildings, and general 

communications. 

Distribution and marketing expenses are costs incurred in the process of 

selling and distributing the various products. These costs include expenditures for 

materials handling, containers, shipping, sales offices, salesmen, technical sales 

service, and advertising. 

Research and development expenses are incurred by any progressive concern 

which wishes to remain in a competitive industrial position. These costs are for 

salaries, wages, special equipment, research facilities, and consultant fees related 

to developing new ideas or improved processes. 

Financing expenses include the extra costs involved in procuring the money 

necessary for the capital investment. Financing expense is usually limited to 

interest on borrowed money, and this expense is sometimes listed as a fixed 

charge. 

Gross-earnings expenses are based on income-tax laws. These expenses are a 

direct function of the gross earnings made by all the various interests held by the 

particular company. Because these costs depend on the company-wide picture, 
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they are often not included in pre-design or preliminary cost-estimation figures for 

a single plant, and the probable returns are reported as the gross earnings 

obtainable with the given plant design. However, when considering net profits, the 

expenses due to income taxes are extremely important, and this cost must be 

included as a special type of general expense. 

The total product cost is calculated by Eq. (4.3) and economic assumptions below. 

Operating labor cost and the depreciation cost are discussed later. The rest part of 

product cost is calculated by ratio estimation. 

                                             (4.3) 

Where    is the total product cost(dollar/m
3
 desalted water),    is the raw 

material cost(dollar/m
3
 desalted water),    is the utilities cost(dollar/m

3
 desalted 

water),    is the operating labor cost(dollar/m
3
 desalted water),      is the 

direct supervisory and clerical cost(dollar/m
3
 desalted water),      is the 

maintenance and repairs cost (dollar/m
3
 desalted water),     is the operating 

supplies cost,      is the laboratory charges cost,    is the depreciation 

cost(dollar/m
3
 desalted water),      is the plant overhead cost(dollar/m

3
 desalted 

water),     is the administrative cost(dollar/m
3
 desalted water),    is the 

contingencies cost(dollar/m
3
 desalted water). 

4.1.2.1. The determination of labor 

The running of chemical plants needs certain amount of labor. Operating labor can 

be generally divided into skilled and unskilled labor and the kind and amount of 

labor needed vary widely. The quantity of operating labor can often be estimated 

either from company experience with similar processes or from published 

information on similar processes. Because the relationship between labor 

requirements and production rate is not always a linear one, a 0.2 to 0.25 power of 
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the capacity ratio when plant capacities are scaled up or down is often used. In 

this study, we take the initial data for labor estimation from the chemical plant 

design manual by Max S.Peters and Klaus D.Timmerhaus (1991) and then 

amplify it by the expression below: 

                                  
   

   
 
    

                   (4.4) 

Where         The operating labor needed with the capacity of a, 

employee-hours/day 

                  The operating labor needed with the capacity of a, 

employee-hours/day 

               ,      The capacity of the plant, m
3
/day 

We got the data from Max S.Peters and Klaus D.Timmerhaus (1991) that for a 

distillation process with a capacity of 1190m
3
/day, the operating labor and 

maintenance is 0.0024 employee-hours/0.119m
3
 and the maintenance labor and 

supervision is 0.0154 employee-hours/0.119m
3
. So for a distillation process with a 

capacity of 1190m
3
/day, the labor needed is 0.0178 employee-hours/0.119m

3
. By 

the expression above we can get that for a distillation process with a capacity of 

2500m
3
/kg, the labor needed is 47 labor/day. And the annual cost for a labor can 

be assumed to be $28000. The labor requirements of the RO plant can be obtained 

likewise. 

4.1.2.2. The determination of depreciation costs 

Equipment, buildings, and other material objects comprising a manufacturing 

plant require an initial investment which must be written off as a manufacturing 

expense. In order to write off this cost, a decrease in value is assumed to occur 

throughout the usual life of the material possessions. This decrease in value is 
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designated as depreciation. Depreciation costs can be determined by a number of 

different methods, such as straight-line, declining-balance, sum-of-the-years-digits 

methods, sinking-fund and the present-worth methods, among which, the 

straight-line method is most widely used. In this study, we also use the 

straight-line method to calculate the depreciation costs. 

In the straight-line method for determining depreciation, it is assumed that the 

value of the property decreases linearly with time. Equal amounts are charged for 

depreciation each year throughout the entire service life of the property. The 

annual depreciation cost may be expressed in equation form as follows: 

                                
    

 
                        (4.5) 

Where       Annual depreciation cost, $/year 

            Original value of the property at start of the service-life period, 

completely installed and ready for use, $ 

    Salvage value of property at end of service life, $ 

            Service life, years 

According to the work of Xiang (2014), we assume the service life is 20 years and 

the salvage is 4%. So the depreciation costs can be calculated based on the 

expression above and the property data we got in previous chapters. 

4.1.2.3. The identification of the total product cost 

As discussed before, the total product cost can be obtained by equation (4.3), 

inside which the operation labor cost and the depreciation cost have been 

discussed. The other constituent parts are estimated by factor ratios as shown in 

Table (4.3) (Xiang, 2014; Max S.Peters and Klaus D.Timmerhaus, 1991). 
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Table 4.3.Estimation of product cost 

Component Economic assumptions 

(1) Raw material 0(Seawater or brackish water) 

(2) Utilities $2.574/ m
3
 for MSF, $1.1.2563/m

3
 for 

MED, $0.588/m
3
 for RO as calculated 

above 

(3) Operating labor 47 for MSF and MED, 60 for RO, 

$28000/(labor*year) 

(4) Direct supervisory and 

clerical labor 

15% of operating labor 

(5) Maintenance and repairs 6% of fixed capital investment 

(6) Operating supplies 15% of (5) 

(7) Laboratory charges 15% of operating labor 

(8) Depreciation Life period 20 years, salvage value 4% 

(9) Plant overhead costs 60% of ((3) + (4) + (5)) 

(10) Administrative costs 25% of operating labor 

Total product cost (1) + (2) + (3) + (4) + (5) + (6) + 

(7)+(8)+(9)+(10) 

With expression (4.3)、（4.4）、（4.5）and the economic assumptions and factors in 

table (4.3), we are able to calculate total product cost of different water 

desalination plants and the distributions of costs are shown in Figure (4.3). To 

make the figures more readable, we draw the figure for utilities separately because 

of the huge differences between utilities cost and others costs. 



50 
 

 
 

 

Figure 4.3.The distribution of total product costs of MSF, MED and RO with the 

capacity of 2500m
3
/h (except for the utilities costs) 

 

Figure 4.4.The utilities costs of MSF, MED and RO with the capacity of 2500m
3
/h  
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It can be obtained that the total product cost of MSF, MED and RO plants are 

$56473588.2, $29371366.9 and $16514310.6 with the capacity of 2500m
3
/h, 

respectively. MSF and MED plants require large product costs while the total 

product costs of MSF plant is twice of that of the RO plant. This can be attributed 

to several reasons.  

(1) It can be seen from the figure above that the utilities consumption of MSF and 

MED plants are much higher than that of the RO plant. Since MSF and MED 

are thermal based desalination technologies, water needs to be heated and 

vaporized first and then condense, during which large amount of heat or power 

is needed. RO is a membrane based process and it doesn’t vaporize the water 

thus requires less heat or power.  

(2) High separation efficiency and energy efficiency of the RO plant can be 

achieved by the development and advancement of high efficiency membrane.  

(3) The contingencies of MSF plant are also much bigger than that of MED plant 

and RO plant because of its huge utilities consumption.  

It can also be obtained from the figures above that utilities costs take a large part 

of the total product cost. For example, utilities costs account for 91.16%, 85.55% 

and 71.26%. This suggests that utilities costs are the major factors of the total 

product cost and what’s more, the utilities costs take a smaller percentage of the 

total product cost of RO plant than MSF and MED plants. This is because firstly, 

water desalination process is thermo based to a large extent and it require large 

amount of heat to run the process. Secondly, the money spent on utilities will 

undoubtedly increase with the increasing of the ever-increasing energy prices, 

namely, oil price. Thirdly, other costs in the total product costs such as 

maintenance and repairs can be remarkably reduced by the improvement of 

managements, planning and execution. However, it is unlikely to reduce the cost 
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on the utilities part without breakthrough on the heat transfer issues and the 

distillation technologies. The results also suggest that much attention needs to be 

paid to the utilities part if the performance is to be improved and the total product 

cost is to be reduced. 

4.2. Environmental sustainability 

Environmental sustainability presents the ability of the natural world to withstand 

the impact of human activity. Indicators that can be used for calculation of 

environmental sustainability include global warming, waste discharge and energy 

consumption and so on (Tamara Popovic et al., 2013). In this study, we focus on 

the global warming and energy consumption for the environmental sustainability 

assessment because of data availability and there relevance to this issue. 

4.2.1. Energy consumption per m3 of purified water 

produced 

Fossil fuel depletion is one of the major challenges we are facing today and it is 

also an important factor for the assessment of the environmental sustainability. In 

this study, we focus on the energy consumption of the processes in the 

environmental analysis part since the profile of fossil fuel depletion can be largely 

characterized by the energy consumption of the different water desalination 

processes. Energy is a property of objects, transferable among them 

via fundamental interactions, which can be converted in form but not created or 

destroyed. There are many forms of energy, but all these types must meet certain 

conditions such as being convertible to other kinds of energy, obeying 

conservation of energy, and causing a proportional change in mass in objects that 

possess it. We need energy everyday in daily life. The running of the factories, the 

maintenance of the household affairs and personal activities require energy. 

http://en.wikipedia.org/wiki/Physical_property
http://en.wikipedia.org/wiki/Physical_object
http://en.wikipedia.org/wiki/Energy_transfer
http://en.wikipedia.org/wiki/Fundamental_interaction
http://en.wikipedia.org/wiki/Energy_transformation
http://en.wikipedia.org/wiki/Forms_of_energy
http://en.wikipedia.org/wiki/Conservation_of_energy
http://en.wikipedia.org/wiki/Conservation_of_energy
http://en.wikipedia.org/wiki/Forms_of_energy
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Energy can take many forms such as oil, coal, natural gas, hydro power, nuclear 

power, biomass and other renewable and they have been used by the human 

beings for a long time. The world’s major energy consumption is shown in Figure 

(4.5). It is noteworthy that new and renewable energy resources are constantly 

been found, developed and utilized. The supply and use of energy have powerful 

economic, social and environmental impacts.  

 

Figure 4.5.The energy consumption profile in the world (Xiang, 2014) 

Not all energy is supplied on a commercial basis. Fuels, such as fuel wood or 

traditional biomass are largely non-commercial. Fuel wood is playing a leading 

role in the developing countries, where it is widely used for heating and cooking. 

Water desalination, as a technology to separate water with high salt contents into a 

purified water stream and a brine water stream, can be realized by many methods. 

The water desalination processes can generally be classified into two categories, 

the thermal processes and the membrane processes. There are several thermal 

processes e.g. multi-stage flash distillation (MSF) and multiple effect distillation 

(MED). And the major membrane desalination processes are the reverse osmosis 
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(RO), the Nano-filtration, the Ultra-filtration, the Micro-filtration and the 

Electro-dialysis. The general idea or principle of the thermal processes is that the 

inlet water is heated, vaporized and then condense. The pure water will vaporize 

and then condense during the processes while the salt and other solids will remain 

in the brine. The condensate water is collected separately and the separation goal 

is thus fulfilled. For the membrane processes, water and the impurities inside it 

are separated by the membrane, which can retain the impurities and let the water 

go through. It is widely acknowledged that the thermal processes will consume 

more energy than the membrane processes since large amount of energy is needed 

to heat and evaporate the water. However, these differences need to be 

investigated and quantified to reveal their environmental performance and impacts 

since the consumption of energy is always accompanied by environmental 

problems e.g. pollution. 

Energy consumption per m
3
 of purified water produced is chosen to be a 

environmental sustainability indicator in this study for several reasons: 

(1). Water desalination is widely acknowledged as an energy-intensive technology 

and the thermal processes require large amount of energy to evaporate water. For 

instance, 22% of the fuel consumed in Kuwaiti cogeneration power desalting 

plants in 2003 was used for desalting (M.A. Darwish, 2009). 

(2). The consumption of energy especially conventional fossil fuel will lead to 

pollution and environment degradation. And the existing environmental 

challenges largely originate from the energy consumption and related daily 

activities of human beings.  

(3). The investigation and quantification of the energy consumption per m
3
 of 

purified water produced will enable the visual check and comparison of energy 

consumption profiles of different desalination technologies. 
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For the determination of the energy consumption per m
3
 of purified water 

produced, the equation below is introduced. 

                                
 

 
                         (4.6) 

Where        Energy consumption per m3 of purified water produced, J/m
3
 

             The energy consumed during the production processes 

             The water produced during the production processes 

With the calculation in previous chapters and the definition above, we can get the 

energy consumption profile of the desalination processes as shown in Figure (4.6). 

 

Figure 4.6.Energy consumption per m
3
 of purified water produced  

It can be seen from the figure above that the energy consumption per m
3
 of 

purified water produced of MSF is approximately twice as much as that for MED, 

which is approximately twice as much as that for RO. This is mainly because: (1). 

Different from MSF and MED which need much energy to evaporate the water, 

RO doesn’t get involved with water evaporation. (2). It is required to heat and 

evaporate the water in every stage in the MSF process while the water in MED 
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processes can be circularly heated and even heated by steam from a normally dual 

purpose power plant. What’s more, the electric pumps consume the biggest part of 

the energy for the RO processes. 

Kennedy et al. (2011) revealed that in the Reverse Osmosis water desalination 

processes, the RO step, the pre-treatment, the post-treatment & pumping and the 

intake account for 67%, 13%, 13% and 7% of the total energy use, respectively.  

Suggestions about the energy consumption profiles of different water desalination 

technologies: 

(1).Because of its high energy consumption rate, MSF and MED are not 

recommended in areas where has poor energy reserves and the energy price is 

relatively high before advancements or breakthroughs which can largely reduce 

the energy consumption are proposed and developed. 

(2).Process integration with other energy/power plants is desirable since it would 

be highly uneconomical if high heating value fuels such as oil and natural gas are 

directly combusted to evaporate water. The cogeneration power desalting plants 

are promising from the viewpoint of energy value matchup, energy efficiency and 

the full use of energy and so on. 

(3).Because the temperature needed in the desalination processes is not very high, 

and also be propelled by the fossil fuel depletion and the advancements in the 

field of solar energy, the switch of energy source of the desalination processes 

from conventional fossil fuel to renewable energy e.g. is suggested. 

(4).Higher permeability membranes and more efficient pumps are desired to 

decrease energy consumption. 
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4.2.2. Global warming 

The consumption of fossil fuel and the emission of pollutant gases will result in 

many adversities such as human toxicity, global warming, acid rain, 

photochemical smog formation, climate change, ozone depletion and eco-toxicity 

(Hengchong Li, 2012). In this study, global warming is chosen as the major 

indicator and criterion for the assessment of the emission effects of the water 

desalination technologies. This is due to firstly, as revealed above, the desalination 

processes will emit certain amount of CO2, SO2 and NOx, which are among the 

major factors for global warming. Secondly, global warming can have really 

severe affects on the natural systems e.g. sea level rise and widespread decreases 

in snow and ice extent as well as the ecosystems e.g. the extinction of many 

species and the reduction of ecosystem diversity. Thirdly, the data for the 

identification of the global warming is easier to obtain.  

In its fourth assessment (AR4 2007) of the relevant scientific literature, 

the Intergovernmental Panel on Climate Change (IPCC) reported that scientists 

were more than 90% certain that most of global warming was being caused by 

increasing concentrations of greenhouse gases produced by human activities，such 

as unsustainable use of fossil fuel and changes in the use of land. (IPCC, 2007). 

The current CO2 concentration (as of 2013) is at the highest level since the 

pre-industrial period. According to Cancun Agreements (2010), it was agreed to 

limit the global temperature rise at maximum of 2 ℃ above pre-industrial values, 

while the goal was set at 1.5 ℃. This further indicates that the global CO2 

emission should be reduced by 50%-85% (based on the level at year 2007) by 

2050, and the abatement should begin latest by 2015 (IPCC, 2011). Many 

greenhouse gases can contribute to global warming while their discharge and 

effects on global warming vary much. So in this study the global warming 

potential (GWP) are used to characterize the effects on global warming of 

http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report
http://en.wikipedia.org/wiki/Scientific_literature
http://en.wikipedia.org/wiki/Intergovernmental_Panel_on_Climate_Change
http://en.wikipedia.org/wiki/Greenhouse_gas
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different water desalination technologies. 

4.2.2.1. The identification of the total emission of greenhouse 

gas  

In regards to the environmental aspect, a more comprehensive and reasonable 

total discharge related to the product or process and its impacts on the 

environment was also investigated and pursued. Quite often people only focus on 

the production process of a product and take the pollutants discharged at that time 

as the total pollutants discharged for that product. However, a more 

comprehensive and reasonable idea suggested that vision should be broader and 

the actual discharge is probably heavier: the production process inevitably 

requires certain raw materials, of which the mining, transportation and production 

process will bring discharges, too. Additionally, the usage process and the disposal 

of the waste of the product will also bring discharge. So, it is obvious that a longer 

period should be taken into consideration when calculating the actual discharge of 

the product. The widely known and used methodology, Life-cycle assessment 

(LCA), was used in this study to investigate the actual pollutants discharge cost by 

the product or process and the real impacts on the environment of the discharge. 

The primary greenhouse gases in the Earth's atmosphere are water vapor, carbon 

dioxide, methane, nitrous oxide, and ozone. As discussed before, the water 

desalination plants in this study are assumed to be ran by oil, of which the 

combustion will results in remarkable amount of CO2, SO2 and NOx. And the 

building of the desalination plants will also involve in energy consumption, which 

may discharge CO2, SO2, NOx, CH4 and so on. So, we choose CO2, NOx and CH4 

to investigate the greenhouse potentials of different water desalination 

technologies. 

http://en.wikipedia.org/wiki/Earth%27s_atmosphere
http://en.wikipedia.org/wiki/Water_vapor
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Nitrous_oxide
http://en.wikipedia.org/wiki/Ozone
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As mentioned before, the Life-cycle assessment (LCA) methodology is used to 

identify the total pollutants discharge of each process and the environmental 

impacts caused by the discharge from the viewpoint of life cycle. Life-cycle 

assessment (LCA) is a tool for systematically analyzing environmental 

performance of products or processes over their entire life cycle, including raw 

material extraction, manufacturing, use, and end-of-life(EOL) disposal and 

recycling. Hence, LCA is often considered a “cradle to grave” approach to the 

evaluation of environmental impacts.  

The concept of life cycle studies has been developed over the years, mainly in the 

70s and 80s. Moreover, life cycle studies had focused on the quantification of 

energy and materials used and wastes released into the environment throughout 

the life cycle (Luisa F.Cabeza, 2014). 

A major facet of the ISO standard is a four-stage iterative frame work for 

conducting LCA analyses. The four steps include: goal and scope definition; 

inventory analysis; life-cycle impact assessment (LCIA); and interpretation (Luisa 

F.Cabeza, 2014). The goal and scope definition step spells out the purpose of the 

study and its breadth and depth. The inventory analysis step identifies and 

quantifies the environmental inputs and outputs associated with a product over its 

entire life cycle. Environmental inouts include water, energy, land, and other 

resources; outputs include release to air, land, and water. However, it is not these 

inputs and outputs, or inventory flows. That are of primary interest. We are more 

interested in their consequences, or impacts on the environment. Thus, the next 

LCA step, impact assessment, characterizes these inventory flows in relation to a 

set of environmental impacts. For example, the impact assessment step might 

relate carbon dioxide emissions, a flow, to global warming, an impact. Finally, the 

interpretation step combines the environmental impacts in accordance with the 

goals of the LCA study. 
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LCA can be generally classified into product life cycle and process life cycle. As 

for the definition of boundaries, product life cycle and the process life cycle are 

analyzed separately.  

4.2.2.1.1. Product life cycle 

As for the product life cycle, there are three periods, namely, clean water 

production, clean water transportation and wastewater disposals. Heather Cooley 

et al. (2013) reported that wastewater that will be used to recharge aquifers may 

undergo membrane treatment, with an energy requirement of 3300kWh per 

million gallons (0.87 kWh/m
3
), which means a discharge of 0.2205kg CO2 per m

3
 

of desalted water, 0.0017kg SO2 per m
3
 of desalted water and 0.0183kg NOx m

3
 of 

desalted water if the assumption is applicable here. The ratio of carbon in the fuel 

is assumed equal to be 0.85 kg/kg of fuel, and burning 1 kg of fuel thus produces 

(0.85×44/12=) 3.1167 kg of CO2/(kg fuel); The ratio of sulfur in the fuel is 

assumed equal to 0.012 kg/kg of fuel, and burning 1 kg of fuel thus produces 

(0.012×64/32=) 0.024 kg of SO2/(kg fuel); The plant meets the allowable 

emission level in the US, which is 0.258 (kg NOx)/GJ heat output (M.A. Darwish, 

2009). For the transportation of clean water, the distance between the desalination 

plant and the centre of demand area can be generally assumed as 75km and it is 

transported by pipeline (Maedeh P. Shahabi, 2014). According to WORLD 

PUMPS (June, 2007), the total energy is consumed by four parts for the pumping 

pipeline system: costs of pipeline account for 37%; costs of pumping station 

account for 20%, costs of pumps and base plates account for 1% and the operating 

costs account for 42% for 20 years. So we can get the energy consumption for 

water transportation is 1×10
7
J/m

3
, and the airborne emissions are 0.7042 kg CO2 

per m
3
 of desalted water, 0.0054kg SO2 per m

3
 of desalted water and 0.0583kg 

NOx m
3
 of desalted water. And for MSF/MED/RO, they have the same feedstock, 

same product and same waste. So we can get the energy consumption and 
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airborne emissions as shown in the Table (4.4) 

Table 4.4.The airborne emissions of the product life cycle of different desalination 

technologies 

 Energy 

consumption, 

J/m
3
 

CO2 emission, 

kg/m
3
 

SO2 emission, 

kg/m
3
 

NOx emission, 

kg/m
3
 

Clean water 

production 

MSF: 

2.629×10
8
 

MED: 

1.281×10
8
 

RO: 6×10
7
 

MSF:18.48 

MED:9 

RO:4.225 

MSF:0.142 

MED:0.069 

RO:0.0325 

MSF:1.53 

MED:0.745 

RO:0.35 

Clean water 

transportation 

6×10
7
 0.2205 0.0017 0.0183 

Wastewater 

disposals 

3.13×10
6
 0.7042 0.0054 0.0583 

4.2.2.1.2. Process life cycle 

There are five periods for the process life cycle, building materials production, 

building materials transportation, factory construction, plant operation and plant 

disposal (Hengchong Li, 2012). The process life cycle assessment mainly focuses 

on the factories/buildings. Factories/buildings play an important role in 

consumption of energy and pollutant emissions all over the world. The building 

sector has a significant influence over the total natural resource consumption and 

on the emissions released. A building uses energy throughout its life i.e. from its 

construction to its demolition. The demand for energy in buildings in their life 
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cycle is both direct and indirect. Direct energy is used for construction, operation, 

renovation, and demolition in a building; while indirect energy is consumed by a 

building for the production of material used in its construction and technical 

installations (Luisa F.Cabeza, 2014).For the buildings, life cycle energy includes: 

 Embodied energy: Energy content of all the materials used in the building and 

technical installations, and energy incurred at the time of new construction 

and renovation of the building. 

 Operating energy: Energy required for maintaining comfort conditions and 

day-to-day maintenance of the buildings. Energy for HVAC (heating, 

ventilation and air conditioning), domestic hot water, lighting, and for running 

appliances. 

 Demolition energy: Energy required at the end of the buildings’ service life to 

demolish it and to transport the material to landfill sites and/or recycling 

plants. 

Construction significantly alters the environment. According to the United 

Nations Environment Programme (Lippiatt, 2002), this industry sector consumes 

about half of the resources taken from nature worldwide, including 25% of the 

wood harvest. Mining, quarrying, dring, and harvesting these natural resources not 

only depletes them but pollutes the air and water, generates waste, and accounts 

for biological diversity losses. Once acquired, transporting raw materials to 

production facilities, then transforming them into building and construction 

products, generates further pollution and requires considerable energy 

consumption with its associated greenhouse gas emissions. 

After production and transportation to a building site, many products generate 

waste at installation. Others have relatively short useful lives, leading to frequent 
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disposal and manufacture of replacement products. Others contribute to unhealthy 

indoor air. Indoor pollutant concentrations have been found to be twice to five 

times as high as those outdoors. Yet other products influence building heating and 

cooling loads, largely responsible for building operating energy use, which 

accounts for 40% of U.S. energy consumption. Worldwide, energy consumption 

by the built environment is responsible for 40% of greenhouse emissions. 

Citherlet and Defaux (2007) presented a process-based life cycle assessment of 

three home designs in Switzerland. They classified life-cycle environmental 

impacts into direct and indirect categories; direct impacts include dalluse-related 

energy consump- tion impacts; and indirect impacts included other upstream and 

downstream impacts from material extraction, production, construction, 

demolition, etc. Ochao Franco (2004) employed economic input–output based life 

cycle assessment methods for evaluating three case study residences in 

Pennsylvania, Texas, and Michigan. Similarto Keoleian et al. (2000), these results 

also clearly highlighted the dominance of the building use phase. The use phase 

accounted for over 90% of energy use, electricity use, fossil fuel depletion, and 

human-health impact categories, and for over 50% of ore depletion, global 

warming effects, soiltoxicity, and air pollution. 

In some cases, the building materials production, building materials transportation, 

factory construction can be represented by the facility construction. Concrete is a 

major construction material and the production and disposal of concrete will result 

in greenhouse gas emission. The life cycle emissions of carbon dioxide, methane 

and nitrous oxide of concrete according to the ELCD data base is shown below 

(Antti Ruuska et al., 2012). 

 

 

 



64 
 

 
 

Table 4.5.The life cycle emissions of carbon dioxide, methane and nitrous oxide 

of concrete 

 Outputs (kg/kgconcrete) 

CO2 0.118 

CH4 0.000102 

NxO 0.000000961 

Different greenhouse gas contribute to the global warming differently. For 

example, CH4 is over 20 times more effective in trapping heat than CO2 over a 

100-year period. So it is more practical to use the CO2 equivalent     
 to 

characterize the GHG load of different stages or processes of life cycle. The CO2 

equivalent of different items/parts of the facility construction phase and the 

demolition phase of the membrane desalination plant is shown below (Alexandre 

Bonton, 2014; Ecoinvest 2.0 database). 

Table 4.6.The life cycle inventory data for membrane desalination plants 

(Zlexandre Bonton, 2014) 

Component Value/(kgCO2/m3) 

Construction  

Pumps(steel) 0.00005 

Motors(steel+copper) 0.0001 

Prefilters 0.00025 

Backstairs+structural material 

(aluminium+steel) 

0.0001 

Storage tanks(fiberglass) 0.00007 

Building-wall (steel) 0.00027 
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Building insulation(fiberglass) 0.00008 

Doors(steel+polyurethane) 0.00001 

Foundation(concrete) 0.003 

Pipes(PVC) 0.00008 

Core grid(steel) 0.00045 

Spiral-wound module stowage(PVC) 0.00004 

Membrane housings 0.00008 

Demolition  

Reinforced concrete 0.0036 

Steel 0.0011 

Aluminium 0.00004 

PVC 0.00018 

Fiberglass 0.00023 

Polypropylene 0.00015 

Polyester 0.00015 

Copper 0.00006 

Polyurethane 0.00001 

So the emissions of major GHG during the plant construction and plant 

demolition part of different water desalination processes can be obtained below. 

Table 4.7.The emissions of major GHG during the plant construction and plant 

demolition part of different water desalination processes 

 MSF/(kg/m
3
DW) MED/(kg/m

3
DW) RO/(kg/m

3
DW) 
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 CO2 CH4 NxO CO2 CH4 NxO CO2 CH4 NxO 

Plant 

construct

ion 

0.001

72 

1.502×

10
-6

 

1.58×1

0
-8

 

0.00

092 

1.311×

10
-6

 

1.22×

10
-8

 

0.00

458 

3.958×

10
-6

 

3.73×1

0
-8

 

Plant 

demoliti

on 

0.001

93 

1.733×

10
-6

 

2.647×

10
-8

 

0.00

103 

1.502×

10
-6

 

1.31×

10
-8

 

0.00

552 

4.771×

10
-6

 

4.496×

10
-8

 

Process 

life cycle 

0.003

65 

3.235×

10
-6

 

4.227×

10
-8

 

0.00

195 

2.813×

10
-6

 

2.53×

10
-8

 

0.01

01 

8.729×

10
-6

 

8.226×

10
-8

 

          

water 

producti

on 

18.48 0 1.53 9 0 0.745 4.22

5 

0 0.35 

Water 

transport

ation 

0.220

5 

0 0.0183 0.22

05 

0 0.018

3 

0.22

05 

0 0.0183 

Waste 

water 

disposal 

0.704

2 

0 0.0583 0.70

42 

0 0.058

3 

0.70

42 

0 0.0583 

Product 

life cycle 

19.40

47 

0 1.6066 9.92

47 

0 0.821

6 

5.14

97 

0 0.4266 

Total life 

cycle 

19.40

835 

3.235×

10
-6

 

1.6066 9.92

665 

2.813×

10
-6

 

0.821

6 

5.15

98 

0 0.4266 
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4.2.2.2. The identification of Global warming index 

The contribution of different GHG on global warming may vary vastly over a 

specific time interval. For example, CH4 is over 20 times more effective in 

trapping heat than CO2 over a 100-year period. These differences can be 

characterized by the Global-warming potential (GWP), which is a relative 

measure of how much heat a greenhouse gas traps in the atmosphere and 

compares the amount of heat trapped by a certain mass of the gas in question to 

the amount of heat trapped by a similar mass of carbon dioxide over a specific 

time interval, say 100 years. The National Institute of Standards and Technology 

of the Department of Commerce of the United States of America (NIST, 2007) has 

proposed a list of global warming potential characterization factors, part of which 

is shown in Table (4.8). 

Table 4.8.Global Warming Potential Characterization Factors (Time interval of 

100years) 

Flow(i) GWPi 

CO2 1 

CH4 23 

N2O 296 

The Global Warming Index (GWI) is introduced to quantify and express the 

comprehensive effects of a specific process/product on global warming because of 

all the GHG emitted during the process/production of the product. The 

identification of GWI can is given below. 

                                                      (4.7) 

Where       the comprehensive effects of a specific process/product on global 

http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Carbon_dioxide
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warming because of all the GHG emitted during the process/production 

of the product 

           mass (in grams) of inventory flow i 

              global warming potential of inventory flow i 

Based on the definition above and the life cycle GHG emission data in Table 4.7, 

the GWI and the distributions of GWI of each water desalination technology can 

be obtained as shown below. 

 

Figure 4.7. Global warming index of different water desalination plants with one 

m
3
 of water desalted 

It can be obtained from Figure (4.7) that when desalting one m
3
 water, the global 

warming index of a MSF plant is approximately twice as much as a MED plant, 

which is about twice as much as a RO plant. This suggests that the environmental 
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sustainability of RO plant is much better than MSF and MED plant. And RO plant 

tends to be a more appropriate choice from the viewpoint of environment 

protection, especially today when more and more attention is spent on the 

environment challenges and increasingly stringent regulations and penalty are 

introduced. 

Though the contribution on the global warming index of different life cycle stages 

in different water desalination plants differ a lot, they still share some attributes, 

such as the contribution of water production phase and wastewater disposals 

phase. The contribution proportions of water production phase and wastewater 

phase of different water desalination plants are shown in Figure3. 

Table 4.9.The contribution proportions of water production phase and wastewater 

disposals phase in the whole life cycle 

 MSF MED RO 

Water production 95.23% 90.68% 82.04% 

Wastewater 

disposals 

3.63% 7.1% 13.66% 

Total of the two 

life cycle phases 

above 

98.86% 97.78% 95.7% 

As shown in the table above, water production phase and wastewater disposals 

phase are the biggest contributors for the global warming during the whole life 

cycle, especially for water production phase, which contributes around 90% of the 

global warming. The investigation above suggests that much attention should be 

paid to the water production phase and wastewater disposals phase if we want to 

enhance the environmental performance of water desalination plants and reduce 
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the global warming effect. Since the emission of airborne gas mainly come from 

the combustion of fossil fuel, so efforts can be made on the issue of the energy 

efficiency and the improvement of operation performance. Some suggestions on 

the issue of reducing airborne gas emission and the mitigation of global warming 

effect are given below: 

(1).The integration of water desalination plants with some other plants or 

processes, especially for those which can provide sufficient and cheap low heating 

value steam, such as power plant is proposed. It would be a waste of high heating 

value fuel if fossil fuel is combusted to supply the heat to the water desalination 

plant directly since water desalination plants only need heat to evaporate the 

water.  

(2).The transition of energy used from fossil fuel to clean and renewable energy 

sources is proposed. Fossil fuel can be regarded as ‘dirty energy’ from the 

viewpoint of environment protection because of its high carbon contents and 

heavy pollution after combustion. And it is a tendency for the water desalination 

industry to adopt cleaner energy on the pressure of the enhancement of public 

awareness and increasingly stringent government regulations and penalties. 

Citherlet and Defaux (2007) found out that direct environmental impacts can be 

significantly reduced by better insulation and by the use of renewable energy 

sources. 

(3).Detailed inspection on desalination technologies and important advancement 

of the desalination technologies are greatly desired. For example, great efforts 

should be made to improve the heat transfer efficiency of the desalination 

equipments and issues such as the combustion efficiency should also be 

emphasized. 
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4.3. Social sustainability 

The objective of social sustainability is to secure people’s socio-cultural and 

spiritual needs in an equitable way A process/system/factory can never be isolated 

from the surroundings. It has to interact with the environment and thus affect each 

other. A factory was built and ran at certain place and it will inevitably have an 

effect on the community around it. This interaction has to be taken into 

consideration if we want to identify and analyze the sustainability of the process 

thoroughly. In this study, the applicability of the process, the process-related 

human toxicity and the community compatibility of the process were considered. 

RO also has its drawbacks compared with MSF and MED. It has quite strict 

requirements on feed water which means that its applicability is relatively lower. 

And the purity of the output water of RO is also not as good as MSF or MED. 

These should be taken into consideration when identifying the sustainability of 

each technologies. 

The main environmental impacts and mitigation measures of desalination 

processes are shown in Table (4.10).  

Table 4.10.The environmental impacts and mitigation measures of desalination processes 

Risk Potential impacts Mitigation measures 

Brine discharge Salinity increase  

 Brine water dilution 

with seawater or cooling 

water 

 Brine water harvesting 

Temperature increase 

Brine water dilution with 

seawater or cooling water 

Air pollution Emission of NOx, SO2, and 

CO2 

 Using natural gas 

 Using renewable energy 
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sources 

Noise 

Construction and operation 

of the desalination plants 

would result in an 

increase in noise levels 

surrounding the location 

Noise levels in most cases of 

desalination plants not 

exceed the ‘normally 

acceptable’ noise level 

limit of 65 dBA Ldn. So, no 

mitigation measures required. 

Land Use and Planning 

Most of desalination plants is 

on sea coast where the value 

of the land is very high 

Proper selection of sites to 

minimize to offset the loss of 

this open space land 

4.4. The normalization of sustainability indicators 

In order to reveal the sustainability of different water desalination technologies 

vividly, we need to quantify the sustainability indicators (SI) and the 

normalization of different sustainability indicators is introduced. 

    

 
 
 

 
 

                         
                           

       
                    

                                   
  

                                                                            

 (4.8) 

Where          the sustainability indicator of aspect i 

               the value of aspect i 

According to the normalization method above and the results of the economic and 

environmental analysis, we can finally get the radar diagram of sustainability 

indicators below. 
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Figure 4.8.The sustainability indicators of different water desalination 

technologies 

It is clearly shown that reverse osmosis (RO) desalination plants are better than 

multi-stage flash (MSF) desalination plants and multiple-effect distillation 

desalination plants from the viewpoint of Energy consumption, Global warming 

index and Total production cost. MSF and MED can only secure their advantages 

when taking the total capital investment seriously. This roughly suggests that RO 

plants are more desirable at this stage and deserves more attention when 

proposing new water desalination plants. However, further efforts need to be made 

to investigate how the difference in total capital investment may affect the total 

economic performance and decision-makers’ selection. And a more detailed check 

of these technologies is also suggested before a new water desalination plant is to 

be built.      

5. Disposals of desalination brine 

Brine is any water stream in a desalination process that has higher salinity than the 

feed. The effects on the marine environment arising from the operation of the 
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power and desalination plant from the routine discharge of effluents. Water 

effluents typically cause a localized increase in sea water temperatures, which can 

directly affect the organisms in the discharge area. Increased temperature can 

affect water quality processes and result in lower dissolved oxygen concentrations. 

Furthermore, chlorination of the cooling water can introduce toxic substances into 

the water. 

Additionally, desalination plants can increase the salinity in the receiving water. 

For instance, the ambient seawater salinity in the Gulf is about 45 ppm and the 

desalination plants increases this level in its vicinity by about 5 to 10 ppm on 

average above the ambient condition (Mohamed A. Dawoud, 2012).The 

substances of focus for water quality standards and of concern for the ecological 

assessment can be summarized as follows: Although technological advances have 

resulted in the development of new and highly efficient desalination processes, 

little improvements have been reported in the management and handling of the 

major by-product waste of most desalination plants, namely reject brine. It is 

estimated that for every 1 m
3
 of desalinated water, 2 m

3
 is generated as reject 

brine. The common practice in dealing with these huge amounts of brine is to 

discharge it back into the sea, where it could result, in the long run, in detrimental 

effects on the aquatic life as well as the quality of the seawater available for 

desalination in the area. Although technological advances have resulted in the 

development of new and highly efficient desalination processes, little 

improvements have been reported in the management and handling of the major 

by-product waste of most desalination plants, namely reject brine.  

The disposal or management of desalination brine (concentrate) represents major 

environmental challenges to most plants, and it is becoming more costly. In spite 

of the scale of this economical and environmental problem, the options for brine 

management for inland plants have been rather limited (Mohamed A. Dawoud, 
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2012). Reject brine contains variable concentrations of different chemicals such as 

anti-scale additives and. Several types of chemicals are used in the desalination 

process for pre- and post-treatment operations. These include: Sodium 

hypochlorite (NaOCl) which is used for chlorination to prevent bacterial growth 

in the desalination facility; Ferric chloride(FeCl3) or aluminum chloride (AlCl3), 

which are used as flocculants for the removal of suspended matter from the water; 

anti-scale additives such as Sodium hexametaphosphate (NaPO3)6 are used to 

prevent scale formation on the pipes and on the membranes; and acids such as 

sulfuric acid (H2SO4) or hydrochloric acid (HCl) are also used to adjust the pH of 

the seawater. Due to the presence of these different chemicals at variable 

concentrations, reject brine discharged to the sea has the ability to change the 

salinity, alkalinity and the temperature averages of the seawater and can cause 

change to marine environment. The characteristics of reject brine depend on the 

type of feed water and type of desalination process. They also depend on the 

percent recovery as well as the chemical additives used. To avoid impacts from 

high salinity, the desalination plant brine can be pre-diluted with seawater or 

power plant cooling water. To avoid impacts from high temperature, the outfall 

should achieve maximum heat dissipation from the waste stream to the 

atmosphere before entering the water body (e.g. by using cooling towers) and 

maximum dilution following discharge. Negative impacts from chemicals can be 

minimized by treatment before discharge, by substitution of hazardous substances, 

and by implementing alternative treatment options. Especially biocides such as 

chlorine, which may acutely affect non-target organisms in the discharge site, 

should be replaced or treated prior to discharge. Chlorine can be effectively 

removed by different chemicals, such as sodium bisulfite as practiced in RO 

plants, while sulfur dioxide and hydrogen peroxide have been suggested to treat 

thermal plant reject streams (Mohamed A. Dawoud, 2012). Filter backwash 

waters should be treated by sedimentation, dewatering and land deposition, while 
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cleaning solutions should be treated on-site in special treatment facilities or 

discharged to a sanitary sewer system. The current options for reject brine 

management are rather limited and have not achieved a practical solution to this 

environmental challenge. There is an urgent need, therefore, for the development 

of a new process for the management of desalination reject brine that can be used 

by coastal as well as inland desalination plants. The chemical reaction of reject 

brine with carbon dioxide is a new approach that promises to be effective, 

economical and environmental friendly (Mohamed A. Dawoud, 2012). The 

approach utilizes chemical reactions based on a modified Solvay process to 

convert the reject brine into useful and reusable solid product (sodium 

bicarbonate). At the same time, the treated brackish water can be used for 

irrigation. Another advantage is that the main gaseous reactant, carbon dioxide, 

can be pure or in the form of a mixture of exhaust or flue gases, which indicates 

that this approach can be utilized for the capture of CO2 from flue gases or 

sweetening of natural gas. Mohamed A. Dawoud  (2012) reported that the 

reactions of CO2 with ammoniated brine can be optimized at 20 °C and can 

achieve good conversion using different 

The desalination process and the pretreatment applied have a significant influence 

on the physic-chemical properties of the discharges, as shown in Table (5.1). 

For inland desalination plants, the major options are: discharge to surface water or 

wastewater treatment plants; deep well injection; land disposal; evaporation ponds; 

and mechanical/thermal evaporation. 

Table 5.1.Typical effluent properties of (RO) and thermal (MSF/MED) seawater 

desalination plants (Mohamed A. Dawoud, 2012) 

 RO plants Thermal plants (MSF, MED) 

Physical properties   

Salinity and temperature Up to 65,000–85,000 mg/L. About 50,000 mg/L. +5 to 
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Ambient seawater temperature 15°C above ambient 

Density Negatively buoyant Positively, neutrally or 

negatively buoyant 

depending on the process, 

mixing with cooling water 

from co-located power plants 

and ambient density 

stratification 

Dissolved oxygen(DO) If well intakes used: typically 

below ambient seawater DO 

because of the low DO content 

of the source water. If open 

intakes used: approximately 

the same as the ambient 

seawater DO concentration 

Could be below ambient 

seawater salinity because of 

physical deaeration and use of 

oxygen scavengers 

Biofouling control additives 

and by-products 

  

Chlorine If chlorine or other oxidants 

are used to control biofouling, 

these are typically neutralized 

before the water enters the 

membranes to prevent 

membrane damage 

Approx. 10–25% of source 

water feed dosage, if not 

neutralized 

Halogenated organics Typically low content below 

harmful levels 

Varying composition and 

concentrations, typically 

trihalomethanes 

Removal of suspended solids   

Coagulants (e.g. 

iron-III-chloride) 

May be present if source water 

is conditioned and the filter 

backwash water is not treated. 

May cause effluent coloration 

if not equalized prior to 

discharge 

Not present (treatment not 

required) 

Coagulant aids (e.g. 

polyacrylamide) 

May be present if source water 

is conditioned 

and the filter backwash water 

is not treated. 

Not present (treatment not 

required) 

Scale control additives   

Antiscalants Acid (H2SO4) Not present (reacts with 

seawater to cause 

harmless compounds, i.e. 

water and sulfates; the acidity 

Typically low content below 

toxic levels. Not present 

(reacts with seawater to cause 

harmless compounds, i.e. 
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is consumed by the naturally 

alkaline seawater, so that the 

discharge pH is typically 

similar or slightly lower than 

that of 

ambient seawater). Typically 

low content below toxic levels 

water and 

sulfates; the acidity is 

consumed by the naturally 

alkaline seawater, so that the 

discharge pH is typically 

similar or slightly lower than 

that of ambient seawater) 

Foam control additives   

Antifoaming agents (e.g. 

polyglycol) 

Not present (treatment not 

required) 

Typically low content below 

harmful levels 

Heavy metals  May contain elevated levels of 

iron, chromium, nickel, 

molybdenum if low-quality 

stainless steel is used. 

May contain elevated copper 

and nickel concentrations if 

inappropriate materials 

are used for the heat 

exchangers 

Cleaning chemicals   

Cleaning chemicals Alkaline (pH 11–12) or acidic 

(pH 2–3) solutions with 

additives such as: detergents 

(e.g. dodecylsulfate), 

complexing agents (e.g. 

EDTA), oxidants (e.g. sodium 

perborate), biocides (e.g. 

formaldehyde) 

Acidic (pH 2) solution 

containing corrosion inhibitors 

such as benzotriazole 

Derivates 

For desalination plants near the sea, the common method is to discharge it back 

into the sea, where it could result, in the long run, in detrimental effects on the 

aquatic life as well as the quality of the seawater available for desalination in the 

area. To avoid impacts from high salinity, the desalination plant brine can be 

pre-diluted with seawater or power plant cooling water. To avoid impacts from 

high temperature, the outfall should achieve maximum heat dissipation from the 

waste stream to the atmosphere before entering the water body (e.g. by using 

cooling towers) and maximum dilution following discharge. Negative impacts 

from chemicals can be minimized by treatment before discharge, by substitution 

of hazardous substances, and by implementing alternative treatment options. 

Especially biocides such as chlorine, which may acutely affect non-target 

organisms in the discharge site, should be replaced or treated prior to discharge. 
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Chlorine can be effectively removed by different chemicals, such as sodium 

bisulfite as practiced in RO plants, while sulfur dioxide and hydrogen peroxide 

have been suggested to treat thermal plant reject streams (Mohamed A. Dawoud, 

2012). Filter backwash waters should be treated by sedimentation, dewatering and 

landdeposition, while cleaning solutions should be treated on-site in special 

treatment facilities or discharged to a sanitary sewer system. El-Naas et al (2010) 

reported that the reactions of CO2 with ammoniated brine can be optimized at 

20 °C and can achieve good conversion using different forms of carbon dioxide. 

The major environmental impacts and mitigation measures of desalination process 

are shown in Table (5.2). 

Table 5.2.Major environmental impacts and mitigation measures of desalination 

process (Mohamed A. Dawoud, 2012) 

Risk Potential impacts Mitigation measures 

Brine discharge Salinity increase  Brine water dilution 

with seawater orcooling 

water 

 Brine water harvesting 

 Temperature increase Brine water dilution with 

seawater orcooling water 

Air pollution Emission of NOx, SO2, and 

CO2 

 Using natural gas 

 Using renewable energy 

sources 

Noise Construction and operation 

of the 

desalination plants would 

result in an 

increase in noise levels 

surrounding the 

location 

Noise levels in most cases of 

desalination plants not 

exceed the‘normally 

acceptable’ noise level 

limit of 65 dBA Ldn. So, no 

mitigation measures required 

Land Use and Planning Most of desalination plants is 

on sea coast where the value 

of the land is very high 

Proper selection of sites to 

minimize to offset the loss of 

this open space land 
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6. Discussion and conclusions 

A detailed and comprehensive analysis and assessment of sustainability of 

prevailing technologies for water desalination, namely, multi-stage flash 

distillation (MSF), multiple-effect distillation(MED) and reverse osmosis (RO) 

has been performed. A systematic sustainability assessment methodology has been 

introduced to validate the sustainability assessment process. The assessment of 

sustainability mainly focuses on four indicators, Energy consumption, Global 

warming index, Total capital investment and Total production cost. And it is found 

that multi-stage flash distillation (MSF) consumes twice as much energy as 

multiple-effect distillation (MED), which needs twice as much energy as reverse 

osmosis (RO) to desalt 1m
3
 of water. The emission of airborne gases (CO2, SO2, 

NOx) have the same relation. To be concise, conclusions are drawn as followed: 

 Reverse osmosis desalination plants are better than multi-stage flash 

distillation (MSF) desalination plants and multiple-effect distillation (MED) 

desalination plants from the viewpoint of Energy consumption, Global 

warming index and Total production cost, while multi-stage flash distillation 

(MSF) desalination plants and multiple-effect distillation (MED) desalination 

plants are better if the total capital investment is highly emphasized, 

especially for multi-stage flash distillation (MSF) desalination plants. For 

example, the total capital investment of a MSF desalination plant with a 

capacity of 2500m
3
/h is $3.584million, which is 84.5% of a MED 

desalination plant and 72.2% of a RO desalination plant with the same 

capacity. The results of sustainability analysis and assessment suggest that 

RO is more promising and deserve more attention. However, in-depth 

investigation on the whole plant and some details of the operation is 

indispensable when a new water desalination plant is to be built. 
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 It is found that utilities costs serve as the major part of the total product cost, 

and they account for 91.16%, 85.55% and 71.26% of the total product cost for 

MSF, MED and RO plants, respectively. This is due to the ever-increasing 

energy prices and also that water desalination plant is thermo based to a 

certain extent. The results suggest that much attention needs to be paid to the 

utilities consumption if the performance is to be improved and the total 

product cost is to be reduced. The improvement of heat transfer efficiency and 

the adoption of renewable energy is desired to reduce the total product cost. 

 Taking the whole life cycle of desalted water and the desalination plant into 

consideration, it is found that though energy is consumed and airborne gases 

are emitted during nearly every life stage, but the contribution on global 

warming vary vastly. The biggest contributors for global warming during the 

life cycle of desalted water and desalination plant are water production stage 

and wastewater disposal stage. 80~90% of the airborne gases emitted during 

the whole life cycle is emitted at water production stage. Based on the finding, 

it is suggested that much attention and efforts should be paid to the water 

production stage if we want to enhance the performance of the plant and 

reduce the emission of greenhouse gas and face the environmental challenges. 

Suggestions such as process integration, the improvement of heat transfer 

efficiency are provided in this study. 

 Base on the six-tenth-rule, the effect of the plant capacity on the economic 

performance is also conducted. It is found that the total capital investment can 

decrease vastly when increasing the capacity of desalination plants. For 

instance, it is revealed in the study that the total capital investment per m
3
 of 

desalted water per hour of a RO desalination plant can decrease from 

$2171.4/(m
3
/h) to $1735.9/(m

3
/h) when the capacity increases from 2000m

3
/h 

to 3500m
3
/h. What’s more, it is also found that the differences between the 
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total capital investment per m
3
 of desalted water per hour of RO and other 

desalination technologies will be reduced when the capacity increases. This 

suggests that within appropriate range, higher capacity for the RO plant is 

especially desired to reduce cost and enhance performance and 

competitiveness.  

 MSF and MED plants are better than RO plants from the viewpoint of 

applicability and water purity produced since the salt content of the water 

intake for RO is relatively stringent. And thermal technologies can desalt 

water with higher purity. This suggests that the thermal desalination 

technologies will still enjoy the popularity and superiority in same place 

before new breaking advancements on membrane technologies. And they are 

still likely to flourish in energy-rich area. 

 The absolute superiority of given technology depends on the actual 

social-economic situation (energy prices, social policies, technology 

advancements). Obviously, energy price will affect the economics of 

desalination technologies and even reverse the superiority since water 

desalination is highly energy dependent. Social policies, such as carbon tax, 

the emotions of the residents will also have great influence on the 

development and selection of water desalination technologies. And this may 

be an interesting option for the authors’ future work. 

Water desalination as a source of desalted water is highly promising from the 

viewpoint of aquifer protection and water reserves. However, it is still quite 

expensive compared with other alternatives, which hinders the further 

development of it and its popularity among profit-oriented enterprises. So 

favorable policies from governments are suggested if governments want to propel 

and prosper the technologies from the viewpoint of national strategy. 
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