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Publishable executive summary

The problem of fresh water, both for irrigation and for human consumption, is becoming more and more important in a world where climatic changes are affecting with a specific intensity the Mediterranean area. Increased population and uncertainties in the supply of fuels and electric power are straining the capabilities of the existing dissalation network on which hundreds of millions of people depend.

The solution to the water problem, as well as that of power, lies in renewable energy. However, renewable sources remain costly and the combination of the existing desalination plants (usually large scale ones) with renewable plants (usually small scale) is problematic and economically inefficient.

AQUASOLIS, a small SSA (Specific support action) project financed by the European Commission under the 6th framework program, has looked at the problem from an innovative viewpoint. The key element of olar based fresh water production is the integration of solar (or wind) energy with specific water production facilities.

AQUASOLIS was thought as a support action for of a larger project (REACt) dedicated to the use of solar concentrating plants plants for the production of hot water and air conditioning for Southern Mediterranean Countries. AQUASOLIS found that the technology used in these plants can be used to generate fresh water at no additional cost of equipment and at times in which there is an excess energy available that, otherwise, would be lost. When seawater or brackish water is available, fresh water can be produced in a solar concentrating plant by distillation. In the more general case when such sources are not available, the system can produce fresh water by extraction of humidity from air. 
Water extraction from air, is normally thought to be too expensive in energetic terms to be practicable. However, the results of the AQUASOLIS project indicate that if a system of water extraction from air is coupled to a plant designed for air conditioning/hot water production then it is economically interesting  to use it also to extract water from air. The data obtained indicate that interesting amounts of water can be produced using this approach also in regions considered arid, especially in summer when water is mostly needed. AQUASOLIS also carried out a preliminary study of the quality of the water produced by extraction from air and explored the methods to transform distilled water – the result of the process – into water safe for prolonged human consumption.
Dspite the limits of a study that was meant as an exploration only, the innovative approach of AQUASOLIS has resulted in an idea that could have huge benefits in integrating two major needs in the southern mediterranean world: that of water production and that of renewable energy introduction. 

Section 1 – Project objectives & major achievements

1.1 Introduction

With fossil fuels in decline and climate change on the rise, it is becoming more and more imperative to switch the world’s energy supply to renewables. The amount of energy which can be obtained from the sun is abundant: it is possible to calculate that the solar energy that falls on a Mediterranean country of average insulation, such as Italy, corresponds to one barrel of crude oil per year. Even more energy falls on Southern Mediterranean countries; solar energy is not only abundant but widely available. The problem is to transform it into usable, and more than that storable, forms. Without storage, the diffusion of solar energy remains a marginal element of a system still based on fossil fuels. Storage is the necessary element that can lead renewable energy technologies to lift off and replace fossil fuels. 

Agriculture is, of course, the most ancient technology used for harvesting and storing solar energy. Photovoltaics and solar concentration are much more efficient than agriculture in transforming solar energy into electrical power, but, at present electrical power can be stored only by means of expensive equipment. The crucial question in order to favor the diffusion of renewables is therefore how to transform solar energy into something that has economic value, that is can be stored and used when needed. The AQUASOLIS project is born from this idea; specifically of transforming solar energy into clean water for human comsumption or for irrigation. Clean, renewable water can be stored and it gives immediate value to solar energy. A critical concept is that of leveraging production, using renewable plants in multi-mode in such a way to enhance their economic return; in this case using a solar concentration plant in order to provide at the same time heating, cooling, and fresh water. This concept can, in principle, kick-start the widespread diffusion of solar plants and at the same time provide a much needed commodity to Mediterranean countries, threatened by the drought associated to climate change.

Solar concentrating plants based on the solar trough technology are especially interesting for renewable water production. Solar trough plants work on the principle that solar light is reflected by parabolic-cylindrical mirrors onto an adsorber tube containing a diathermal liquid that transports the heat to the applications. 
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In the simplest version of the technology, the collector tubes are made out of copper and the temperature that can be reached is of the order of 200°C. This temperature is not high enough for use with thermal engines for the production of electrical power. Higher temperatures can be reached using special equipment such as vacuum collector tubes and molten salts as diathermic liquids; but this tecnology is expensive and complex; justifiable only for large plants; at present under study. Even without being able to produce electrical power, however, solar trough plants of sizes of the order of a few hundreds of square meters find use in producing hot water and air conditioning. 

Crucial to this application is the availability of absorption chillers, equipment able to use heat for the production of cooling. Chillers are machines that transform heat into chemical energy by separating the two components of a mixture. The separated components can then be mixed together again in an entropy driven process which absorbs energy from the surroundings, thereby providing the cooling effect. The process is normally continuous so that the chiller will keep producing refrigeration as long as it is supplied with heat. Typical mixtures used in commercial chillers are ammonia-water and water-lithium bromide.  

A cylindrical trough solar plant equipped with chillers is able to provide air condititioning in the same way as it could be done using photovoltaic panels coupled to a conventional, compressor driven, refrigerator. A detailed comparison of the performance of the two approaches is out of scope here, but we can say that a system based on concentrators and chillers may be significantly more efficient than the state of the art photovoltaic panes coupled with conventional refrigerators both in terms of space occupied and monetary cost. In particular, a parabolic trough system may cost as little almost a factor of 2 less than PV panels for the same area. It can collect direct solar radiation and transfer it to the application with an efficiency of about 60% and transform it into refrigeration with a coefficient of performance (COP) of approximately 1. In comparison, PV panels on the market today have efficiencies of about 15%-18%. The higher COP of compressor driven refrigerators (around 3) doesn’t compensate for the lower efficiency of the PV panels and if we add the capability of concentrator plants to provide co-generated heat their economic advantage is evident. This advantage is even more evident in Southern Mediterranean countries, where direct solar irradiation is more abundant than in northern countries.

The capability of solar concentrating plants of providing renewable air conditioning for buildings is interesting, but Mediterranean countries are troubled by problems which go well beyond air conditioning; in particular, the climate change presently in progress is expected to reduce rainfall to values that might go up to 30% than the present ones (see e.g. Giannacopulos et al 2005). Mediterranean countries need water and will need more water as time goes by. The traditional methods of desalination are heavily dependent on fossil fuels and therefore new methods based on renewable energy badly need to be developed. 

There exist a wide variety of ways in which renewable energy can be used to provide fresh water. It is known that reverse osmosis (RO) treatment of brackish water or seawater is the most efficient method in terms of energy needed. RO can be driven by energy obtained by PV panels, so it can be a renewable method. However, it is not always possible to access seawater or brackish water and transporting it to remote areas may be extremely expensive. In addition, RO is affected by such problems as maintenance of the membranes. Here, solar concentration plants can provide an alternative tool for producing renewable fresh water, both by treatment of brackish water as well as by extracting humidity from the atmosphere. Desalination can be obtained by distillation, utilizing the relatively high temperatures that a solar trough plants can reach. At the same time, chillers can be used in order to condense water from atmospheric humidity (Bar 2004, Wahlgren 2000). This can be done using the cooling effect of the chiller standard cycle, or water can be directly collected from the atmosphere on an absorber substance. 

In terms of amount of energy needed, these methods are more expensive than RO. According to Wahlgren (2000) extraction of water from air may require 10 to 100 times more energy than the state of the art desalination techniques, in particular those based on reverse osmosis. However, if concentrating plants are used also for different purposes, i.e. for providing heating and cooling, the production of fresh water can be seen as an added value provided by a system that operates anyway; so it can be considered as a “zero cost” method to store energy and provide economic value when there is no need for air conditioned or heat or when the system would be producing an excess of air conditioning or heat. We can also say that the capability of producing fresh water means that the system operates in a “tri-generation” mode. The term “trigeneration” is normally applied to systems that produce heating, cooling, and electrical power. In this case, however, it is to be understood as a system that produces heating, cooling, and fresh water. In any case, the production of multiple outputs increases the overall economic return of the plant. 

1.2 The AQUASOLIS project 

The AQUASOLIS project was born as a spin-off of the STREP project REACt which is aimed at the development of solar trough systems for Mediterranean countries. REACt is aimed only at heating/cooling applications whereas AQUASOLIS was conceived as a investigation of new applications of solar concentrating system in the field of water remediation and water extraction from the atmosphere. The concept was of performing a feasibility study for each of the selected applications, assessing the costs and the economic soundness of the innovative technology with respect to the consolidated solutions already in the market.
The countries targeted by AQUASOLIS are the same of the REACt project that is Morocco, Jordan and Lebanon. Entry points for the present project are the institutions involved in the REACt project: CDER (Centre pour le Développement) in Morocco, ALMEE (Association Libanaise pour la Maîtrise de l’Energie et de l’Environnement) in Lebanon and NERC (National Energy Research Center) in Jordan. 

These three countries that are meant to be only an example of the whole Mediterranean area are strongly dependant on oil imports to fulfil the electricity need of their populations. Moreover, the lack of an economical and reliable water sources has driven these countries towards the massive use of fossil fuel powered sea water desalination.

With the present study, alternatives to fossil fuels for powering desalination have been investigated, in particular water solar distillation using the solar heat coming from the concentrators and the condensation of air using the cold produced by the chiller. These two methods, once their feasibility and reliability is proven, can be a significant turnaround in the water sourcing policies of the targeted countries. In May 2007, the AQUASOLIS project will be completed and a report will be filed with the European Commission. The work with the REACt project is going to continue and the field will be further explored

Project Structure: Milestones and deliverables

	Milestones 
	Description 
	Criteria 
	Date Due
	Actjal date

	M1 
	Mid Term Assessment 
	Publication of the Mid term assessment report (D0) 
	Month 4 
	Month 4

	M2 
	Feasibility Study Results Publication 
	Punnlication of the Feasibility Study (Final Report, D1)
	Month 6 
	Month 9

	M3 
	Publication of the conference proceedings 
	The proceedings of the conference will be published (D3)
	Month 9
	Month 9


	Deliverable
	Description
	Due Date
	Actual Date

	D0 
	Mid –term Assessment Report 
	Month 4 
	Month 4 

	D1 
	Feasibility Study Final Report 
	Month 6 
	Month 9

	D2 
	Proceedings of the final conference 
	Month 9
	Month9 


1.3 Achievements
The main objectives of the project were the following: 

· Data on the climatology and the socio economical framework of the three Mediterranean Partner Countries identified as targets of the project: Morocco, Lebanon and Jordan. An extensive set of data was collected from the same institutions involved in the project REACt: the “Association Libanaise pour la Maîtrise de l’Energie et l’Environnement” (Association for Energy Control and the Environment, ALMEE) of Lebanon, “National Energy Research Center of Jordan” (NERC) of Jordan and the “Centre pour le Développement des Energies Renouvellables” (Renewable Energies Development Center, CDER, Morocco). This work was needed in order to match the investigated theoretical data on the water production technology with actual data on the solar energy production of the collector and on the water quality.
· Review of the state of the art of water production processes. This activity was performed by means of an extensive literature search aimed at selecting the more promising processes
· Examination and evaluation of the concept of water production by means of the solar cooling system consisting of a solar parabolic trough and a single effect lithium bromide-water chiller.
· Organization of a conference for the diffusion of the results of this support action. The conference was held as a workshop within the “Desalination and the Environment” Congress that took place  in Halkidiki (Greece) at the end of April 2006

· Other dissemination actions. More dissemination is in progress, two papers were published in the proceedings of the Halkidiki meeting and at least one more is being prepared for publication in a scientific journal. The distribution of brochures is in progress.  The members of the AQUASOLIS team were also interviewed by the Italian National TV on the subject of the results of their work. The interview was aired in May 2007.

The concept that AQUASOLIS has extracted from 10 months of work is that fresh water obtained from atmospheric humidity or from desalination using solar concentrating plants can be seen as a way to store solar energy, transforming it into a useful product. Further work is needed for a better understanding of the economic and technical implications of fresh water production from solar concentrating plants. In particular,  the safety of distilled water for human consumption should be carefully assessed (Kosizek 2003, 2004, 2005). However, the diffusion of plants that can produce water as an additional economic output to heating and cooling for can be seen as a boost for renewable energy which will kick start the diffusion of solar energy in Mediterranean countries.
1.3 A message from the coordinator of the REACt project

I followed with considerable interest the work of the AQUASOLIS team, engaged in finding new applications for the concept of small scale linear parabolic collectors. The work has been performed in strict collaboration with the REACt partners and has led to a new and promising concept; that of adding a further capability to the existing concept of solar heating/cooling by means of solar concentrating plants. The work of the AQUASOLIS team has also led to a further dissemination of the concept of solar power in Mediterranean countries, something that the people in these areas badly need for becoming independent from fossil fuels. I trust that the AQUASOLIS concept will be further studied in the future and put into practice in actual prototypes
Dr. Toufic El Asmar
REACt scientific coordinator

Section 2 – Water Production with a solar cooling system: selection of suitable desalination and water production technologies
AquaSolis is a spinoff of the REACt STREP project. Therefore the following sections are a description of the objectives of the REACt project.
2.1 The solar cooling system: review of the REACt project as of April 2007
2.1.1 General Description of the REACt Project

The REACt project (INCO-CT-2003-015434-REACt) aims at the introduction in target Mediterranean Partners Countries (MPC) of an advanced and innovative hybrid Solar hot water and Air Conditioning System. Taking into account the climatic, geographical and economic situation of each country, we propose to operate on two systems based on linear parabolic trough collectors. Both systems will be calibrated for two different applications and will act as "test bed" for innovative technologies such as: Direct Steam Generation, never before utilized on systems of this size and purpose; new Diathermic Fluids, optimised for high thermal capacity and high performance double-effect ammonia chillers. Specifically, we propose to operate in view of the placement of the systems in two test areas: a public Hospital in Morocco and a Tourist resort in Jordan. A further site that will be examined is a public Hospital in the city of Baabda, Lebanon, where many of the activities (country analysis, assessments, dissemination) will be performed even if no system will be installed in such site in the framework of this project. 

The action envisaged here is the introduction of a RES based co-generation system able to produce heat and air conditioning using solar power. The system works by means of an ammonia based "chiller" which uses heat as input and produces refrigeration and heat as output. The input heat will come from thermal solar linear parabolic collectors. The main socio-economical objective is to generate nodes of good practice, accelerate local skill development, and promote and encourage relevant stakeholders, on all aspects of an innovative certified technology that is efficient, robust, and suitable for standardised production and replication. The proposed system is a pilot system that will meet different needs and climate conditions under the national strategies and socio-economic conditions of the Mediterranean Partner Countries.

The REACt project is based on the transfer of a hybrid Renewable Energy System (RES), which respond to the third key area of activities, proposed by the European Commission sixth Framework Programme (International Cooperation) – INCO), in particular: “Cost-effective Renewable Energy (RE) for tourist resorts and commercial centers: Improvement of solar-collectors and their integration into buildings which themselves should be of passive solar design”.
2.1.2 REACt potential impact
Concern over the possibility of global climate change as a result of anthropogenic greenhouse gas build-up in the atmosphere is resulting in an increased interest in renewable energy technologies [1]. The World Bank, sponsored “Cost Reduction Study for Solar Thermal Power Plants,” demonstrated that parabolic troughs power plants are an attractive low greenhouse-gas-emission backstop technology; it is a commercially proven technology and has demonstrated a significant cost reduction along its experience curve. Expectations are that significant further cost reduction is still possible. Future costs may approach the cost of conventional fossil power. 

The intensive use of renewable sources of energy constitutes one of the important strategies towards sustainable development and a basis on which European Union action is taken, for promoting RES in the Mediterranean Area.

In all southern Mediterranean countries, solar radiation is abundant and regular [2]:

· Number of hours of sunshine: approximately 3000 hours/year

· Average radiation: 4.5 – 5.5 kWh/m2/day

Morocco’s recent studies have shown that area potentially suitable for solar collection and transformation can be estimated as high as 400,000 m2. In Lebanon, the cost of solar technology can be competitive with the electricity-produced hot water and the solar market might comprise an area 15,000 m2 in an initial phase to be considerably increased in the future. The environmental advantages of such an approach is significant (150,000 m2 of solar collectors in service, corresponds to 50,000 Tce of avoided GHG emissions each year. In Jordan, penetration of RES in the energy system is ongoing by promoting RES in the electricity generation sector mainly through private investment also enhancing the usage of solar heating in households and services. Jordan is blessed with an abundance of solar energy, which ranges between 5-7 kWh/m2. This corresponds to a total annual value of 1600-2300 kwh/m2.   Solar water heater becomes popular as more than 25% of total houses in Jordan are now supplied with solar heater. The installed hearers exceed 140,000 units. 

Understanding the impacts of REACt needs to discern between local and global impacts. Clearly, the project itself can give some important positive impact only at the local level, due to the pilot scale of the proposed facilities, which are to be installed in two different proposed sites. Main positive impacts of the project are:

· Reduction of dependency of the two resorts (hospital and hotel) from the electric grid and from fossil fuels for their energy needs (electricity, air conditioning, hot water, …);

· Cost effectiveness of the installed systems, that will result in a significant reduction of costs for energy utilization and bill of both resorts.

Furthermore, thanks to a continuous and efficient exploitation and dissemination activities the updated innovative technologies can be transferred and used by other resorts in those Mediterranean Countries that need to develop RES (renewable energy sources) and implement international treaties on sustainable development and environmental protection or to participate on projects related to the Clean Developments Mechanisms of Kyoto. 
Relations between the European Union and Mediterranean countries are governed by "The Euro-Mediterranean partnership" set up in Barcelona in 1995 ("The Barcelona Process"). REACt contribute to the specific EU policies within it specific international cooperation activities in supporting particularly the “Community’s external relations” and “development aid policies”, in particular the “fight against poverty and the commitment towards the Millennium Development Goals (MDG’s)”, which set quantitative targets such as poverty reduction and environmental impact assessments. 

The project will participate in enhancing the EU commitments within the Earth Summit Agenda in Johannesburg as the UN Millennium Declaration particularly with the introduction of advanced and innovative Renewable Energy technologies by offering to countries in transition the chance of leapfrogging in development [3], straight into renewable technologies instead of detouring through intermediate fossil fuel capacities. Technology transfer between the North and the South of Mediterranean Countries will inter-link and stimulate these economies: partnership for mutual development. 

2.1.3 REACt Objectives and activities

The project aims to set-up innovative pilot RES-based co-generation plants (heat and air conditioning), to be used in specific environments, i.e. private or public medium- or large-sized facilities (hospitals, tourist resorts, etc.) in highly sun-irradiated Mediterranean Countries. The need for this kind of equipment derives from the particular characteristics of the energy sector in the selected countries (high annual increase rates of energy consumption, large dependency from imports of fossil fuels, significant peak loads in summer days due to air-conditioning demand, etc.).

The main objective, therefore, will be to make hot water and air conditioning available in the selected sites without requesting power from the local electrical grid. Moreover, the systems will provide a test-bed for innovative technologies that will result in efficient and cost-effective production of heat and refrigeration. 

The complete prototypes will be fully operative and will contribute in an environmentally sustainable way to cover a large fraction of the energy needs of the facilities. The systems will be also an example and a model for future spreading and diffusion of the same technology in other facilities and resorts. The systems will be chosen and studied in such a way to assure high possibilities of future large diffusion of the proposed innovative technologies.

Two different layouts, with different highly innovative technological solutions, will be developed and evaluated, in order to maximize the energy caught from the sun (by linear parabolic solar collectors). Both solutions will be primarily aimed to produce heat that will be used in advanced two stage ammonia chillers for the production of refrigeration (cold water: ca. 5 °C) – to be used for air conditioning – and hot water (50 °C) for sanitary needs

The activities follows a straightforward approach that starts from the review of the climatic and energetic conditions of both resorts (hospital and hotel) as well as of the full economic and cost-effectiveness analysis; in this way the project will proceed with the appropriate solutions and recommendations enabling to integrate RES solar based air conditioning and passive measures. Achieved and undergoing activities are summarised as follow:

· Preliminary analysis of climatic, environmental and economic conditions of the targeted areas as well the set up of the systems requirements;

· Assessment the preliminary design of the systems;

· Collectors assembly and test in Europe;

Climatic preliminary analysis

The solar resources have been defined not only as the radiation data, but as the output of the solar cooling system. It is estimated according to the local weather data, the collector and absorption chiller features and demand structure. Key data for the layout will be nominal heat and cold power production (in kW) at good solar conditions and annual yield in terms of heating and cooling energy for one year (in kWh/a). As parabolic trough collectors (other than flat plate collectors) only gather direct radiation and a negligible amount of diffuse radiation (the part which falls directly onto the absorber), global radiation data give but a rough indication. different sources have been checked for DNI (Direct Normal Irradiance) data, two of which are the programme “Meteonorm” and satellite data (figures 2.1 and 2.2) of the year 2002. 
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Figure 2.1: Average Annual Sum of Direct Normal Irradiance for the years 2000
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Figure 2.2: Average Annual Sum of Direct Normal Irradiance for the years 2000-2002 of Morocco

Set up of the systems requirements

The parabolic trough collector system gathers solar radiation and converts it into heat, which will be transported by steam or ionic liquids to a group of absorption chillers. These will deliver chilled water for air-conditioning. Additionally domestic hot water (DHW) or steam for process heat can be provided at a desired temperature. The conversion efficiency of the solar field depends strongly on the efficiency of the collector, which is part of the project subjects. Thus it has to be estimated in a first approach. Furthermore the collector fluid temperature, being a function of the connected chiller, determines the thermal losses in the solar system and the piping between solar field and chiller. One major task will therefore be to define the working temperature for chiller and solar field. While the solar field works best at low temperatures, the chiller reaches a better coefficient of performance (COP) at high temperatures around 200°C. Additionally the costs for piping and hydraulic parts and instruments rise with temperature. The following system layout are therefore regarded as a first sketch providing a basis for a rough estimation of the solar resources and further detailed planning, modelling and calculations. 

A comprehensive energy audit study carried out at the Movenpick Resort & Spa Dead Sea by the National Energy Research Center (NERC) and at the Moulay Youssef Hospital in Casablanca by the CDER, serves as a hopefully exemplary database of the hotel structure. Cooling system in Movenpick Dead Sea Hotel consists of four main chillers with a capacity of 180 tons servicing the main building and the “Village”.  Figure 3. 3 shows the main cooling system.
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Figure 2.3: Existing main cooling system in hotel.
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Figure 2.4: Chiller 1 power consumption
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Figure 2.5: COP of Chiller 1 versus power consumption

Figure 2. 4 shows that the chiller power increases within day time and decreases during the night. The figure shows also that the peak hours are within 1:00 pm to 5:00 pm. Average power consumption during this period was about 350 kW and the cooling capacity varies between 130 tons (456 kW) and 200 tons (700 kW). The figure also shows that the power consumption was minimum during the night from 12:00 midnight to 7:00 am. Figure 2. 5 shows varying COP’s.

Table 2.1: Statistical Data for chiller 1 (smallest chiller)
	Chiller 1 
	Chiller Power
	Flow
	Tr
	Ts
	Δ T
	Cooling Capacity
	COP

	
	(kW)
	(m3/h)
	[°C] 
	[°C] 
	[°C] 
	kW
	Ton
	

	Maximum
	396.0
	200.0
	15.1
	13.1
	3.7
	860.5
	245.1
	3.7

	Minimum
	186.0
	200.0
	9.6
	7.4
	1.0
	232.6
	66.3
	0.6

	Average
	258.8
	200.0
	11.8
	9.5
	2.4
	550.8
	156.9
	2.2

	Standard deviation
	60.2
	0.0
	0.9
	1.1
	0.5
	122.7
	35.0
	1.0

	
	
	
	
	
	
	
	
	


It was found that most of time at least three chillers are run during the summer season. One chiller or two chillers are sometimes run during winter season. It can therefore be assumed, that during daytime in summer season, a cooling capacity of minimum 900 kW is required. The hospital heating and cooling demand is still under investigation. For further investigations a layout has been elaborated (figure 2. 5), serving as a basis for further planning and introducing the project to potential hospitals interested in taking part in the project. For the moment it have been assumed, that all energy supplied by the solar installation can be consumed by the hospital energy system. 
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Figure 2.5: Principle of parabolic trough collector

Assessment the preliminary design of the systems

The performance of the system has been studied in detail; Regarding the solar field test on a small installation of about 8 modules of SOLITEM collectors. For this purpose the installation of 8 collector modules including drive system was transferred and installed at the DLR test installation in Cologne where an adequate balance of plant for pressurized water as well as for direct steam generation exists. These tests checked the quality of the collector and recommended improvements, which are to be introduced in the new generation of collectors for the sites in Jordan and Morocco. A series of Computer Simulations, involving many commercial (i.e. TRNSYS) and ad hoc developed programs (based on FEM, CFD, Correlations 0-D and 1-D), have been carried on in order to determine and improve the performances of the whole system and its components, to solve technological problems and to take decisions on different possible layouts. A specific model for this innovative kind of plant. Simulink® software, a MatLab Work®’s product, has been chosen for its high versatility and capacity to handle un-steady situations. Several research studies on heat transfer fluids have been achieved by CREAR, where five ionic liquids, supplied by Merck, have been selected on the base of their thermal stability and viscosity as suitable diathermal fluids. Preliminary studies conducted in open vessels (presence of oxygen and moisture) let suppose that just one of the investigate ILs (from now on I will call it no-degraded) could fit the requirements for diathermal fluid. The others give rise to decomposition phenomena in closeness to the working temperature (220°C). However, the decomposition by-products also form an adherent layer on the surface of all the alloys investigated (AISI 1018, the carbon steel as ST37, AISI 304 stainless steel and S275-J0 directly furnished by SHAP) that seems to work as protective layer against corrosion. Further tests are necessary to shed some light about these phenomena and, above all, to determine if the ‘degraded’ ionic liquids could still have acceptable performance as heat exchange fluids. However, for the no-degraded IL the corrosion rates seem to be not negligible at 220°C for all the metals investigated. Also diathermal oils (supplied by Duratherms) have been tested at the working temperature and in static contact with the alloys, showing performances lower than expected.
Collectors assembly and test in Europe
The collectors were mounted at DLR Cologne parallel to an existing row of parabolic trough collectors, with the balance of plant situated in the blue container east of the mounting place. This installation and test may give an impression of what to expect for the solar cooling installations in Jordan and Morocco. After the erection of the solar system testing started in September and went on until November 2006, followed by a period of data analysis and discussion. This included an optical evaluation by the so called absorber reflection method and thermal testing. Two heating and cooling units or so-called “balances of plant” (BOP) exist. One is being used for tests with pressurised water, the other for direct steam generation tests. The BOP for pressurised water tests houses a heating/cooling unit, a control cabinet and a Data Acquisition System (DAS). Water is used as the heat transfer fluid in this test facility. The whole test setup is a closed loop system (i.e. hot water from solar field is cooled to desired inlet temperature by a separate cooling loop and recirculated.). It allows thermal testing up to 200°C, so that collectors can be characterised by their thermal performance (Power output = mass flow x heat capacity x difference between collector out- and inlet temperature). This is related to the solar input (DNI) to find the efficiency of the collector system. The DNI is being measured with a pyrheliometer at the nearby solar furnace. The pressurized water loop was used for thermal performance testing of the PTC-1800 collectors. It uses pressurized water (above 6 bar absolute) as the heat transfer medium.
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Figure 2.6: Balance of plant (DLR – Cologne)
The pipe leaving the BOP to the inlet of the existing collector field of IST (Industrial Solar Technology) collectors was cut opened and connected to the inlet field piping of PTC-1800 collectors (figure 2.7). 
Thus the PTC1800 modules are in series with the IST collectors. Such a series connection is advantageous during thermal performance testing. Effects due to any sudden changes in meteorological conditions like clouds, low radiation etc… were dampened by the IST-collector field piping while they were in sleep position due to the heat capacity of the pipes. In particular, the length of inlet piping between the balance of plant and PTC-1800 collector inlet is kept short in order to minimise the effects of environment on inlet water temperature as recommended by the standard allowing to keep the inlet temperature within narrow limits for the testing period. To minimise or prevent any heat losses occurring in this inlet piping, it is enveloped by insulating material with low thermal conductivity.
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Figure 2.7
Optical Testing

Absorber reflection tests have been applied on the four PTC1800 modules to characterise the mirror shape. (Figure 2.8.1) shows the graphical result. The colours represent the deviation of the mirror slope from the parabolic design. Positive values indicate that the reflected ray meets the absorber too high, negative ones that they meet it too low. Instead of the absorber tube a red tube was installed in the collector. This improves the image recognition process in analysis (Figure 2.8.2). Figure 2.8.2 shows the collector modules before the adjustment of the individual models with their optical axis to the tracking. The absorber reflection analysis was applied to each module separately. Figure 2.8.3 shows the frequency distribution of the slope errors of the reflector for each module, separately for the upper and the lower half of the concentrator. In the concentrating collector, the effect of the reflector deviation is doubled by the reflection law: A slope error of 5 mrad results in 10 mrad of deviation of the sun beam from the ideal focal line
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Figure 2.8.1
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Figure 2.8.2
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Figure 2.8.3

2.2 Selection of the most suitable water production technologies to be used in the AQUASOLIS project
The production of the final feasibility study on the use of the solar cooling system used in the FP6 STREP REACt has started from the study of the state of the art. After this phase, two main decisions were taken about the work that should be actually performed in the project. We concentrated on two different technologies for the production of water: extraction of air humidity from the atmosphere and desalination by humidification/dehumidification of air.
The two technologies employ the same physical principles, in that they see air as an instrument to contain and bring water. They both are based on the final collection of the water content of air by condensation. In this field many technologies have been already proven to be technically feasible, whereas their economical sustainability is strongly dependant on a lot of technical and non technical conditions.

Extraction of fresh water from humid air is possible using the solar driven LiBr-H2O or NH3-H2o absorption-cooling machine of the solar cooling system. It is possible to perform this task using an open absorber where the ventilation air is dehumidified by direct contact with a concentrated LiBr-H2O solution. The diluted solution is regenerated in a generator (concentrator) where the collected water is recovered to allow the concentrated solution to be recycled. The recovered vapour is condensed (fresh water by-product) and the condensation heat is re-used to promote the required cooling effect for the air-conditioning evaporator. 

In a generic humidification dehumidification system the AQUASOLIS study was dedicated on how to better use the solar heat and refrigerating power in the different steps of the thermodynamic cycle.
2.3 Review of solar powered techniques for the production of fresh water

Water scarcity is an acknowledged problem for the development of a vast amount of the world population inhabiting the regions of Northern Africa, Middle East and Central and Southern Asia. While the absence of an easy access to energy supply may severe the potential of economical and technological progress of a population, the impossibility to access easy and affordable sources of fresh water is a matter of survival.

The development of economically and environmentally sustainable technologies for the production of fresh water both for drinking and for agricultural use has been promoted both at International and European level. The “Plan of Implementation of the World Summit on Sustainable Development” states that population access to drinking water, the development of new water production technologies and the change in the natural resource exploitation models and in the development patterns are vital issues that must be addressed by the governments of all Countries.

At a European Level the production of drinking water and the reuse and treatment of waste water by means of environmental friendly technology is pointed out both in “The EU Water Initiative” and “The EU commitment towards the Millennium Development Goals” in particular where access to drinking water is acknowledged as a key step to eradicate extreme poverty and hunger and to ensure environmental sustainability to the future of humanity.

Even though a major step forward in the availability of water can be made on the demand side by reducing water consumption in the industrialised countries and improving the efficiency of the distribution networks in the developing countries, technological progress must be focused mainly on the improvement of the supply side of the system.

Where no other source of water is available, the transportation of fresh water from other location can be the only feasible solution.

Desalination on the other hand can be regarded as the method based on the most mature technologies and an excellent way to exploit a potentially undepletable source of water like the sea.

The price of desalination is the energy required to remove the salt from seawater making it usable for nutritional and sanitary uses. The energy used can be mechanical, thermal or electrical or a mix of the three and is provided usually by fossil fuel combustion based technologies.

The focus of research in desalination is moving towards small scale plants that can be partially or completely powered by renewable energy. In this field a big role is played by photovoltaic powered reverse osmosis. The system however presents very poor energy efficiency due to the low conversion factor of the photovoltaic system. Where wind power is available the efficiency can be highly improved and reverse osmosis can be regarded as one of the most promising technology, whereas the presence of a ion exchange membrane is a major issues when it comes to maintaining such a system in remote areas of low technology countries.

Many other technologies using solar thermal power for the distillation of the water content of seawater are being made in order to provide a feasible solution for decentralised solar based water production. In this field desalination by humidification and de-humidification of air is giving the more promising results. Major improvements must be made nevertheless to overcome the low efficiency of solar based system.

A large, clean and renewable source of water is atmospheric air. The water content in the atmosphere is estimated to be 14000 cubic kilometres, whereas the amount of fresh water in the earth is only about 1200 cubic kilometres [4].

Each cubic metre of air throughout Earth's 100-600 m thick atmospheric boundary layer contains 4 to 25 g water vapour, potentially allowing water supplies almost anywhere people inhabit. Regions at latitudes north or south of 30° subject to more than occasional frost but populations in these areas usually have adequate water supplies. 
2.3.1 State of the art of desalination by humidification dehumidification of air

In humidification-dehumidification desalination (HDD) water is vaporised by means of heating and it is subsequently sprayed it in a low pressure drop high exchange surface device where it comes into deep contact with a counter-current flow of air that absorbs the water content of the droplets. The moist air flows towards the condenser, a heat exchanger where the flow is cooled down below the dewpoint temperature. At this point the condensed water is collected on the cold side of the heat exchanger.
This method presents two main advantages. First of all, by pretreating the water both thermally (it is heated up by an external heat source) and mechanically (it is passed thorugh nozzles and converted in small droplets before going into the humidifier) it is more energetically affordable to have the change of status necessary to bring water to the vapour state. Secondly, in the condenser the refrigeration is performed by the sea water that, before being heated up by the external source, it is preheated by the heat of condensation that the vapour releases when changing status.
The use of solar heat as the external energy source is particularly attractive because water can be heated to a fairly low temperature before being vaporised, and thus the main applications of this technology resides where a low temperature heating source is available. Moreover the recovery of part of the heat of condensation makes the system particularly energy efficient if compared with traditional thermal desalination processes.
Background: Solar Stills
Certain features of solar stills design led to new solar desalination processes such as the multi-effect humidification–dehumidification (MEH), and is therefore interesting to begin the theoretical review on humidification-dehumidification with these systems that keeps on representing the most used technology for remote area low efficiency and low technology desalination. A more comprehensive look at the history of thermal desalination can be found in [5].
A scheme for a single basin, double slope solar still is depicted in the next figure
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Figure 2.12 Single basin solar still schematic representation
Even with very good insulation, the single basin still was found to distill water with low

efficiency (usually below 45%), depending on the operating conditions, as reported in literature by Malik et al. [6], Cooper [7], Kudish et al. [8] and Farid and Hamad [9]. 
The low efficiency of the still is mainly due to the high heat loss from its glass cover. A double glass cover reduces heat losses, but it also reduces the transmitted portion of the solar radiation and increases the cost significantly.

The productivity increases when the solar still is operated under reduced pressure. However, this was found impractical because of the difficulties associated with reduced pressure operation.

Solar radiation received by a horizontal surface is not at its maximum except near the equator. Many investigators have modified the horizontal single-basin still, usually fixed on a horizontal surface, to an inclined type to receive maximum solar radiation. Later, the tilted tray and the wick-type solar still were developed. However the construction cost of these complicated stills added significant cost penalties, while the increase in the production of the stills was very limited.

The loss of energy in the form of latent heat of condensation of water at the glass cover is the major problem of the single-basin still. Some investigators arranged the still in such a way as to have the water flow over the glass cover. Preheating of the feed water by passing it over the glass cover allowed only partial recovery of the latent heat, with an increase in the still production up to 6 L/(m2 d), since the flow of water over the glass cover reduced the amount of solar radiation received by the water in the still. Accumulation of salts and vapor leaks also frequently caused defects in these units.

Further work in improving the efficiency of solar stills was carried out by El-Bahi and Inan [10]. The effect of adding an outside passive condenser to a single-basin-type solar still with minimum inclination (4°) was investigated experimentally. This solar still yielded a daily output of up to 7 L/(m2 d). The researchers have reported still efficiency of 75% during the summer months. When the solar still was operated without a condenser, the yield decreased to 70% of that with a condenser.
[image: image15.emf]
Figure 2.13 Example of multiple-cell solar still [13]
A major improvement in solar still design is possible through the multiple use of the latent heat of condensation in the still (Figure 2.13). In such a unit consisting of multi-cells, heat is supplied only to the first cell from a flat-plate solar collector. Water is evaporated in the second effect as it trickles over a metallic surface heated by the condensation of the vapor from the first effect. This allows the utilization of the latent heat at different levels. 
In the literature, many studies can be found in order to technically assess the impact of utilizing latent heat of condensation via multi-effect solar stills. In [11], for example, an in-depth study on heat recycling using a laboratory-scale solar still of 1 m2 area, designed to recycle the condensation heat of the distillate is reported. The exposed wick surface area was 1.0 m2, with thermal incident energy of 650 W/m2 being supplied by a solar simulator at a tilt angle of 20°. The forced circulation of ambient air was achieved using a low-pressure variable speed ventilator. Preliminary results showed an increase in productivity per unit area by a factor of two to three, compared with tilted wick or basin-type solar stills, respectively.

One of the most recent designs of such a still is that described [12] and Rheinlander and Grater [13] of a four-effect still, as shown in Fig. 2.13. The evaporation process in a four-effect still for the desalination of sea and brackish water was experimentally investigated in a test facility under different modes and configurations of heat recovery. The unit was operated under both natural and forced convection in the four distillation chambers (“effects”).The experimental unit consisted of a base module of the four-effect distillation unit with an active evaporation cross-section of 1.7 m2 and the heating and cooling cycles.

The four-effect distillation unit consisted of four stages comprised of the heating and cooling plates and three intermediate plates. The multieffect still unit was tilted by a very small angle of around 3–5° from the vertical line. A heat exchanger was used to provide the necessary heat, simulating a flat-plate solar collector. The energy of the last condensation surface was absorbed by the cooling cycle, connected to a wet cooling tower via a heat exchanger. All possible operating conditions were examined by using a mathematical model. It was observed that the main advantage of the heat recovery system is the substantial improvement of the gain output ratio (GOR) (defined as the ratio of the energy consumed in the production of the condensate to the energy input) by decreasing the demand for primary heating of the first effect. 
The GOR increases by up to 80% due to heat recovery from the distillate latent heat. Intermediate screens and forced convection in the colder effects improved the distillate output which lead to improved GOR of the investigated four-effect still. The model predicted a distillate output in the first effect that was 50% higher than the measured values when the feed temperature was raised to 90°C.

It is to be noted that the unit under discussion was operated with hot water at a constant temperature of 90°C. Under such high operating conditions, the evaporation and condensation will be very efficient, but long-term operation is not practical due to scale formation. Furthermore, if a solar collector is used to drive the desalination unit, then its collection efficiency will drop to a very low value at such a high temperature.

Thus, multi-effect solar stills may carry out more efficient desalination of seawater compared to a single-basin still, but for only small capacities since the condenser and the evaporator are integral parts of the still. The low heat and mass transfer coefficients in this type of still require operation at a relatively high temperature and the use of large and expensive metallic surfaces for the evaporation and condensation.

In the following sections, a new class of solar desalination system is discussed, whose design is based on a more efficient utilization of the latent heat of condensation.

 Principle of the humidification–dehumidification process

The most promising recent development in solar desalination is the use of the humidification–dehumidification (HD or HDD) process [14]. The HD process is based on the fact that air can be mixed with important quantities of vapor. The amount of vapor able to be carried by air increases with the temperature; in fact, 1 kg of dry air can carry 0.5 kg of vapor and about 670 kcal when its temperature increases from 30°C to 80°C [15]. 
When an airflow is in contact with salt water, air extracts a certain quantity of vapor at the expense of sensitive heat of salt water, provoking cooling. On the other hand, the distilled water is recovered by maintaining humid air at contact with the cooling surface, causing the condensation of a part of vapor mixed with air. Generally the condensation occurs in another exchanger in which salt water is preheated by latent heat recovery. An external heat contribution is thus necessary to compensate for the sensitive heat loss. The exchangers are constructed of tubes placed on perforated plates and supplied by special joints. This makes the eventual dismantling and replacement easier. 

Energy consumption is given by this heat and by the mechanical energy required for the pumps and the blowers. In the HD process, the heat recovery requires an exchange surface more important than distillation for the same production. The HD process operates, as any distillation process, with only one cross of salt water “oncethrough” and also with recirculation of the latter. In the first case the evaporation of 1 kg of water causes a decrease of about 60°C in 10 kg of salt water. The amount of distilled water recovered varies from 5% to 20% of the quantity of salt water in circulation: we have a very low concentration of the salt water but a high sensitive heat loss. 
In the second case a more concentrated solution and lower energy consumption were obtained. The principle of functioning for the HD process is illustrated in Fig. 2.14.
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Figure2.14 Sample Humidification Dehumidification system [16]
The basic cycle consists of a heat source, air humidifiers (hot (left) area) and dehumidifiers (cold (right) area)). The brine is passed through a heater (solar collector in figure 2.14) where its temperature rises, then through packed towers where water vapor and heat are given up to the counter-current air stream, reducing the brine temperature. 
One packed tower, or several in series, may be used as the humidifier depending on results to be achieved and design conditions. Some air must be bled off into the dehumidifier at various points for efficient operation.

The fresh water stream, with its flow rate and temperature increased, leaves the humidifier and passes through a heat exchanger where it gives up its increase in enthalpy to the incoming brine stream. The dehumidifier consists of a series of packed towers, using fresh or salt water as the cooling phase. The air is cooled and dehumidified simultaneously since the humidity of saturated air decreases with temperature. The brine enters the heat exchanger where it is preheated by the fresh water stream and is then recycled through the brine water. An amount of water corresponding to the production rate is held from the fresh water stream, and the remainder is recycled to the dehumidifier.

Meanwhile, a portion of the somewhat concentrated brine stream leaving the humidifier is discharged as blowdown to prevent salt buildup, followed by the addition of seawater equal in amount to the discharge plus the fresh water production.

General description of Humidification Dehumidification process equipment

Specific descriptions of equipment to be used in the HD process vary due to the dependence of size and construction on operating conditions, but the following general guidelines are presented for clarification.

· Packed towers: packed towers or columns consist of upright shells filled with loose pieces of solid material of uniform size distributed at random. The packing material is of such size and shape to provide a high contact surface and a low pressure drop (Rashig rings, Berl saddles, Pall rings, Lessing rings, and Prym rings). The use of plastic towers packing presents a special interest since these materials are resistant to corrosion. Liquid distribution plates and packing support plates are needed in large packed towers.
· Energy absorber: this item may assume many forms, depending on the energy source (a solar water heater, a steam ejector, geothermal spring, etc.)
· Pumps and blowers: fresh water pumps may be standard centrifugal; however, brine pumps require special materials to guard against corrosion. Blowers may be standard centrifugal blowers.
· Heat exchangers: the exchangers used can have many configurations.The horizontal tube bundle through which the brine coolant passes in counter-current flow to the fresh water stream surrounding the tube bundle is the most used configuration

Humidification Dehumidification desalination process characteristics
The HD units are characterized by great functioning simplicity and flexibility, ensured by a low number of apparatus. The principal innovation in the HD process consists of maintaining a continuous humid air flow from the evaporator to the condenser. This allows operation in small desalination plants with heat recovery corresponding to a large number of effects.
In the installation described by Nebbia [15], the brine is recycled and the cold brackish water is injected in the evaporator only at quantities corresponding to the evaporated water to avoid any excess in salt water concentration.The brackish water is maintained until its concentration reaches 1.5 to 2 times that of the brine to evaporate. In this manner the sensible heat loss is minimized.

For comparison, we can indicate that energy consumption of about 50,000 kcal/m3 is only obtained in large multi-flash installations where many effects are juxtaposed. In multi-flash installations mechanical energy consumption is between 2.5 to 5 kWh/m3.

In HD installations, the two phases — evaporation and condensation — are simultaneous and the two towers are joined by an appropriate pipe to allow humid air circulation between the exchangers. The temperature gap is between 2°C to 5°C for the exchanger elevation.

Hence, it is possible to maintain heat consumption at about 5000 kcal/m3; the mechanical energy consumption for the brackish water needs is maintained between 5–7 kWh/m3.

At temperature between 70–95°C, heat has to be supplied to the brackish water in circulation by an external energy supply. This allows the use of renewable energies, such as solar and geothermal energy, abundant in many countries (Tunisia, Algeria, Morroco, Egypt, Syria, etc.), and recovery heat (industries using seawater as coolant).

Garg et al. [17] investigated the possibility of using HD techniques in the coastal regions of India were many industries using seawater as coolant are implemented. This water, when it is ejected at a temperature of about 55°C, can be used for appreciable recovery of fresh water, doing away with the solar collector unit of the plant which contributes about 28% of the total cost. In some cases the temperature of the brine from such plants is low (40°C); in this case the temperature may be further increased by using the waste heat from the plant such as the heat of exhaust gases.

The HD technique is especially suited for seawater desalination when the demand for water is decentralized. Several advantages of this technique can be presented which include flexibility in capacity, moderate installation and operating costs, simplicity, and possibility of using low-grade thermal energy (solar, geothermal, recovered energy or cogeneration). In this process, air is heated and humidified by the hot water received from a solar collector. It is then dehumidified in a large surface condenser using relatively cold saline feed. Most of the latent heat of condensation is used for preheating the feed.
Concerning the quality of water, we see that in comparison with the other distillation installations functioning with extraction of non condensable gases, the distilled water produced in the HD installations is saturated with oxygen. In this case it is sufficient to add active carbon and dolmite to improve the taste.
Multi-effect humidity (or HD) process (MEH) for solar desalination
The principle of MEH plants is the distillation under atmospheric conditions by an air loop saturated with water vapor. The air is circulated by natural or forced convection (fans). The evaporator-condenser combination is termed a “humidification cycle” because the air flow is humidified in the evaporator and dehumidified in the condenser. The term “multiple effect” used here is not in reference to the number of constructed stages, but to the ratio of heat input to heat utilized for distillate production (GOR>1). As noted earlier (in studies by Grater et al. [12]), efficient evaporation and condensation can be achieved at high temperature (close to 100°C); however, the thermal efficiency even for the highest quality flat-plate collector drops significantly at such elevated temperatures. On the other hand, at moderate operating temperatures, intensive heat and mass transfer must be maintained in the evaporator and condenser. 
This necessitates the development of a new generation of solar desalination units.

In recognition of this fact, extensive research has been carried out at different research institutes in Germany, as reported by Heschl [18], to develop a more efficient utilization of solar energy for water desalination. Grune [19] introduced the MEH (or HD) process in the early 1960s, and his 1970 study gave interesting insight into the process. The multiple-effect process promises higher specific productivity due to separation of the three basic processes of energy collection, evaporation and condensation.

The MEH process further extends the concept of the forced convection solar still by separation of the heat collection and evaporation units. The University of Arizona, based on pilot plant work performed from 1956 to 1963, initiated construction of a pilot solar energy MEH plant in 1963. The plant was constructed to test the feasibility of using solar energy as a heat source in a humidification system. Further work was initiated in 1964 by the University of Arizona in cooperation with the University of Sonora, Mexico, whereby a larger pilot-scale solar desalting plant at Puerto Penasco, Sonora, Mexico, was constructed. 
The MEH process was developed over the years and a few units constructed and tested in different countries. They are of two types: the open-water/closed-air cycle and openair/closed-water cycle, as described below.

MEH units based on the open-water/ closed-air cycle

In these plants, heat is recovered by air circulation between a humidifier and a condenser

using natural or forced draft circulation.
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Figure 2.14. Schematic diagram of a MEH desalination unit operated with forced or natural air circulation (Farid [20]).

As shown in figure 2.14, the saline water feed fed to the condenser is preheated by the evolved latent heat of condensation of water. This heat is usually lost in the single-basin still. The saline water leaving the condenser is further heated in a flat-plate solar collector and then sprayed over the packing in the humidifier. 
Some of the MEH units used an integrated collector, evaporator, and condenser [21]. The reported efficiency of these desalination units was significantly higher than that of a single-basin still. These types of desalination units are very suitable for small production capacities in remote areas. The process is easy to operate and maintain and it does not require skilled operators.

Chaibi [22] carried out a performance study of a solar MEH unit installed in the south of Tunisia for potable water production and irrigation. Several tests on storage, evaporation, and condensation were carried out, and an estimation of the cost of fresh water production was also given.

The study showed that the plant, which was intended to produce 12 L/m2 d of fresh water, did not reach its goal. The highest production was about 6 L/m2 d, which is only marginally higher than that of the efficient single-basin still.
Khedr [23] performed a techno-economic investigation of an air HD desalination process. The results showed that 76% of the energy consumed in the humidifier is recovered by condensation. Their cost calculations showed that the HD process has significant potential as an alternative for small-capacity desalination plants and allows operation of systems with an output as low as 10 m3/d. An increase in desalination productivity was achieved by increasing the water temperature at the inlet to the humidifier of the MEH unit. Also, air circulation was found essential for raising the system performance. 
Madani and Zaki [24] constructed a test rig of an MEH solar desalination plant working on the humidification principle. The unit yielded 0.63–1.25 L/m2 h of fresh water on a typical summer day at noontime (2.5–5 L/m2 d for a 4-h/d peak time operation), which is as low as some efficient single-basin stills.

The Bavarian Center of Applied Energy Research and T.A.S. GmbH & Co. KG at Munich, Germany, has addressed the performance optimization of a MEH unit built in the Canary Islands in Spain. The unit was based on a patent design developed at the University of Munich, as described earlier. The design of the unit was similar to that used by Farid et al. [20] except that the humidifier and condenser were kept in the same unit and the unit was designed for higher capacity. The design of these two units was based on natural convection and not forced convection. After installation, their long-term performance was measured from 1992 to 1997.

These distillation units illustrate the energy saving procedure of MEH. Water is evaporated at ambient pressure and condensed where more than 70% of the heat of evaporation can be recovered. The performance of the units has been improved over the years, and an average daily production of 100 L from an 8.5 m2 collector area (11.8 L/ m2 d) was obtained without thermal storage.

Muller-Holst et al. [16] studied an MEH unit as shown in figure 2.13. 
The desalination plant consists of a solar collector, which provides the thermal energy, and a desalination module that uses multi-effect distillation to treat the water. 
Seawater is fed to the unit evaporates under ambient pressure, and the saturated air is trans-ported by free convection to the condenser area where it condenses on the surface of the plastic heat exchanger. 
The evaporator consists of vertically suspended tissues or fleece made of polypropylene over which the hot seawater is normally distributed. In the evaporator, partial evaporation cools the brine, which leaves the evaporation unit concentrated at a temperature of about 45°C. 
The condenser is a polypropylene bridged double-plate heat exchanger through which the cool brine is pumped upwards. The condensate runs down the plates and trickles into a collecting basin. The heat of condensation is mainly transferred to the cold brine, as it flows upwards inside the heat exchanger. The temperature of the brine rises from 40°C to about 75°C. 
The brine is then heated to the evaporator inlet temperature, which is between 80 and 90°C by a heat source such as the highly efficient solar collectors, by heat from the thermal storage tank, or by waste heat. Salt content of the brine as well as condenser inlet temperature can be increased by a partial reflux from evaporator outlet to brine storage tank. If re-circulated, brine needs to be cooled, e.g., by sending the feedwater through a cooler before it reaches the condenser.

Based on this concept, a pilot plant with direct flow through the collectors has been working almost without any maintenance or repair for a period of more than 7 years on the island of Fuerteventura [16]. Results from Fuerteventura for a distillation unit without thermal storage showed that the daily averaged heat recovery factor (GOR) was between 3 and 4.5. 
A similar distillation unit in the laboratory at ZAE Bayern yielded a GOR of more than 8 at steady-state  conditions [16]. The optimized module produced 40 L/h of fresh water, but it was shown that a production of 1000 L/d is possible when the unit was operated continuously for 24 h. 
Based on a collector area of 38 m2, the daily productivity of the optimized module works out to be about 26 L/m2 of collector area for a 24-h run and with thermal storage under optimized laboratory conditions.

It was realized that an improvement of the overall system efficiency could be reached by adding a thermal storage as alternate heat source to enable 24-h operation of the distillation module. This was achieved by using extra collectors and hot water storage tanks. 
In a related study, Ulber et al. [25] investigated the concept of a solar thermal desalination plant with a heat storage tank installed. A unit was constructed in 1997 in Tunisia, with the financial support of the German Ministry of Economic Cooperation and Development (BMZ). In addition, a unit for drip-irrigation was implemented to reduce the water consumption. 
A new concept was developed and implemented in Sfax, Tunisia, which includes the use of a conventional heat storage tank and heat exchange between the collector circuit (desalted water) and the distillation circuit. This enabled continuous (24 h/d) distillate production. 
A major factor prompting a 24-h/d operation of these units was the realization that the major capital cost of these units is due to the condenser and humidifier. It was suggested to include a 2 m3 storage tank in the MEH unit constructed in Tunisia, which uses 38 m2 collectors, to improve its performance. A similar suggestion was made to extend the operation of the unit constructed in Jordan and Malaysia to be operated in a 24-h/d mode [26],[27].

MEH units based on the open-air/closed-water cycle

In the study of multi-effect processes by Böhner [28], a description of a closed-water circulation system was presented, as shown in figure. 2.15. 
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Figure 2.15. MEH unit with open-air/closed-water cycle (Bohner [41]).

The closed-water circulation is in contact with a continuous flow of cold outside air in the evaporation chamber. 
The air is heated and loaded with moisture as it passes upwards through the falling hot water in the evaporation chamber. 
After passing through a condenser cooled with cold seawater, the partially dehumidified air leaves the unit, while the condensate (distillate) is collected. 
Water is recycled or recirculated. Incoming cold air provides a cooling source for the circulating water before it re-enters the condenser. This system with a closed salt water cycle ensures a high utilization of the salt water for fresh water production. In the closed water cycle, the salt water is continuously evaporated in the evaporation chamber. For example, 1 m3 saltwater with 1% salt results in 330 L distillate water and a brine concentration as high as approximately 15%.

In further research, some investigators [29] applied an open-air cycle for obtaining good productivity. The air is vented to the atmosphere after its partial dehumidification in the condenser, while the water is circulated in a closed cycle. The productivity of the units working on this principle was high, but the power required for air circulation was also very high. 
The system consisted of a humidifier, a solar still in the form of a flow channel, a condenser, and a pond. The solar still was a long glass-covered channel about 200 m long. 
Sensitivity studies carried out on the channel still explored parameters such as wind velocity, air flow rate and inlet water temperature and flow rate. 
The channel selected had a length of 177 m and a width of 1.69 m. Vertical dimensions chosen were 0.31 m × 0.76 m. The performance increased with increasing air flow rate but practically leveled off at about 2500 kg/h.

Recently, an MEH unit based on this principle was built at Kuwait University [30]. It received energy from a salt gradient solar pond of 1700 m2 in area, used to load the air with humidity. Fresh water is then collected by cooling the air in a dehumidifying column, producing 9.8 m3/d of distillate.In a similar study, Younis et al. [31] described a solar-operated HD desalination system which consisted of a solar pond, a humidifying column, a dehumidifying stack and necessary fans and pumps. 
For an average 21,000 kJ/m2 solar intensity and 22% efficiency, a heat rate of 90.9 kW thermal energy can be obtained for the 1700 m2 solar pond built at Kuwait. A performance ratio of 3 (or 800 kJ/kg distillate) is obtainable as mentioned in the study, with an output of 9.8 m3/d. 

Dai and Zhang [32] also built an MEH unit operated in an open-air, closed water cycle. The unit was 1 m×1 m×1.5 m in dimension and was capable of producing up to 100 L/h of fresh water. They replaced the collector by a boiler to provide the hot water, which was sprayed at the surface of honeycomb packing of the humidifier.
A fan was used to force the process air to flow through the humidifier in a cross flow arrangement. The hot humid air was then passed through a condenser, cooled by cold seawater prior to feed to the boiler. The seawater captures some of the latent heat of condensation thereby improving the efficiency of the unit. 
The water from the humidifier was recycled to the storage tank since it is warm and its salinity is not very high. However, some bleeding of this water was required to prevent the accumulation of salt in the unit. An efficiency of 80% was obtained using hot water feed from a boiler. This corresponds to about 68% only when a solar collector is used. The unit production did not exceed 6.2 L/m2 d. The authors showed a strong effect of the humidifier feed water temperature, which has been reported previously in all types of MEH units. The effect of air flow rate on the production efficiency showed a maximum value.
Increasing air flow rate first increases the heat and mass transfer coefficients in the humidifier and condenser but eventually lowers the operating temperature. This is the reason for the maximum efficiency observed. 

Literature review of studies conducted on the HD desalination process

A summary of main technical results reported by various researchers is shown in Tables 2.3 and 2.4 as reported in [5]. Almost all the investigators state that the effect of water flowrate on the performance of the unit is important. The effect of air flowrate on productivity is termed insignificant by all authors except Younis et al. [2-44].

Also, all researchers express a preference for natural convection since air flowrate has an insignificant effect on unit productivity. However, forced circulation could be feasible with another cost-effective source of energy such as wind energy. The effect of air flowrate is only noticeable at temperatures around 50°C, as reported by Al-Hallaj et al. [26].

Another variable tested was the packing material in the humidifier. Packing material should generally be of such a size and shape as to provide a high contact surface and a low pressure drop. The choice of packing material tends to have an effect on the thermal efficiency and productivity of the unit. Examples include Raschig rings, Berl saddles, Pall rings, Lessing rings, Prym rings, meshed curtains, wooden slats, wooden shavings, and fleece made of polypropylene or honey-comb paper as used by some researchers.

Tabel 2.3 Studies on the closed air/open water cycle systems

	Reference 
	Unit features
	Parameters varied

	Younis et al.

[31]
	· Solar pond HDD

· Forced air circulation

· Packing material-meshed curtains
	· Air flowrate has a significant effect on collected amount of fresh water.

· Study of different packing materials is required for improving performance.

	Abdel-Salam et al. [33]
	· Two closed loops: air and water

· Forced air circulation
	· Inlet water and air dry-bulb temperature to the cooling tower was varied.

· Water flowrate through cooling tower and air cooler was varied.

· An increase of inlet water and air dry-bulb temperature to the humidifier and increasing humidifier size increases

system productivity and decreases energy required in pumping water and air.

· Air recirculation is essential for raising system performance.

	Farid et al. [34]
	· Natural and forced circulation 

· Humidifier packing-wooden slats
	· The effect of water flowrate on the heat and mass transfer coefficients in the condenser and humidifier is significant.

· The effect of air flowrate is small and natural circulation is preferred over forced convection.

· A simulation program is required to conduct a detailed study

	Farid and

Al-Hajaj [35]
	· Forced circulation
· Humidifier packing-wooden shavings
	· Forced circulation is not suitable due to high consumption of electrical power and is practical utilizing wind energy
· Decreasing the water flow rate causes more efficient evaporation and condensation

· Decreasing the water flow rate below 70 kg/h reduces the performance factor due to an expected decrease in efficiency of collector at elevated temperatures
· Production of 12 L/(m2 d) of desalinated water was achieved

	Nawayseh et al. [36]
	· Unit in Jordan was tested
· Forced and natural circulation

· Humidifier packing-wooden packing
	· A simulation program was developed to describe performance of units.

· A significant effect of water flow rate on unit production with two opposite effects was observed: a lower evaporation and condensation efficiency and higher collector efficiency.

· The effect of air flow rate is negligible.

· Natural convection is preferred over forced convection.

· The surface area of condenser was varied; it was observed that a significant improvement in production was possible if the condenser area was doubled.

· A humidifier surface area >5.6 m2 can increase production (although insignificantly).

· An increase in evaporator and condenser surface area increases productivity significantly

	Al-Hallaj

et al. [26]
Al-Hallaj

et al. [26] (continued)
	· Two units (bench scale and pilot)

were built and tested in Jordan

· Forced and natural circulation

· Humidifier packing-wooden slats
	· The condenser area was varied from 0.6 m2 in bench unit with single condenser and 8.0 m2 in pilot unit with double condenser.

· Humidifier inlet temperature was between 60 and 63°C.

· No significant improvement in performance with forced circulation was noticed. A significant effect was observed only at higher temperatures above 50°C.

· Production of the pilot MEH unit ncreased with night operation using rejected water from humidifier. Productivity around 8 L/m2/d was estimated.

· Large mass of the outdoor unit (approximately 300 kg) was a negative factor.

· Use of a lighter material of construction for the unit is proposed.

· Night-time operation of the unit is recommended.

	Nawayesh et al. [37]
	· Two units in Jordan and one in Malaysia were studied
· Natural circulation
	(PHASE I)

· Due to a larger contact area of humidifier and condenser, productivity improved significantly in the unit constructed in Malaysia compared with that in Jordan.

· The increase in humidifier area was 136%, while the increase in the single condenser area was 122.5% and double condenser area was 11.25%.

· The humidifier cross-sectional area of the unit constructed in Malaysia was reduced by 39% to that of the Jordan unit; but complete wetting was not achieved.

· A computer simulation for design of the unit components is required to achieve optimisation of unit.

· The effect of water is significant on heat and mass transfer coefficients in the humidifier and condenser.

· The effect of air flow rate on performance is small.
(PHASE II)

· A simulation program was developed to correlate with experimental results.

· The effect of air flow rate is found to be insignificant.

· Increasing water flow rate decreases production due to lower evaporation. However, reducing water flowrate to extreme values lowers production due to drop in collector efficiency.

· Simulation shows fast convergence of temperatures and production rate to final values.

	Müller-Holst

et al. [16]
	· Pilot solar MEH unit at Canary Islands and desalination unit at Sfax, Tunisia, were studied

· Closed-air cycle

· Natural circulation

· Evaporator and condenser were located in same unit

· Evaporator packing material: fleeces made of polypropylene
	· A simulation tool for optimising collector field and storage was developed at ZAE Bayern.

· The cost of water was determined using laboratory-based simulation criteria.

· Laboratory unit yielded reduced specific energy demand due to better evaporation surfaces and thinner flat-plate heat exchangers on the condensation side of the unit.

· The simulation results for optimisation of 24-h operation are to be verified in field tests.

	Müller-Holst

et al. [38]
	· Simulation of solar thermal seawater desalination system using TRNSYS
	· Simulation results were compared with data from pilot plant in Fuerteventura, which were in good agreement

· A higher distillate volume flow was achieved by increasing brine volume flow (load flow>600 L/h)

· The optimum condenser inlet temperature was found to be 40 °C

· A simulation tool for the desalination unit would be used in a unit configuration with storage tank


Tabel 2.4 Studies on the open air/closed water cycle systems

	Reference 
	Unit features
	Parameters varied

	Khedr [23]
	· Open-air, closed-water system
	· Studies covered: water to air mass ratio ranging from 60 to 80 and concentration ratio between 2 and 5 at temperature difference between 10 and 16°C along the liquid for dehumidification

· 76% of the energy consumed in humidifier was recovered by condensation.

· An increase of concentration ratio to 5 can reduce make-up water and rejected brine by approximately 58% and 24%,respectively.

· The HD process has a significant potential for small-capacity desalination plants as small as 10 m3/d.

	Dai and Zhang [32]
	· Forced circulation

· Packing material: honeycomb paper
	· The thermal efficiency and water production increases with increase of mass flow rate of water to the humidifier.

· The effect of rotation speed of fan on thermal efficiency was studied. It was observed that the lower the temperatures of inlet water to humidifier, the smaller the optimum rotation speed required.

· An optimum mass flow rate of air exists. A higher or lower mass flow rate of air is not recommended for increasing both water production and thermal efficiency.

· The thermal efficiency and water production increase significantly with temperature of inlet water into humidifier.

· Productivity achieved was around 6.2 kg/m2/d.


Conclusions
A comprehensive review of the solar HD technique and the various desalination units based on this principle has been presented in this study. Solar desalination plants based on this technique have yet to be commercially implemented, and a detailed understanding and compilation of all relevant information of the process is another step in that direction. A detailed review of other desalination processes based on the HD principle would also help in improving the design of current solar-based HD units.

Modification and study of the effect of introduction of horizontal falling film evaporator and horizontal falling film condenser and modification in the water distribution system at the top of the condenser unit in current solar MEH units could lead to improvement in system efficiency. Also, as already observed in this study, thermal storage and a 24-h operation of the units is required to improve productivity.
It was observed that an increase in evaporator and condenser surface areas significantly improves system productivity. But prior to implementing any techniques in design improvement, it is necessary to optimize the MEH unit by optimizing component size to understand the effect of feed water and air flow rates. 
Although a fair amount of simulation studies have been conducted in the past, further design simulation is required to fully understand the complicated effects of air and water flow rates, the optimum size of individual components or modules of the unit and to generate a comprehensive model for the system — both technical and economical. 
Construction of additional bench-scale and pilot units is also necessary to validate simulation results as practical tests show the actual drawbacks, quite often not explained by simulation. Along with the thrust towards unit optimisation, the economic viability of these units is also important to understand the status of solar-based HD units in the current desalination market scenario.

Although solar desalination units based on the HD principle have been in existence for a while, more work needs to be performed to increase the productivity and decrease the cost of water produced from these units. 
Work has been initiated to add thermal storage modules to the MEH units. Alternate sources of energy could be utilized to heat water stored for nocturnal use in a 24-h operation. 
An interesting but relatively novel technology, i.e., fuel cells, could emerge as a successful integration for a fuel cell/solar MEH hybrid system in the future. For systems at remote locations and far from the grid, with substantial presence of solar energy, low-temperature fuel cells would provide power as a replacement/alternative to grid power and at the same time provide power to the auxiliary components (such as fans, pumps) of the MEH unit. Waste heat — a form of “free energy” from the fuel cell — could be used to preheat the feed to the MEH unit, which could help increase pro-ductivity of the MEH units at no additional expenditure except for the thermal storage units. 
Further studies, simulation and process improvement design of MEH units with a 24-h operation and thermal storage modules should be considered in the future as a critical step for the commercialization of these units. Also, an economic model and analysis for these types of solar-based units is required to understand the market positioning and potential end-users of these units. In this contest a project like AQUASOLIS can play only a small role due to the limited budget. Nevertheless its contribution can be significant, in that it is an attempt to add a small MEH unit to a larger solar cooling system in order to exploit the escess thermal energy produced by the solar concentrators field.

2.3.2 State of the art of Extraction of Water from air
In this chapter an insight on the principal techonologies involved in water extractor from air are reviewed. The system for water extraction (in literature they are also called athmospheric vapour processors [39]) are machines which extract water molecules from the atmosphere, ultimately causing a phase change from vapour to liquid. 
Three classes of machines have been proposed so far. The machines either cool a surface below the dewpoint of the ambient air, concentrate water vapour through use of solid or liquid desiccants, or induce and control convection in a tower structure. Patented devices vary in scale and potable water output from small units suitable for one person's daily needs to structures as large as multi-story buildings capable of supplying drinking water to an urban neighbourhood.

Energy and mass schemes taken from literature will be presented for the three types of water vapour processors.The different types of mass and energy flow assist in classifying designs and discussing their strengths and limitations. Practicality and appropriateness of the various designs for contributing to water supplies are considered along with water cost estimates. Prototypes that have been tested successfully are highlighted.
Systems for water extraction from air

Three types of devices, which handle water vapour differently have been developed and they can be classified with respect to: 

1. Surface cooling by heat pumps or radiative cooling

2. Convection induced/controlled in a structure

3. Water vapour concentration by desiccants

a. Adsorption on solid desiccants

b. Absorption in liquid desiccants.
Each cubic metre of air throughout Earth's 100±600 m thick atmospheric boundary layer contains 4±25 g water vapour, potentially allowing water supplies almost anywhere people inhabit. Landsberg [40] charted the average amount of atmospheric water vapour resource available at Earth's surface in January and July. Regions at latitudes north or south of 308 subject to more than occasional frost, or at frost-prone altitudes would not be ideal locations, but populations in these areas usually have adequate water supplies.

Other conventional and innovative water sources have physical and economic limitations of site and distribution which are well-known in regions of water scarcity. These regions are often situated in densely populated, developing countries in arid, frost free zones and include parts of the Caribbean and much of: Central America, South America, Africa, the Middle East, and Southern Asia. 
Extraction of water from is a young technology with the potential of becoming a community-managed and community-maintained in the context of developing countries. Atmospheric water vapour processors installations cannot be competitive in terms of energy costs with desalination plants of similar water output but have advantages. Besides being simpler and less expensive to operate and maintain, the crucial advantage is that they can be operated anywhere, without the need of a suitable source of brackish water or of seawater. 
AQUASOLIS aim is to examine the technology of water extraction in conjunction with solar concentration and absorption cooling. This is a challenge since the overall system puts together two technologies that has not reached so far complete maturity and economical viability. Nonetheless this challenge is worthwhile in the long term since the regions of worse water scarcity are the regions with higher values of relative humidity and solar irradiation.

Extraction of water from air is suitable for providing drinking water to individuals and neighbourhoods of hundreds or thousands of people. Taking advantage of minimal location constraints for such systems, the need for expensive water distribution infrastructure can be reduced or avoided. The energy requirement for changing water from vapour into liquid equals theoretically the specific heat of vaporization for water at ambient temperature, that is 681 kWh/m3. Since practical desalination unit based on membrane technology such as reverse osmosis present a specific energy consumption of 5-6 kWh of electricity for each m3 of produced water this consumption is very large in comparison, even though the data are for thermal energy, that has at lower exergetic index than electricity.

Different systems for reducing the specific energy consumption of atmospheric vapour processors have been studied. By using natural heat sinks such as the atmosphere and deep cold seawater, for instance, AWVP performance can be leveraged so that in the case of seawater coolant it is more productive in terms of energy input per unit volume of product water than other thermal desalination processes like for example distillation or solar stills.

Table 2.5 shows that Rajvanshi's condenser array and Paton's Seawater Greenhouse require 2% and 1%, respectively, of the theoretical minimum energy required to condense water vapour. AWVP using refrigeration technology requires 40±73% of the theoretical minimum, using the atmosphere as heat sink. Other natural heat sinks are radiative cooling into the sky and the subterranean temperature profile. 
Table 2.5 Total system energy, for desalination compared to various AWVP systems, required to produce 1 m3  of fresh water [40]
	Method 
	Energy (kWh/m3)
	Proportion of the minimum theoretical energy required (%)
	Major Energy Use

	Seawater Greenhouse system (Paton and Davies, [41])
	2.6±6.3 
	0.4±0.9 
	Pumps and fans

	 Condenser array cooled by deep cold seawater (Rajvanshi, [42])
	15


	2 
	Pumping seawater through system

	 Refrigerating compressor (Harrison, [43])


	270±550
	40±81
	Fan, refrigerant compressor, water pump



	Refrigerating compressor (Meytsar, [44])


	322
	47
	Fan, refrigerant compressor, pump



	Refrigerating compressor (Kajiyama, [45])


	400
	59
	Fan, refrigerant compressor, water pump



	Refrigerating compressor:  The Rainmaker [46]

	480
	70
	Refrigerant compressor and fan

	Dehumidification technology

(Hellstroem, [47])


	500
	73
	Refrigerant compressor and fan



	Condensation by direct expansion

of cooled compressed air (Meytsar, [44])
	1800
	264
	Air compressor, turbine, refrigerant




Different types of system for extraction of water from air
The classification of various AWVP designs discussed in the literature and in patents enables understanding the technology for further development and presenting to policy-makers. Design types include: surface cooling by heat pumps or radiative cooling, water vapour concentrators using desiccants, and convection induced or controlled in a structure. These are compared in Table 2.6.
Table 2. 6. Strengths and limitations of AWVP methods
	Type
	Strengths
	Limitations

	Cooled surface heat pump
Heat pump

Radiative cooling
	· Mechanical cooling is a well developed technology used for refrigeration, air conditioning, and dehumidification

· Fairly effcient when condenser air temperature is low and cooling coil air temperature is high

· Maintenance expertise fairly common
· Need no external energy source 

· Simple mechanical requirements.
	· Cooling process may freeze the condensed vapour 

· Frost acts as insulator to further cooling

· Air flow may be reduced when cooling elements are blocked by frost 

· Special design required for dewpoints less than 4.58C

· Finite size of cooling coil means that all of the air flowing past is not cooled at same rate. There is unavoidable mixing of dried and unprocessed air within the processor

· Power requirements fairly high 

· Existing technology dependent on radiation into a clear night sky heat sink



	Desiccants
	· Well-developed technology for large scale dehumidification in industrial settings. 

· Can dry air to a low relative humidity
· Suitable for output air at low dewpoints


	· Energy requirements fairly high for recovering potable water using desalination or distillation technology.

· Heat of sorption is 5±25% of heat of vaporization and must be considered in design 
· Liquid absorbents can concentrate contaminants from the atmosphere. Apart from possible pollution of the product water, contaminants can reduce the capacity of the desiccant.



	Convection induced or controlled in a structure
	· Adiabatic cooling has lowest energy requirements of the three design strategies. 

· Natural precipitation process with extensive body of applicable meteorological theories: orographic precipitation, tornadoes, convection cells. 

· Engineering experience in removal of water from industrial compressed air systems is well-developed

· System designs which propose compression of air followed by expansion to cause cooling below dewpoint are energy intensive
	· Large structure (tower or tube 100s to 1000s of metres long) required 
· No prototypes known to exist other than mine shaft analogy 
· Not used for dehumidification so engineering knowledge base is limited


As for the project the surface cooled heat pump was chosen to be the option to be studied in detail. 

This choice was dictated by the fact that such system it is the one that more closely relates with REACt solar cooling technology in that it requires only an air flow control system and an heat exchanger in addition to the existing system. The additional investment can therefore be limited to the purchase of the two subsystem indicated. In the following section a detailed description is given for the cooled surface heat pump is given since the system simulated in this project was of that type.
Surface cooling by heat pumps or radiative cooling
Heat pumps. This method in the Seawater Greenhouse produced 3000 l of fresh water daily. Advanced Dryer Systems, Inc. (ADS) of Florida has used heat pipe technology, developed for the American space program by inventor Khanh Dinh, in The Rainmaker which, with an airflow of 0.1 m3/s, can produce 25 l of water/day when air temperature is 27°C and relative humidity is 60% (absolute humidity, x=15,7 g/m3). 
The refrigerating machine weighing 27.5 kg which has a coeffcient of performance of 3.2, consuming 480 kWh to extract 1 m3 of fresh water from the atmosphere [46]. Recognizing the trend to minimize the use of potentially harmful refrigerating fluids, thermoelectric (Peltier) heat pumps can be used as in [48] and [49]. 
A simple system for water extraction of air can be seen in the following scheme. This scheme has been also used to build up the AQUASOLIS simulations.
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Heat pumps are used to cool surfaces so water vapour can condense and be collected. This approach is subdivided into three categories depending on the heat sink used. Those systems transporting a critical amount of energy from the cooled surface into ambient air are using a subaerial heat sink [43],[44],[45],[47],[48],[49]). A submarine heat sink is used by systems depending on deep cold ocean water for cooling ([50]). Only one case of an underground or subterranean heat sink was found ([51]).

Energy (sensible heat) is transferred away from moist air flowing past the cooled surface of the atmospheric water vapour processor. Air cooling rate is governed by temperature differences between condenser surfaces and air ([52]). Latent energy flux results when water molecules change phase from vapour to liquid. Latent heat passing to the air parcel being processed is proportional to amount of water vapour condensed. Processor cooling capacity must take this heat into account so newly condensed water is not evaporated.
Efficient water vapour processing using a heat pump system maximizes the ratio:
η=QL /(QL+Qs) 

where QL is latent heat, Qs is sensible heat and (QL+Qs) is enthalpy, or total energy of an air parcel at constant pressure. Maximizing η requires sensing temperature and humidity. Feedback from sensors adjusts air-flow and cooling rate to cool incoming moist air, minimizing Qs. There is no benefit in further cooling the flowing air after it is saturated and condensation starts collecting on the cooled surface. Additional energy for cooling is wasted converting latent heat to sensible heat that would be carried away in the airstream. This is unlike still air, for which deeper cooling below the dewpoint reduces water holding capacity and wrings out additional moisture with each degree drop in temperature. All these control features are built in in the simulation of the system in AQUASOLIS as described in section 3.2.

Conclusions
Although extraction of water from air technology is at an early stage, with the Seawater Greenhouse being the only larger scale design proven in actual operation, the development of atmospheric water vapor processors has the potential to provide environmentally acceptable alternatives to standard water supplies.

Many AWVP designs favour decentralization of water distribution and avoidance of huge capital costs for infrastructure. The AWVPs stage of development is analogous to the internal combustion engine of the late 19th century. Just as evolution of the gasoline engine allowed more personal mobility, dispersion of populations, and better living standards, so evolution of AWVP could let people live comfortably in arid, water scarce regions, easing water supply crises that face millions of people. Fortunately, unlike fossil fuel burning engines, AWVP has few, if any, harmful effects on natural or societal systems, above all if it is solar powered as in AQUASOLIS.

As the water resources community becomes aware of and thinks about AWVP, evolution will accelerate so individuals, family groups, and communities in many regions can become self-suffcient in potable water supply by processing atmospheric water vapour. Rapid development of appropriate, reliable, and long-lasting AWVP systems is possible by adapting commercial/industrial dehumidification (including compressed air drying) technology. 

Section 3 – Simulations of the water production systems with the REACt system and discussion of the results
3.1 Meteorological Data Collection for simulation of the proposed technologies

In order to properly simulate the proposed technologies, meteorological data were needed. Since the in depth analysis of the meteorological scenario that is being carried out in the frame of the REACt project was not ready at the time AQUASOLIS was in progress, a choice has been made to use meteorological data synthesised by historical databases by means of a software called METEONORM.

This software, while relying on a very huge amount of historical data of more than 7000 meteorlogical stations throughout the globe also allows the user to choose a generic location as an actual city or town or as a set of geographical coordinates and provides data reconstructed by a set of the meteorological stations closer to the target.

The input data used for the simulation were the meteorological data collected on an hourly basis for the eight location selected in the three target countries. Namely, the data used for the simulation were: solar global radiation, ambient temperature and relative humidity. 

While for extraction of air the above mentioned properties are enough because they determine the thermodynamical properties of moist air, the desalination system relying on the humidification dehumidification technique needed also data on Total Dissolved Solids (TDS).

TDS figure are only publicly available on a very imprecise basis, whereas the existing database on the Mediterranean locations are privately owned and not accessible for academic research. Moreover, TDS varies a lot with the characteristics of the site like currents and tides, local water temperature. Therefore  gathering precise information for preliminary simulation makes no sense since there is no idea yet of the specific site where the simulated system will be built.

For these reasons three realistic values of the TDS has been determined to be used in the simulation of the desalination system: 

· 36000 ppm for the Mediterranean sea (Bayrouth and Tripoli), 

· 39000 ppm for the Red Sea (Aqaba) 

· 31000 ppm for the Atlantic Ocean (Casablanca).

The locations where chosen in the three target countries of the study: Lebanon, Jordan and Morocco. For each one a minimum of two and a maximum of three locations were selected.

In Table 3.1 the locations are presented together with their land coordinates.

Name of the Location

Country

Latitude

Longitude
Altitude

Sea

Bayrouth


Lebanon
33 °N

35 °E

    18 m

Yes

Tripoli



Lebanon
34 °N

35 °E

      0 m

Yes

Rayack



Lebanon
33 °N

36 °E

   927 m 
No

Amman



Jordan

31 °N

35 °E

    19 m

No

Irbid



Jordan

32 °N

35 °E

  566 m

No

Aqaba



Jordan               29 °N

35 °E

      0 m

Yes

Casablanca


Morocco
33 °N

  7 °W

      0 m

Yes

Beni-Mellal


Morocco
32 °N

  6 °W

  468 m

No 
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Figure 3.1:  A map with the selected sites

In Figure 3.2 the Global Radiation incident on a horizontal plane is reported in terms of Energy per unit area per day
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Figure 3.2
In Figure 3.3 daily mean values of minimum and maximum temperature and mean relative humidity are sketched for three sample locations, one for each country: Bayrouth, Amman and Casablanca
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Fig. 3.3  Meteorological data resume for three of the seven locations: Amman, Casablanca, and Bayrouth

All the locations chosen can rely on meteorological stations with a historical record of more than ten years of data. The hourly data where reconstructed on a statistical basis starting from the actual data measured by the equipment of the station. In order to cross check the validity of the data an assessment has been required to the Jordanian, Lebanese and Moroccan partners of the REACt project.

Sketching these data on a daily basis throughout the year gives an insight on the seasonal behaviour of relative humidity. In locations near the sea the relative humidity does not show seasonal fluctuations, whereas in the interior relative humidity peaks in winter, when the temperatures are lower. This fact accounts for a potential inferior water production in inland locations: when temperature is higher more refrigerating power is needed to cool down the air, while the lower relative humidity means a lower water content (at the same temperature) and consequently a lower water production.

Another important parameter that is reflected in the calculation is the offset between the hours of maximum solar irradiation and maximum relative humidity. The larger the distance between these two peaks, the lower the water production and the higher the need for a storage of the cold produced by the absorption chiller that, in its solar configuration can work only in the hour when there is sun.

3.2 Simulation of the desalination system using humidification-dehumification of air

3.2.1 Simulation model build up

In order to simulate such a complex system like the humidification dehumidification desalination system only the option of developing an ad hoc solution is feasible, since existing software packages (typically expansions of matlab/simulink or ipsepro) are too specific and tailored on the system they were designed to simulate. In AQUASOLIS particular attention has been paid to the generality of the system simulated with less regard to in depth accuracy. Actually it made no sense to stress to much system specificity and computational accuracy while no specific system had been implemented yet.Therefore, a simple simulation model has been developed that can be used with little modifications for both the open air /closed water and closed air open water cycles system configurations.

The three main parts of the system: solar collector field, evaporator, condenser, have been simulated separately in order to calculate a set of steady operating points. The constraints on the boundary regions were set by the bordering subsystems.
Solar collectors
The calculation usually began with the solar collectors: a set of output temperatures was calculated that fixed steady operating points, starting from a set of inlet temperature of the brine. Both concentration of the brine and water density were assumed to be constant throughout the length of the solar trough.The same thing was made in reverse to estabilish a set of operating points for inlet temperature for a fixed set of output temperatures.

These two sets of points were calculated in an iterative way fixing first trial hypotheses on the boundary conditions in order to get the simulation started. The climatic data of more importance here is of course solar radiation, while wind speed (that fix heat loss to the ambient external air is a second order effect.

Condenser

The second step was to use the outlet temperature calculated in the solar collector simulations to fix the initial values of the exit temperature of sea water from the condenser.

In the condenser two main phenomenon takes place: the heat exchange between the airflow and the sea water acting as coolant and phase change of the vapor content of the airflow.

For the first phenomenon standard thermodynamical relations have been used in order to calculate the heat exchange coefficient. The three heat exchange mechanism that take place are:

· Convection (natural or forced depending on the system configuration, the results hereby presented refers to the forced one) between the airflow and the walls of the tube where seawater passes;

· Conduction in the walls of the heat exchanger;

· Convection between the sea water flowing at a rate fixed by the inlet pump and the walls of the heat exchanger.

Each one of the three mechanism gives a set of differential equations that can be calculated dividing into clusters the heat exchanger and balancing the heat and mass flow in each differential cluster.

For the phase exchange, that is interlinked with the heat exchange calculation, a set of visual basic psychrometric functions has been used. Climatic data of importance here are sea water temperature and concentration, while air humidity and speed, and air temperature at the inlet are fixed by the evaporator.

Evaporator
In the evaporator the main physical phenomenon that takes place are:
· Heat exchange from the hot sea water to the counter current airflow: the coefficient strongly depends on the punctual composition of sea water (salinity decreases as the bottom section of evaporator is approached), speed of the airflow (the mechanism of natural of forced convection depends on the system configuration), the configuration of the evaporator filling and to a lesser extent the material of the filling itself (in the present simulation effects of mass transfer between sea water/brine and the material of the evaporators have been neglected)

· Mass flow between the sea water, losing water content, and the airflow, absorbing humidity in form of water vapor content

· Phase change in the water content of the  sea water that becomes vapor. This phenomenon strongly depends on the heat exchange between air and brine that is responsible for feeding the necessary latent heat of vaporization to the water contained in the brine. This phenomenon also depends on the punctual composition of water and the punctual value of relative humidity of the air flow.

In this device the climatic data of more importance are: temperature and relative humidity of the ambient air, while the inlet temperature of seawater is fixed by the solar collector.
From static to dynamic

As already explained the simulation was run in a bottom up style.

Starting from each cluster of each one of the three subsystem a set of quasi static values are calculated.

This set of value is matched with the value calculated for the other cluster and so on untila  set of steady state points are calculated for the whole subsystem.

After having calculated a set of quasi static values for each of the subsystems the results are matched with the quasi static results of the other two subsystem and this is done until the whole system gives a set of steady state points, that correspond to a set of input variables (sea water temperature and salinity, ambient air humidity and temperature, solar radiation, brine recycling ratio).

For each of the site we have a set of hourly values taken from the meteorological database and so we can go back to the simulation and calculate the steady state values of the output variables starting aas initial guess form the set of input variable sthat more closely resembles the actual one.

At the end of the simulation we have a set of hourly values of the output variables that correspond to the input meteorological data.


Simulation results
The simulated system can be schematically represented by the block diagram of figure 2.15 that is shown again here
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Figure 2.15 (recalled)

The Humidification dehumidification desalination is here intended for sea water desalination, though the treatment of brackish water is feasible as well. The thermal HD process is driven with heat supplied by a solar collector field of the trough type used for REACt. Electrical power is needed by the inlet pum and by the fan system that forces air to flow through the system.

The system is composed from 2 subsystems:

· HD water treatment

· Solar collector field and day's thermal energy storage

Thermal Energy integration is assumed to be controlled by thermostatic valves. 
The desalination subsystem includes:

· HD water treatment with 90% brine recycling
· Brine feed pump in order to recirculate the brine
· Heat exchanger for brine heating in every HD stream
· Chemical pre- and post-treatment (not simulated)
· Raw water and product storage tanks (not simulated)
· Sea water intake 

· Concentrate disposal
· Brine piping
For the benefit of process efficiency design will aim at water production during 24 hours per day by integration of a thermal energy storage. 
Varying HD prouction loads are set for day and night operation modes (high for day and summer, low for night and winter). Cease of production during periods of heat supply deficits is considered by availability set as time fraction of day (90% in these simulations)
The heat supply subsystem includes:

· Solar collector field (100 m2 of aperture area)

· Solar field circulation pumps

· Solar field piping

· Thermal energy storage (TES)

· Heat supply pump
· Heat supply piping

· Headers for splitting and mixing of branches

The electric power is assumed to be taken by the distribution grid.
The thermal set points strategy for HD and TES operation is:
· Product output from HDH is individually set for each operation mode

· Brine is heated in HX to 80°C.

· Hot section of TES is maintained at 85°C

· Cold section of TES is maintained at 75°C

· Solar field circulation mass flow is controlled to achieve 85°C at outlets

The values of yearly production are reported in the table below.
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(m3/y) (l/day) (kWh/m3) (l/(m2 day))

Bayrouth 897 2457,53 134,74 24,5753

Tripoli 954 2613,70 134,43 26,1370

Aqaba 1012 2773,36 121,58 27,7336

Casablanca 959 2627,97 133,00 26,2797


Table 3.2 HD simulation results

It should be noted that the results are not very site specific. In order to have a comparison for the HD system a set of simulations has been run also on a solar still.

The solar still simulated here has an aperture area of 100 m2 and presents value of yearly production that are smaller by a factor of 8 to one with respect to the HD figures. Accordingly the specific production is nearly an order of magnitude lower than that of HD.
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Bayrouth 102 279,45 1025,78 2,7945

Tripoli 103 282,19 1023,41 2,8219

Aqaba 109 299,52 925,54 2,9952

Casablanca 106 290,41 1012,52 2,9041


Table 3.3 Solar Still simulation results
3.3 Simulation of the desalination system for the extraction of water from air

The system for direct extraction of air

The system under study in this paper is based on the extraction of atmospheric water by cooling of moist air below the dew point. A block diagram of the system is presented in fig. 1 with a special focus on the energetic contribution involved. The parameters taking into account energy and water collection efficiency are also pointed out.
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Fig. 3.4 Schematic description of the system

The system consists of a fan that can be fed by electrical energy (ideally coming from PV). The task of the fan is to fix the volume flow of air on the surface of the heat exchanger. The value of the fixed air flow is calculated taking into account the minimum output of water in terms of litres per hour and the minimum value of the relative humidity for the selected location. In these simulation the value of the moist air flow has been fixed to 8000 m3/h. The efficiency of the fan is given by the sum of three contribution: intrinsic fan efficiency, belt efficiency, motor efficiency.

It is very important to maximise the efficiency of the fan system because it is responsible of a high fraction of the overall energy cost of the produced water, since it requires electricity. After the fan, a heat exchanger performs both the cooling and, in its final stages the collection of water that will accumulate on the heat exchange surface and fall to the collection system. Choosing the right configuration of the heat exchanger and collector system is very important since it affects the overall efficiency of the system in two ways: energy efficiency strongly depends from the heat transfer coefficient and the water output is directly proportional to the efficiency in the collection of droplets.

The refrigerating power is fed to the heat exchanger by an absorption chiller of the ammonia/water type. This machine is powered by the heat coming from a parabolic trough concentrating solar collector. The solar part of the system providing the refrigerating power is not directly considered in this study and the chiller is described as a standard heat pump with a specified COP and fixing the cold part of the heat exchanger to a certain temperature (T=12°C in the simulations).

Simulation and results

From the hourly data of ambient temperature, relative humidity and pressure all the thermodynamical properties of the water-air mix have been calculated thanks to a psychrometric functions library. 

In the following list the starting data of the simulations are shown. All these functions have been calculated from the ambient temperature, the relative humidity and the atmospheric pressure.



- hair :
enthalpy of the moist air [KJ per Kg of dry air]



- x:
water content, absolute humidity [g of water per kg of dry air]



- hdew:
enthalpy at dew point [KJ per Kg of dry air] 



- ρair:
moist air density [kg of moist air / cubic meter of moist air]



- ρdry:
dry air density [kg of dry air / cubic meter of dry air]

From the set point fixed by the cold side of the heat exchanger (Tfinal=12°C, RHfinal=1) the values of these thermodynamical properties at the final point of the process have been calculated. 

For each vale the difference between the starting value (calculated from the meteorological data) and the arrival values (calculated from the arrival set points) gives: 

· the potential quantity of water that can be extracted per kilogram of dry air

· the quantity of enthalpy that has to be extracted per kilogram of dry air.

As already mentioned, the air volume flow has been fixed to a value of 8000 m3/h for all the locations. From the moist air flow a value of the dry air flow can be calculated. The dry air flow will vary from hour to hour accordingly to the water content of water and the density of moist and dry air.

From the dry air flow through the fan a value of the water that can be extracted in an hour can be calculated multiplying the difference in absolute humidity times the dry air flow.

The thermal energy cost is calculated in the same way, only substituting the difference of enthalpy between the starting and final point and multiplying it times the dry air flow.

The electrical energy consumption of the fan has been calculated dividing ideal power (the pressure drop times the volume flow) of the fan by the energy efficiency of the fan, that has been taken of a 68,90% value, in order to properly account for the three main cause of inefficiency:

· the efficiency of electrical motor (0,88)

· the efficiency of belt transmission to the shaft of the fan (0,87)

· the efficiency of the mechanical system of the fan (0,9).

The values calculated from the difference of water content and enthalpy have been divided by two efficiency terms: 

· the COP of the heat pump (0,75%);

· the water collection efficiency, assumed to be 85%.

The yearly values of heat and electrical energy consumption, total energy consumption, water production and specific energy per cubic meter are reported in Table 3.4 and 3.5 as resulting from the simulation.

[image: image27.emf]Location     Thermal energy

Electric Energy 

for the fan

Electricity/Heat 

Fraction

Total Energy 

Consumption

Water 

Production

Specific 

Energy

(kWh/year) (kWh/year)

%

(kWh/year) (m3/year) (kWh/m3)

Bayrouth 167893,82 9019,73 5,10% 176913,55 69,2 2556,55

Tripoli 182070,36 9003,79 4,71% 191074,15 84,7 2255,89

Rayack 37531,42 3053,12 7,52% 40584,54 5,1 7957,75

Amman 93423,66 6636,49 6,63% 100060,15 20,7 4833,82

Irbid 113231,56 7336,24 6,08% 120567,8 32,4 3721,23

Aqaba 148766,23 8775,24 5,57% 157541,47 63,8 2469,30

Casablanca 131574,83 9577,69 6,79% 141152,52 56,8 2486,39

Beni-Mellal 101852,73 6243,95 5,78% 108096,68 21,8 4954,02
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Bayrouth 189,59 2556,55 1,2639

Tripoli 232,05 2255,89 1,5470

Rayack 13,97 7957,75 0,0932

Amman 56,71 4833,82 0,3781

Irbid 88,77 3721,23 0,5918

Aqaba 174,79 2469,30 1,1653

Casablanca 155,53 2486,39 1,0369

Beni-Mellal 59,78 4954,02 0,3985


From these tables it is apparent that both the quantity of water produced and the specific energy consumption are more favourable in locations near the sea (Bayrouth, Tripoli, Casablanca) or in Irbid, an inland location but with high relative humidity throughout the year. In the three sea locations the specific energy figure is four time bigger than the theoretical figure of 680 kWh/m3 that is the latent heat of vaporisation and is stated as a theoretical minimum in some literature [2].

In figure 3.5, 3.6 and 3.7 the data on water production, specific energy and total energy consumption are presented on a monthly time scale.
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Figure 3.5  Monthly distribution of water production
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Figure 3.6 Monthly values of specific energy
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Figure 3.7  Monthly distribution of energy consumption

Conclusions of the assessment of water extraction from air
The results of the simulation point out a strong dependence of water production on season. This explained by the higher solar radiation and the biggest amount of sunny hours during the day in that period.The specific energy is very high and so is the total energy consumption, while water can be extracted in important amount only during summer.In order to prove the real affordability of such a technological solution an accurate simulation of the solar cooling system in order to verify if the energy requirements of the water extraction system can be met in each one of the test locations.

A possible solution to lower down heat consumption is the use of pumped sea water as a refrigerant. In this respect, data on the temperature of sea as it varies with depth must be collected in order to estimate the additional energy required for pumping. In this sight also sea water reverse osmosis powered by PV cannot be overlooked as a potentially competitive alternative

Moreover, alternative solutions based on different technologies will be analysed in the future and the result will be compared with the ones presented here:

· extraction of water from air using a liquid desiccant (CaCl2): the presence of the desiccant  enhance water extraction and in principle requires less energy consumption since the solution must be heated up of less then 5 °C. Nevertheless the kinetic of water absorption desorption must be studied in order to verify the potential water production of the system during time

· solar pumping of underground water: this analysis requires information of the depth of underground water and has the disadvantage of using a potentially depletable source.  

· sea water desalination using reverse osmosis or a humidification dehumidification technology.

Section 4 – CONCLUSION 
The AQUASOLIS project has examined in detail two methods of freshwater production that can be used in conjunction with the linear parabolic troughs being designed and built in the REACt project. For a comparison, also the traditional solar still method was simulated. The results are sketched in the following figure.
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Figure 3.8 

Desalination by humidification dehumidification of air coupled to solar concentrators can be applied when: 
· Seawater or brackish water is available. Suitable areas are remote areas on the seaside or inland where brackish wells are available. 

· Solar concentrating HD can be performed using robust materials (such as plastics) and can be operated and maintained with a complexity that is equal or lower to the complexity in operating a solar cooling system
· It presents a limited additional cost for the contextual installation with the solar cooling system, while providing very high hields in terms of specific production and energy compared to other thermal desalination processes,
Extraction of water from air can be applied when :

· It is a byproduct of an existing solar cooling system

· No sea water or underground water resource is present or exploitable 

For both the approaches examined here, more efficient technologies can be investigated. In particular, a high potential for improvement exists for water extraction from air using absorption/desorption methods.

The AQUASOLIS project had performed a study of a highly innovative and so far little considered area; that of coupling small scale concentrating solar systems with water production. The results are of great interest if seen in view of a different paradigm than the one commonly accepted. Whereas so far the approach has been to minimize costs by increasing the size of desalination plants, the AQUASOLIS approach shows the possibility of small size plants usable for small communities where fresh water is a byproduct of a multi-purpose approach. A plant so structured can produce three different products, hot water, air conditioning and water. It is a “tri-generation” system where the cost of the plant is spred over the three products and therefore minimized. Alternative possibilities, such as photovoltaic panels coupled with conventional desalination systems can, instead, produce only a single product and because of this, and because of the high cost of PV panels, are not suitable for rural areas. 
The AQUASOLIS approach located therefore a possibility for a further economic gain of cylindrical solar collectors that the REACt project had not – so far – considered. It is hoped that this first survey of the matter can be put to test in the future with real multi-generative plants. Other areas to be studied involve the possibility of using the water production facilities studied here as low cost systems for producing water in emergency situation, e.g. for long term blackouts, frequent in Mediterranean areas. Further examination of the concept, in particular, should be performed in conjunction with agricultural projects where water condensation from air offers a possibility of water management which, at present, is missing in arid countries where the water from wells is rapidly wasted by evaporation in the dry local conditions. 

Obtaining usable water from low concentration sources, such as the atmosphere, as well as the recovery of waste water or brackish water are areas which will have to be explored in depth as we move towards a world where water is becoming more and more scarce. AQUASOLIS has given a small – but we believe significant – contribution to progress in this direction.
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Appendix – Demineralized water and health

The usual approach for the evaluation of the potability characteristics of a specific type of water is based on limiting excessive concentrations of inorganic and organic compounds and the presence of microorganisms that can damage human health; as a matter of fact, maximum acceptable concentrations of these substances are set by laws and norms in many countries in order to guarantee that potable waters are not harmful (1;3).
Risks for health

It is widely acknowledged that an excess in the quantities of some microelements in potable water can cause damages to health. For instance high concentrations of Ca and or Mg are linked to cardiovascular diseases (8,9,15,16) and to stomach pancreas and colon cancers, an excess in the quantities of salts is potentially harmful to newborns and kids, great amounts of iron and copper have been linked to heart attacks, whereas high concentrations of Na can cause arterious hypertension (2;10;25-29). 

Moreover an excessive intake of F can cause fluorurosis of bones and teeth, diseases that know a widespread diffusion in Africa, India and China (22).

Nevertheless several cases of rises in morbility and mortality are reported in scientific literature that can be related to the consumption of water where concentrations of mineral elements such as F, P, Ca, Mg, I, K, Na, Fe, Zn, Mn, Cu are low or zero (20;24;30).

The WHO directives (23) state that the average daily intake of water consumption for man is 2 litres, but that can rise a lot (up to a maximum of 10-11 litres per day) depending on the intensity and duration of physical activity, on age, temperature and relative humidity.

Thus the introduction of these microelements in potable water is very important, particularly for the part of world population that has a deficient diet (6,17).

Moreover the presence of certain substances in several types of food lower the absorption of minerals in the intestine (e.g. Ca and ossalates in vegetables and Ca, Fe, Mg, P or Zn in cereals, etc.). (11)

The use of deminaralised water in the preparation of food can cause a significant loss of minerals in food, for example vegetables, meat, cereals, determining also a deficit in the intake of these elements through eating. (5,11,24)

The absence of these elements has been related with delays in mental and psychic development of about a third of world’s children: the lack of Iodium, for instance can cause gout and mental deficiency in about 750 milions people, whereas the 40% of women is anemic for lack of iron in food (24). Moreover, the intake of demineralised water dilutes the electrolytes normally present in dissolved form in the body water content, causing an inadequate water distribution in many sectors of the organism that originates muscular cramps, weariness, headache (24). Epidemiologic studies were performed on populations that consumed water with low minerals concentrations: they demonstrated a significant link with the higher incidence of pathologies like hypertension, gastric and duodenal ulcers, nephrites, anemia and aedemia in pregnant women, delays in children growth (13; 14; 18; 20; 24).

Demineralised water is very aggressive and can’t be distributed by means of usual distribution networks of pipes or gathered in reservoirs. In fact the low pH causes the release of metals and other substances from pipes and reservoirs to water, resulting in the introduction of health hazardous substances (e.g. lead) (24). Also, this water is not satisfactory from an organoleptic point of view, since it has a very characteristic taste caused by the lack of mineral salts (24).

For all those reasons, it is necessary to remineralise potable water, bringing the concentrations of mineral to adequate levels. The addition of calcium, (20-30 mg/l) and magnesium (10 mg/l) can bring a good advantage to health (30), while concentrations ranging from 0,1 to 1 mg/l of fluorum minimizes the risk of fluorosis in teeth and bones and favors the prevention of caries especially in younger population (22).

The addition of mineral salts is necessary for raising the pH of these waters, eliminating the problem of hazardous substances release from pipes to water, and for improving the organoleptic characteristics.

Waters with mineral salts and useful substances in optimal concentrations for health, can integrate at least partially poor or inadequate diets.

Microbiologic risks

The microbiologic risk caused by the intake of demineralised water particularly concerns phenomena of microbes regrowth or secondary contaminations (4; 7; 12).
The process of extraction of water, described in the Aqua Solis project is characterized by high temperatures that eliminates most vegetative forms of pathogen microorganisms, but don’t eliminate spores that can, in favorable conditions, germinate determining phenomena of microbic regrowth. Water can be collected in contaminated reservoirs or distributed in pipes where secondary contaminations can originate (24). Collected and distributed water must be therefore disinfected. Ultra-filtration techniques (membrane porosity<0,1 microns) and UV treatment reduce significantly the content of microorganisms, 

On the other hand these techniques do not completely eliminate the microbes content, the water post treatment with chemicals (e.g. chlorine) is therefore necessary. European laws (1; 3) fix a lower limit of 0,2 mg/l in the presence of residual free chlorine, therefore contrasting the phenomena pf microbes regrowth and secondary contamination (24). 
Conclusions
Reasons for which demineralised water cannot be regarded as safe for long term consumption are:

1. Negative effects on health are widely acknowledged in literature;

2. Food prepared with demineralised water lose part of their nutrients;

3. Agressivity towards pipes and reservoirs materials;

4. Unsatisfactory organoleptic characteristic due to lack of mineral salts.

Mineral composition of water must be therefore restored in order to avoid the above mentioned health hazards. Remineralization is possible by means of a simple procedure of addition of calcium and fluorides
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