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Abstract 
 
 
In the Middle East and North Africa region fresh water resources are very scarce and the 
existing sources are depleting rapidly. Desalination is the method to fulfill increasing water 
demand, and people depend mostly upon bottled water for drinking purposes. Bottled 
water is resource and energy demanding, hence there is a need for supplying drinkable 
water in a sustainable way. The main objective of this research is to develop solutions for 
providing potable water to urban communities through integrating membrane distillation 
water purification units with solar driven hot water installations. A single-cassette Air Gap 
Membrane Distillation (AGMD) unit was tested on laboratory scale to investigate the 
influence of various operating parameters on the distillate production. Particular attention 
was given for identifying process conditions relevant to the design of solar energy 
integrated systems. In parallel, a simplified empirical model using response surface 
methods was developed and validated against bench scale experimental results. The 
developed model for performance indicators was later employed in dynamic simulations of 
a solar thermal integrated membrane distillation system. A pilot plant was designed and 
installed at RAK Research and Innovation Center in UAE. Experimental investigations were 
conducted on this integrated system for co-production of pure water (around 15-25 l/day) 
along with hot water production equivalent to the needs of a family of five. A dynamic 
simulation model was developed in TRNSYS to analyze optimum operating conditions of 
the system. Economic analysis showed an impressive payback period and savings for the 
integrated system as compared with standalone counterparts. A second pilot facility using a 
larger multi-cassette AGMD module and absorption cooler was designed and installed. 
Performance of this solar co-production system for heat, cooling, and pure water is analyzed 
for various integration modes.  
 
 
Keywords: Solar Membrane Distillation; Co-production; Domestic Hot water, Dynamic 
simulation, TRNSYS, Integrated systems 
 

 
 
 
 
 



Page  II   Doctoral Thesis / Uday Kumar N T 

Sammanfattning 
 
 
 
 
 
Integrering av membrandestillering och solvärmesystem för samproduktion av rent 
vatten och värme 
 
Färskvattenresurser är en bristvara i Mellanöstern och Nordafrika, och för dricksvatten är 
befolkningen beroende av avsaltat vatten på flaskor. Buteljeringen omfattar stora resurser 
och är energikrävande, därför behövs nya hållbara lösningar för att tillgodose 
dricksvattenbehoven. Huvudmålet med projektet är att förse dricksvatten till stadsområden 
genom integrering av membrandestillering och soltappvärmevatten. I detta arbete har 
laboratorieskaliga experiment genomförts med en membrandestilleringsenhet för att 
undersöka påverkan av processbetingelser på destillatframställningen. Särskild vikt lades på 
identifieringen av relevanta processtillstånd för integrerat solvärmesystem. Samtidigt har en 
enkel empirisk modell, skapad genom responsytortekniker, implementerats och validerats 
mot experimentella data. Den validerade modellen har sedan använts i dynamiska 
simuleringar för ett soldrivet membrandestilleringssystem. En pilotanläggning designades 
och installerades vid RAK Research and Innovation Center i UAE. Experimentella 
undersökningar genomfördes med detta kombisystem för samproduktion av rent vatten 
(cirka 15-25 L/dag) och varmvatten för en familj på fem personer. En dynamisk simulering 
med mjukvaran TRNSYS har utvecklats för att fastställa systemets optimala 
driftsparametrar. En ekonomisk analys visar goda återbetalningstider för kombisystemet 
jämfört med separata system. En andra pilotanläggning som integrerade en större 
membrandestilleringsenhet och absorptionskylare designades och byggdes. 
Kombisystemets prestanda för samproduktionen av värme, kyla och rent vatten analyserats 
för olika integreringsalternativ. 
 
Nyckelord: soldriven membrandestillering, samproduktion, tappvärmevatten, dynamisk 
simulering, TRNSYS, kombisystem 
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1 Introduction 
 
 
 
 
 
 
1.1 Context and Motivation 
 
The earth has 97% of its water in saline form, and 2.5% fresh water is frozen in icecaps. The 
remaining 0.5%, accounting for 10 million km3, corresponds to the available fresh water and 
its sustainable utilization and protection is vital for human survival [Byrne et al.; 2015]. 
Increasing population, rapid industrialization, uneven distributions of fresh water to 
populations and changing patterns of rainfall elevate the worldwide issue of water scarcity. 
According to a United Nations estimation, nearly 1.8 billion people around the world will be 
under severe water scarcity by 2025 [UN-Water]. Many regions containing populated 
centers are becoming vulnerable with increased water supply requirements and have 
increasing difficulties in coping with stakeholder demands [Kalagirou; 2005, Ghaffour et al.; 
2013, Stocker et al.; 2013]. Methods of addressing such water supply issues include treatment 
and reuse of wastewater, desalination, as well as adopting water conservation schemes. 
 
Desalination is being increasingly adopted in addition to traditional water supply methods 
in order to reduce water scarcity and to cater the demands of increasing population [Einav 
et al.; 2002, Wittholz et al.; 2008]. Some eighty countries in the world face severe water 
shortages [Karagiannis et al.; 2008], whilst some countries such as Saudi Arabia, United 
Arab Emirates (UAE) and Kuwait currently depend almost entirely on desalination for 
supply of water [Khawaji et al.; 2008]. The UAE has become leader in implementing 
alternative methods for creating fresh water resources through desalination, and it has a 
capacity to produce 1875 million cubic meters per day through desalination that covers 70% 
of the total water demand [UAE Statistics; 2013]. 40% of the total water demand accounts for 
domestic and industrial sector which is completely covered by conventional desalination 
plants operated either with Multi Stage Flash (MSF), Multi Effect Distillation (MED) and 
Reverse Osmosis (RO) technologies. Conventional desalination processes predominantly 
require large amounts of electrical and thermal energy. According to the UNDP [2014]: 
"Desalination is very energy-intensive and developing solar-powered desalination technologies should 
be a top priority in Arab countries. R&D investments to identify optimal technical solutions and 
products for solar desalination and cogeneration could improve the region’s social and economic 
condition". 

In UAE, the per capita water consumption is 2.5 to 3 times more than global average of 180 
liters out of which 60% is consumed from the taps whereas the remaining through bottled 
water [SCAD; 2014, IBWA; 2014]. Although utility distribution authorities state that the 
desalinated water is safe to drink, more than 90% of population avoids drinking tap water 
due to potential health, hygiene concerns and lifestyle preferences [Maraqa and Ghoudi; 
2015]. This highlights the issue of reliance on bottled water by urban population and, in fact, 
UAE stands as sixth largest per capita bottled water consumer in the world [IBWA; 2014]. 
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Apart from desalination, bottling of water is another form of energy intensive process which 
is considered as an unconventional source [Gleick and Cooley; 2009]. The energy used for 
bottled water is very high, between 1000 to 5000 times that of municipal distributed 
desalinated water per unit of energy [Karagiannis and Soldatos; 2008]. Point-of-use (POU) 
tap water purifiers represent a viable complement or alternative to bottled water, and if 
designed right can lead to reduced energy and material demands [Murcott; 2016]. 
Employing distillation processes in POU water purifiers has distinct advantages over other 
options, in particular concerning separation efficiency: such processes can theoretically 
remove or destroy all pathogens and remove all minerals, while VOC’s can be stripped 
[Mintz et al.; 2001]. 
 
The challenge is to create sustainable solutions for drinking water provision using clean, 
affordable energy. One potential solution to meet this challenge is to utilize available solar 
energy sources efficiently enabling increased energy independence and reduce global 
warming as well. When solar thermal energy is available and distillate is preferred, the most 
suitable option for small sized systems is solar distillation [Mathioulakis et al.; 2003]. Among 
various solar distillation technologies available, Membrane Distillation (MD) has been 
proven ideal for exploiting waste heat or solar thermal resources for small scale applications 
due to the ability of tolerating intermittent and fluctuating conditions [Qtiashat and Banat; 
2013]. In the recent years, there has been an exponential growth in MD related research 
activities. Since its invention in 1963, MD was researched for wide range of applications 
including desalination, concentration of brine and fruit juices, treatment of radioactive 
solutions, acids removal of heavy metals dyes, VOC’s, wastewater treatment, etc. [El-
Bourawi et al.; 2006]. Beginning from the early 2000’s, several pilot and demonstration 
plants have been installed by MD technology developers or promoters. However, there is no 
full-scale large MD plant operational up until now [Thomas et al.; 2017]. A major obstacle to 
commercial deployment is the requirement of high thermal energy demand. To overcome 
this obstacle, careful attention is needed in integrating MD with the thermal source within 
the context of specific applications [Woldemariam; 2017].  
 
Hot water requirement is also an important segment of energy demand in the domestic 
sector of UAE where the majority uses electric water heaters [Sgouridis et al.; 2016]. Water 
heating using solar thermal collectors is commercially available in UAE but currently its use 
is limited mostly to hotels and government funded housing [IRENA; 2015]. This significant 
untapped potential of solar water heater installations for residential households is picking 
up in recent times due to changes in policies and regulations. Annual solar insolation of 
more than 2000kWh/m2 in UAE could be sufficient to run a solar domestic hot water 
(SDHW) system at more than 90% solar fractions for residential application [Kumar and 
Martin; 2014]. A brief research on the design approach of UAE-based suppliers of solar 
heaters reveals the fact that the majority of SDHW systems (60%) is designed for solar 
fractions less than 75% [Estidama; 2015]. Moreover, in UAE hot water is needed during the 
months from September to May, and since piped water is preheated to 35 to 45oC during the 
summer months, solar thermal systems would be less efficient during this period [Sameer et 
al.; 2015]. Due to the availability of high solar heat in summer along with low DHW 
demand, solar thermal heaters do not exploit their full potential leading to low specific 
collector yield, even with high annual solar fraction [Ghafoor and Munir; 2014]. 
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Due to the rising energy demands for urbanization, the residential building council in UAE 
promoting shift to SDHW heaters to regulate energy demand and also adapting sustainable 
practices for conserving drinkable water used by residential population [Griffiths; 2017]. 
Considering the recent shift in the region towards solar energy exploitation and the ability of 
MD technology to couple with solar systems has motivated the development of novel 
concepts for solar combined MD system for co/tri generation applications. Each system is 
intended to address the aforementioned bottled water issue by substitution of a reliable 
POU water purifier.  The current investigation presents research on combination of solar 
thermal systems and MD for two possible applications: 

1 Small-scale household units where potentially contaminated tap water is the source.  
2 Medium-scale commercial units potentially applicable for hotels or office buildings 

where brackish salt water is the source 

The research project has been initiated through funding from the government of Ras Al-
Khaimah, UAE in conjunction with KTH, RAK Research and Innovation Center (RAKRIC, 
previously CSEM-uae), American University of Ras Al-Kamiah and Scarab Development 
AB, Stockholm (provider of semi-commercial membrane distillation modules). 

1.2 Research Objectives  
 
MD systems are operated at the similar range of temperatures obtained from low 
temperature solar heaters. However, while combining MD based water purification unit 
with a solar energy source, it is necessary to investigate influence of energy source 
fluctuations on the operational parameters. Solar intensity is known to fluctuate largely 
throughout the day, subsequently so will the inlet feed temperature on the MD unit which 
in turn affects the quantity of the distillate produced. Therefore, transient behavior of the 
solar integrated system should be investigated for co/tri-generation operation. The overall 
aim of the study is to experimentally evaluate the integration strategies that eventually lead 
to the development of applications for solar driven combined system for co-production of 
domestic heat and pure water. 

Specific Objectives: 

 Experimental characterization of a single-cassette semi-commercial AGMD module 
and numerical modeling based on experimental design 

 Design and development of a pilot test prototype for performance evaluation of both 
single-cassette and multi-cassette MD modules and solar thermal collectors suitable 
for co-production applications. 

 Experimental analysis of the integrated systems in various modes of operation for 
identification and analysis of important process parameters affecting the patterns of 
distillate collection and energy demand. 

 Techno-economic analysis for parametric optimization and dynamic simulation of 
integrated systems to analyze annual performances.  

 Analysis of the overall energy, economic performance improvement of integrated 
systems through comparison of standalone operation of MD and solar heaters. 
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1.3 Structure of Thesis 
 
This thesis is divided into following seven chapters;  
 
Chapter 1 provides brief introduction, motivation and background for this research work 
This chapter also presents the objectives, research scope and methodology of the thesis. 

Chapter 2 presents review on solar driven desalination technologies specifically focusing on 
adaptability of solar MD integrated systems for co/poly generation applications.  

Chapter 3 describes experimental characterization of a single-cassette AGMD module along 
with development of an empirical model based on response surface methodology (RSM). 

Chapter 4 provides description of pilot plant installation, detailed experimental analysis on 
various integration modes showing the technical feasibility of co-generation.  

Chapter 5 utilizes the RSM empirical model and data from experimental analysis on pilot 
system to simulate the co-generation system for dynamic analysis. Commercially available 
software (TRNSYS) was used for techno-economic optimization of system parameters. Also, 
a detailed energetic and economic benefits were presented in comparison with individual 
operation. 

Chapter 6 presents experimental evaluation of a multi-cassette AGMD module for co/tri-
generation applications and explores the benefits of integration through economic 
assessment and sensitivity analysis.  

Chapter 7 contains conclusions and discussion of thesis work. The need for future work is 
also presented in this chapter. 

 
1.4 Methodology and Limitations of Research 
 
Extensive experimental investigations were conducted for module characterization and for 
all integration approaches considered. The experimental studies were performed using a 
bench scale single-cassette MD unit and a pilot scale multi-cassette MD system. To identify 
potential integration strategy and then to simulate the full-scale process dynamics, the 
following methodologies were employed: literature survey of solar driven 
desalination/water purification technologies particularly relevant to solar driven MD 
systems; experimental characterization of MD module and development of empirical 
models. Pilot-scale investigations on integrated systems and dynamic simulation studies for 
techno-economic optimization of system input parameters. A comparison of economic 
benefits of MD integrated systems over the alternatives is discussed, including an analysis 
on adaptability of integrated systems for various climatic conditions. 

In order to make the investigation tractable certain aspects were omitted. For example, 
practical issues related to membrane scaling and detailed quantification of distillate quality 
analysis are not included in this dissertation. Moreover, in order to qualify the water to be 
suitable for drinking, further processing via post mineralization and post treatment options 
have to be considered which are beyond the scope of the present work. Also, the need for 
long term studies to analyze membrane regeneration (flushing the scales, acid washing etc.) 
cycles and to estimate membrane replacement periods falls beyond scope of this work. 
Seasonal/daily variation of DHW withdrawal patterns were not considered. For multi 
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cassette MD pilot studies, feed water concentrations are varied with diluted sea water and 
the need for pre or post treatment options were not presented. Experimental investigations 
using pilot MD unit carried in summer, autumn periods and the results are assumed to be 
applicable for other seasons as well for the simplified economic analysis. 
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2 Literature Review 
 
 
 
 
 
 
 
The literature review presented in this chapter begins with a brief overview and current 
advancements related to solar driven desalination technologies. Particular attention has 
been given to solar driven membrane distillation system and their adaptability for co/poly 
generation system development. Also, a brief review is presented on solar based water 
heaters in context of the UAE region.  
 
2.1 Solar Desalination 
 
Solar desalination or water purification plants are characterized by a potentially free energy 
supply and are suitable especially in remote arid areas and for small scale production where 
the availability of conventional energy supplies are limited [Zhani et al.; 2016]. They can be 
classified into direct and indirect solar desalination processes as shown in Fig. 2-1. Systems 
that utilize solar thermal energy and produce pure distillate directly in the solar collector are 
termed as direct solar desalination systems. Indirect systems use solar energy to generate the 
thermal energy required for water purification and/or to generate electrical energy required 
to power solar desalination plants of various capacities. Based on the scale of operation, 
operational temperature range, conventional desalination systems could be coupled with 
solar collectors (Thermal or PV) making it a solar powered desalination system. 
 

Solar Desalination Direct Desalination System

Indirect Desalination System

Solar Stills

Solar Chimney

Solar Humidification-
Dehumidification

Non- Membrane based 
Desalination

Membrane based 
Desalination

Multi-Stage Flash (MSF)

Multi-Effect Distillation (MED)

Vapor Compression (VC)

Freeze Desalination (FD)

Adsorption Desalination (AD)

Natural Vacuum Desalination

Electrodialysis (ED)

Membrane Distillation (MD)

Forward Osmosis (FO)

Reverse Osmosis (RO)

Organic Rankine Cycle Operated

PV Operated

 
Figure 2-1. Solar Desalination Techniques classification [Sharon and Reddy; 2015] 
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2.1.1 Direct Solar Desalination 
 
Every process has its inherent limitations and advantages depending upon operation and 
application of the system. Table 2-1 summarizes advantages and limitations of direct solar 
desalination systems. Solar stills operated with basic principle of evaporation and 
condensation are suitable only for small scale water production. They are cheap in 
construction but occupy large area which makes them inefficient for large scale applications 
[Sharon and Reddy; 2015]. Solar chimney is a type of direct solar desalination that converts 
solar thermal energy into kinetic energy which is then converted into electrical energy using 
turbo-generator for combined production of power and potable water [Zhou et al.; 2012]. 
Co-production using solar chimney seems attractive but possible only if large area of 
wastelands or coastal regions are available. Another more popular technology of direct solar 
desalination is based on humidification–dehumidification process. For efficient operation 
using this process the number of stages must be increased, and for large scale applications 
this might increase costs significantly. This technology is more suitable for decentralized low 
production capacity operation [Narayan et al.; 2010]. 
 

Table 2-1. Advantages and limitations of direct solar desalination systems 
Solar Stills Solar Chimney Solar Humidification-

Dehumidification 
Easy to construct with 
locally available materials 
Eco-friendly, Low 
maintenance and operation 
costs 
High quality product 
 
Low distillate yield/m2 area 
Low efficiency and requires 
large area 

Combined production of 
power and water 
Salt is obtained as byproduct 
Waste barren land could be 
used 
Can treat any wastewater 
 
Low water production cost 
Very high capital costs 
Large area needed and heavy 
structure need engineering 
expertise and materials  

More flexible with low installation 
and operation costs 
Any low grade heat can be used 
Suitable for decentralized operation 
 
Requires large number of stages for 
increasing efficiency 
Higher capital and water 
production costs 

 
2.1.2 Indirect Non-membrane based Solar Desalination 
 
Indirect non-membrane based solar desalination consists of various conventional and non-
conventional technologies as listed in Table 2-2. Mature technologies like MSF, MED and VC 
systems could be easily integrated with solar systems for large scale water production but 
the issues in terms of corrosion, high operational temperatures limit long term operation of 
these technologies [Mezher et al.; 2011]. Al-Karabsheh and Goswami [2003] used flat plate 
solar collectors for supplying heat to desalinate 100 l/day of water using natural vacuum 
desalination. Electrical energy demand can be reduced through natural creation of vacuum 
by allowing fall of water under gravity and flashed water vapor using solar thermal heat. 
Freeze desalination is another advanced technology that theoretically requires less energy 
than other desalination systems. Studies of integrating this technology with solar source are 
limited due to the high costs involved in such operation [Qiblavey and Banat; 2008]. Another 
technology used for co-production of pure water and chilling energy is Adsorption 
desalination. It is found to be more suitable for dairy or food processing industries that 
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require both cooling and pure water. Wu et al. [2012] investigated possibility of integrating 
such system with solar energy source, however field experimental tests are needed to 
validate its reliability in long term operation.  
 

Table 2-2. Advantages and limitations of non-membrane indirect solar desalination systems 
Conventional non-membrane based desalination technologies 

Multi Stage Flash (MSF) Multi Effect Distillation (MED) Vapor Compression (VC) 
Suitable for large scale 
operation 
More reliable and tolerates 
feed quality changes 
High distillate quality 
Minimal or no feed pre 
treatment 
High energy demand 
Corrosion due to high 
temperatures 
Plant is costly and heavy 

Low thermal energy demand 
Operation possible below 70oC 
Reliable and high quality 
distillate 
No pre treatment 
CO2 emissions lower than MSF 
Utilizes electrical energy for 
vacuum pump 
Heavy, costly and suffers with 
corrosion problems 

High efficiency 
Additional cooling not required 
Low energy demand 
Suitable for low capacities 
Less pretreatment and quality 
distillate 
Corrosion of compressor 
High initial and water 
production costs Low 
environmental impact 

Non-conventional non-membrane based desalination technologies 
Natural Vacuum desalination Freeze desalination Adsorption desalination 
Wastewater, sewerage and 
saline waters can be treated 
Reduced water production 
costs 
Low temperature heat source 
Organic matter destruction in 
product is prevented 
Non-Condensable gases are 
not removed 

Low energy requirements 
Reduced corrosion and scaling 
Complexity in handling ice and 
water mixture 
Costly equipment 
Complicated refrigeration 
system 
Freshwater need for washing ice 
produced before melting 

Solar or waste heat can be used 
No possibility of bio-fouling 
Less corrosion  
 
Less maintenance due to 
presence of less movable parts 
High quality distillate 
Chilled water can be produced 
as well 

 
2.1.2 Indirect Membrane based Solar Desalination 
 
Advances in membrane based technologies during the past decades has shifted the 
desalination industry towards reverse osmosis (RO) technology. RO plants could be 
integrated easily with solar photovoltaic panels or operated with solar thermal driven 
organic Rankine cycle [Sharon and Reddy; 2015]. PV-RO technique is one of the lowest 
energy demanding technology among other desalination techniques [Garg and Joshi; 2015]. 
However, PV-RO systems has highest specific capital cost for large scale deployment 
compared to concentrated solar thermal power driven desalination techniques because of 
expensive electric energy storage using batteries [Darwish et al.; 2016]. Most of the solar 
desalination research was focused on small scale PV powered RO systems and solar 
distillation [Camacho et al.; 2013] and few studies carried out using ED process [Oritz et al.; 
2007]. In spite of reliability of RO process, certain drawbacks related to membrane life and 
fouling has shifted the focus of researchers on technologies like membrane distillation (MD) 
and forward osmosis (FO), listed as non/semi-commercial systems in Table 2-3 [Sharon and 
Reddy; 2015]. Such MD and FO desalination systems could be operated easily integrating 
with solar energy or waste heat and are flexible to use in combination with conventional 
technologies for treating brine or enhancing the recovery of desalination plants. MD requires 
less pretreatment compared to RO systems but requires large membrane areas for separation 
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[Drioli et al.; 2015]. These potential advantages of MD have generated interest among the 
research community, and several techniques have been developed for efficient operation of 
the process. Development of effective membranes and compact and cost-effective modules 
for MD along with recovery of draw solutions for FO are major challenges to be addressed 
[Cath et al.; 2006]. 
 

Table 2-3. Advantages and limitations of membrane based indirect solar desalination systems 
Conventional and commercial membrane based desalination technologies 

Solar PV powered RO  Solar Thermal driven RO  Electro dialysis (PV powered) 
Flexible in expanding capacity 
Easy operation 
Operation at ambient 
temperatures 
Portable and compact units 
Highly suitable for brackish and 
ground water treatment 
Low power demand 
Short life time for membranes 
Requirement of pre-treatment 
Biological fouling of 
membranes 

Low temperature operation 
RO pumps run with direct 
mechanical energy and no 
loss of efficiency 
Low operation and 
maintenance  
Environmental friendly due 
to absence of batteries 
Flexible, safe operation 
Non-skilled labor can be 
employed 

High water recovery 
Longer membrane life and better 
stability 
Reduced scaling and membrane 
fouling  
Less pretreatment of raw water 
Easy startup and shutdown 
Low pressure operation 
Micro-organisms are not removed 
Salt deposition on membranes 
Energy demand and water cost 
increase with salinity of raw water 

Non/Semi-commercial  membrane based desalination technologies 
Membrane distillation (MD) Forward osmosis (FO) 
No high pressure and low temperature operation 
Reduced leakage compared to RO 
Treatment of high saline and changing feed 
waters 
Simple operation compared to RO  
Pre-treatment is not necessary 
Membrane wetting and expensive membranes 
Large membrane area requirement 

Operation at low or no hydraulic pressure 
High salt rejection 
Less fouling of membranes 
Simple equipment with membranes needing less 
support 
Low energy use and low temperature operation 
Lack of high performance membranes 
Lack of efficient draw solution recovery process  

 
2.2 Membrane distillation systems driven by solar energy 
 
2.2.1. MD process 
 
Membrane distillation is a thermal driven process in which the vapor pressure difference 
between the hot and cold side is the main driving force. The feed water solution maintains a 
direct contact with one side of hydrophobic membrane which prevents penetration through 
its dry pores. At normal operating temperatures (around 80oC or lower), water in the feed 
solution vaporizes and pass through a microporous membrane and condenses on the other 
side [Cippolina et al.; 2015]. Based on the various modes of vapor condensation in the cold 
side, MD process can be divided into direct contact membrane distillation (DCMD), air gap 
membrane distillation (AGMD), vacuum membrane distillation (VMD), and sweep gas 
membrane distillation (SGMD) as shown in Fig. 2-2. DCMD is the most studied MD 
configuration due to simplicity and ease of handling. However, energy efficiency is low for 
DCMD due to conduction heat losses. A stagnant air gap is interposed between the 
membrane and a condensation surface as in the case of AGMD, increases the thermal energy 
efficiency of the process inherently [Alkhudhiri et al.; 2012]. However, various issues related 
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to high specific thermal energy demand, membrane development specific for AGMD 
operation and also efficient module designs need to be addressed for efficient operation of 
AGMD. Hence, apart from the conventional AGMD processes, various configurations have 
been developed by researchers namely liquid gap membrane distillation (LGMD) or 
permeate gap membrane distillation (PGMD), material gap membrane distillation (MGMD) 
and conductive gap membrane distillation (CGMD) [Frasis et al.; 2013, Essalhia et al.; 2014, 
Swaminathan et al.; 2016]. 
 
Direct Contact Membrane Distillation (DCMD) Air-Gap Membrane Distillation (AGMD) 

 

Advantages 
High permeate flux 
Possible internal heat 
recovery 
Disadvantages 
High conductive heat 
losses 
High temperature 
polarization 
Permeate mass 
contamination risk 

 

Advantages 
Internal heat 
recovery possibility 
Low conductive 
losses 
Low polarization 
effect 
Disadvantages 
Low permeate flux 
due to mass transfer 
resistance 

Sweeping Gas Membrane Distillation (SGMD) Vacuum Membrane Distillation (VMD) 

 

Advantages 
Low conductive heat 
losses 
High permeate flux 
 
Disadvantages 
Complicate handling 
of sweeping gas 
Difficult heat 
recovery 

Advantages 
Low conductive 
heat losses 
High permeate flux 
 
Disadvantages 
Risk of pore wetting 
is high 
Difficult heat 
recovery 

Figure 2-2. General configurations of membrane distillation 
 
2.2.2. MD technology developers and promoters  
 
Since its advent in 1970, many developers have made earnest efforts to commercialize 
efficient MD processes and modules.  MD technology has gained momentum in the past 
decade and several promoters fostered the commercial of implementation MD systems as 
shown in Table 2-4. In spite of latest advancements in MD configurations, most of the 
commercial/semi-commercial MD systems operated in the world constitute of air-gap or 
vacuum MD techniques, with Polypropylene (PP), Polyvinylidene fluoride (PVDF) and 
Polytetrafluoroethylene (PTFE) the most common membrane materials [Eykens et al.; 2017]. 
These membranes are in turn stacked together to form various configurations such as; plate-
and-frame, spiral wound and hollow fiber MD modules as shown in Fig. 2-3.  
 
Dated back to 1988, a first flat plate air gap membrane distillation system was developed by 
the Swedish Svenska Utvecklings AB [Alklaibi et al.; 2004]. Today such modules are 
manufactured and commercialized by SCARAB Development AB. Solarspring GmbH, a 
spinoff from Fraunhofer Institute develops spiral wound AGMD modules for desalination 
applications and has tested at various locations across Europe and MENA region. A Dutch 
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based company TNO has developed a multistage AGMD system both with plate-and-frame 
and spiral wound configurations. These units are termed as Memstill and Aquastill 
promoted by various international companies. Apart from AGMD, Memsys developed flat 
plate VMEMD systems and KmX corporation recently developed hollow fiber VMD 
modules for commercial applications [Thomas et al.; 2017]. 
 

Table 2-4. Commercial MD technology developers and process utilized 
Technology developer MD Process Notes 
Scarab Development 
AB, Sweden 

AGMD 
 

Technology is promoted as XZero, HVR and Elixir water 
purification systems using flat sheet modules 

Solar Springs GmbH, 
Germany 

AGMD Spin-off from Fraunhofer Institute for Solar Energy 
Systems/provides complete MD systems  

TNO, Netherlands DCMD, 
AGMD and 
PGMD 

Developed Memstill technology promoted by Aquastill for 
spiral wound modules, Keppel Seghers and BuleGold 
technologies promotes flat sheet configuration of Memstill. 

Memsys GmbH, 
Germany 

VMEMD  Develops multi-effect flat sheet VMD systems licensed to 
Aquaver. New Concept Holdings Limited (NCHL) 
acquired assets of Memsys in 2016. 

KmX Corporation, 
Canada 

VMD Aqua-sepTM technology for brine concentration using 
hollow fiber VMD systems 

 
(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
Figure 2-3. Pilot plants of MD systems from different suppliers. a) Xerox [Scarab AB], b) Solar spring AGMD 
system [Fraunhofer ISE, 2014], c) Aquastill pilot system [Aquastill, NL] d) Memstill system [Hanemaaijer et 

al.; 2006] e) Memsys VMEMD [Aquaver, 2014] and f) Aqua-sep Membranes [KmX Corporation] 
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2.2.3. Solar driven MD projects/pilot plants 
 
Solar membrane distillation (SMD) is considered an appropriate water provision option in 
decentralized regions. For rural arid populations with less robust infrastructure availability, 
it is not cost-effective to scale down conventional desalination technologies, such as RO or 
MSF [Koschikowski et al.; 2009]. Moreover, MD requires less vapor space and building 
material quality compared to conventional thermal distillation processes leading to 
potentially lower construction costs [Zhani et al.; 2016]. As mentioned earlier, another 
reason for coupling membrane distillation technology with solar energy source is due to its 
high tolerance to fluctuations in operating conditions and operation with low grade thermal 
energy. Since MD is operated at the similar range of temperatures obtained from low 
temperature solar heaters, integration is straightforward [Chen et al.; 2012]. Selection of solar 
collectors depends upon the location, and low grade thermal energy absorbing collectors 
like flat plate (FPC) and evacuated tubular (ETC) collectors have been considered as a 
thermal source for MD by many researchers. Apart from these, compound parabolic 
collectors (CPC), solar stills and solar gradient ponds were also considered as thermal 
sources for various MD systems [Burrieza et al.; 2015, Banat et al.; 2002, Lu et al.; 2001].  

Since the present research focuses on air-gap MD module configuration, the literature search 
is narrowed to solar driven AGMD systems. In fact, AGMD systems has been widely 
studied in conjunction to solar driven applications due to simplicity in design and 
advantage of low parasitic conduction heat losses [Khayet; 2011]. A publication by Hogan et 
al. [1991] is one among the first few that discussed coupling MD with solar heating. Later, 
solar MD system development was supported with the European Commission (EC) funded 
research projects SMADES, MEMDIS, MEDIRAS and MEDESOL. Table 2-5, provides list of 
several pilot and demo scale solar driven AGMD systems developed during the past two 
decades with varying capacities from 0.5 – 5 m3/day.  

Table 2-5. Pilot scale solar driven AGMD systems 
Project/Company Location Capacity Energy Source Notes 
SCARAB El-paso, USA - Solar pond Pilot plant 

SMADES/Solar Springa  
Compact systems Jordan, Morocco 

and Egypt 
0.12 m3/day Solar FPC+PV STED: 200-300 kWh/m3 

Water cost: 15$/m3 
Large system Aqaba, Jordan 1 m3/day Solar FPC+PV Flux: 2-11 l/m2.day 

Water cost: 18$/m3 
MEMDIS/Solar Springb  Air gap is filled with 

condensed vapor thus 
making it PGMD system 

Compact system Gran Canaria 8 l/h Solar FPC+PV 
Large system Gran Canaria 70 l/h Solar FPC+PV 

MEDIRAS /Solar Springc  
Compact system Tunisia 0.15 m3/day Solar FPC+PV Coupled with UV 

disinfection system Compact system Spain 1.4 m3/day Solar FPC+PV 
Two-loop system Spain 3.69 m3/day Solar FPC+PV STED: 300 kWh/m3 
Two-loop system Italy 5 m3/day FPC (20%) + 

Waste heat (80%) 
STED: 271 kWh/m3 

MEDESOL/Scarabd  
Multistage AGMD Almeria, Spain 1-2m3/day Solar CPC STED: 800-1200 kWh/m3 

Flux: 7 l/m2.day 
a) Banat et al.; 2007, b) Subiela et al.; 2009, b) Zhani et al.; 2016, d) Galveza et al.; 2009 
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The SMAll-scale, stand-alone DEsalination system (SMADES) and MEMDIS projects were 
developed to provide sustained water supply to people living in remote areas away from 
the public grid. Eight pilot plants using spiral wound AGMD modules developed by solar 
spring were installed at various locations with capacities 0.1-1 m3/day. An extension of the 
MEMDIS project was MEDIRAS in which five more solar driven MD demonstration systems 
were installed increasing the capacities up to 5m3/day. Compact systems are coupled with 
UV disinfection and post mineralization units for producing drinking water [Zhani et al.; 
2016]. The heat supply for the demonstration plant in Italy was hybrid with solar and waste 
heat. Researchers concluded that constant waste heat source have economic benefits over 
solar thermal collectors to meet the heat supply requirements for MD [Schwantes et al.; 
2013]. In the MEDESOL project, Guillen et al. [2011] investigated a CPC field integrated 
multi-stage AGMD system having a 3 modules in series each having 2.8 m2 of effective 
membrane area. A distillate flux of 7 kg/m2 h is obtained and it proved to be suitable for 
coupling with transient solar radiation profiles. However, distillate production and specific 
thermal energy demand (STED) were affected when scaled-up from laboratory setup 
[Camacho et al.; 2013].   
 
Horta et al. [2015] assessed the use of commercial low-temperature solar thermal collectors 
with various layouts and optimum system dimensioning was studied in terms of water 
production costs at different locations. They concluded that the costs related with solar 
energy supply are highly dependent on specific energy demand of the desalination system. 
Researchers reported that specific thermal energy demand for MD varies between 100 to 
9000 kWh/m3 with low GOR (Gain output ratio) values. Based on the energy demand, the 
water costs derived for implementation of solar MD systems ranges from 0.3 $/m3 and 130 
$/m3. Specific electrical energy demand reported by various researchers ranges between 0.5 
to 2 kWh/m3 depending on MD system configuration [Saffarini et al.; 2012]. Implementation 
of standalone solar MD systems may be possible if the cost of PV panels, solar heaters, the 
membranes or other fixed capital costs items can be reduced. However, some specific areas 
of improvement identified to enhance performance of solar driven MD systems are: 

 Reduce heat losses with proper insulation  
 Optimal sizing of thermal storage tank 
 Design of MD modules and system based on location and raw water conditions 
 Identification of suitable MD channel length based on heat source availability 

2.2.4 Solar driven Co/Polygeneration using MD systems  
 
For a solar driven MD system, even though the initial costs of development are a limitation, 
the costs related to operation and electrical energy are minimum once the system is installed 
[Qtaishat and Banat; 2013]. In such case it is important to considered above mentioned 
improvements to enhance operational performance. Optimal sizing and proper integration 
of system components plays a major role in minimizing initial costs of solar MD systems. In 
general MD systems could be integrated with solar energy source in two ways: direct or 
indirect integration. For example, Banat et al. [2007] designed and manufactured a compact 
solar driven AGMD system directly integrated with solar collectors without external heat 
exchanger to achieve higher performance by reducing heat losses. However, this integration 
has a disadvantage in that the solar collector should withstand seawater and requires high 
solar irradiation during operational hours due to absence of thermal storage. A more flexible 
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and common approach involves the use of thermal energy storage, as exemplified by 
Chafidz et al. [2014], who developed an integrated solar driven multi effect VMD system 
with integrated thermal store. The thermal store was shown to provide stability in 
operation, although drawbacks like heat losses, operational time lag, and reduction in 
supply temperature were observed.  
 
Beyond direct and thermal store configurations, MD can be combined with one or more 
heat-driven components to provide services in addition to desalination or water purification. 
Integrating multiple thermal processes is one of the efficient ways to augment the energy 
efficiency of system or plant, which can be achieved by developing co or polygeneration 
systems [Calise et al.; 2014]. Combined heat and power (CHP) generation is a common 
practice in large sale thermal driven desalination plants in the Middle East [IRENA; 2015]. 
Similar to conventional systems MD process could be effectively operated by recovering the 
waste heat from CHP plants. Few MD pilot plants were also operated using waste heat as 
energy source which is more preferable than solar energy source in terms of economic 
benefits [Mohan et al.; 2014]. The Memstill pilot plant in Rotterdam, Netherlands is an 
example of sea water desalination driven by waste heat from an incineration plant [Jansen et 
al.; 2010]. Waste heat (< 40°C) from a gas fired power station was utilized for a small DCMD 
pilot unit with capacity of 1.3 – 3.5 L/h [Dow et al.; 2016]. Aquaver developed several pilot 
and demonstration VMEMD plants using waste heat from diesel generators [Memsys; 2014]. 
 
In terms of AGMD integration, Liu [2004] analyzed different possibilities to integrate 
membrane distillation with heat recovery chiller and gas engines for production of cooling, 
power and water for chip manufacturing unit. Liu and Martin [2006] investigated 
integration of a small-scale commercial AGMD in thermal cogeneration plants. Experimental 
data was scaled up to analyze the performance of a 10 m3/h unit supplied with heat either 
from the district heat supply line or low-grade steam. Heat recovery through district heat 
return line enable MD to achieve very low thermal energy demand values. Kullab [2011] 
experimentally and numerically analyzed the performance of AGMD system for utilization 
in cogeneration power plants. Khan et al. [2014] performed economic analysis of a small 
scale biogas polygeneration plant integrating AGMD providing fresh water for village 
households in Bangladesh. Daily electricity demand could be met with such as system along 
with simultaneous production of 2-3 l/person of pure water and 0.4 m3 cooking fuel [Khan; 
2017]. Mohan et al. [2014] investigated the possibility of integrating MD and absorption 
chiller with a traditional combined cycle power plant. Both the chiller and MD are 
completely driven by waste heat recovered from the power plant, leading to a 1.4 years 
payback period and cumulative savings worth $66 Million. 
 
However, for small scale residential applications it is not practical to obtain suitable waste 
heat sources. In such cases optimal exploitation of available solar energy sources would be a 
suitable option. Cogeneration and polygeneration systems for electricity production, 
heating, cooling and desalination powered by solar energy have been widely investigated by 
many researchers [Piccinardi; 2011, Buonomano et al.; 2013, Calise et al.; 2014]. However, 
little research is available in terms of solar MD driven co/polygeneration processes (apart 
from those publications which are a part of present work). Mohan et al. [2015] dynamically 
simulated a solar driven polygeneration system (STP) integrated with membrane distillation 
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and experimentally validated for UAE conditions. Asim et al. [2016, 2017], analyzed the 
feasibility of thermal store integrated MD system for co-generation of pure water and heat. 
 
2.3 Solar Domestic Heating systems in context of UAE  
 
For the production of domestic heat, different collectors with variable temperature ranges 
can be used depending upon the region and climatic conditions. Solar thermal heating 
systems account for 80% of the solar thermal market worldwide and are common nowadays 
for fulfilling different domestic and commercial needs [Wang et al; 2015]. For the production 
of domestic heat, different collectors with variable temperature ranges can be used 
depending upon the region, climatic conditions etc. Glazed flat plate collectors (FPC) 
accounts for 22.4% of the worldwide operational capacity and most commonly used in 
domestic heating systems. Whereas evacuated tube collectors (ETC) has high market 
penetration due to its wide temperature range (up to 150°C) and accounts for 70% of the 
operational capacity worldwide [Mauthner et al.; 2015]. Countries having low irradiance 
and overcast weather conditions widely uses ETC systems due to the advantage of low heat 
losses compared to FPC [Ad bur Rehman and Al Sulaiman; 2016]. In contrast, UAE receives 
high solar enabling to run any solar domestic hot water (SDHW) systems with high solar 
fractions [Asim et al.; 2016]. Therefore, proper selection of collector type for these conditions 
is crucial not only for maximum energy exploitation but also for maximizing economic 
benefits.   
 
Surprisingly, in GCC no country has national solar water heating target despite the 
abundant solar energy resources [Griffiths; 2017]. Solar water heating is in fact a very low 
cost and effective means of improving energy performance in the buildings sector. In Dubai, 
UAE installation of solar water heaters is mandatory for all new villas to provide 75% of 
domestic hot water requirements [Sgouridis et al., 2016]. Typical requirement of hot water in 
UAE would be 50 l/day per person [Estidama, 2015] and the withdrawal profile was 
assumed to be similar profile proposed by SRCC (Solar ratings & certification corporation) 
as shown in Fig. 2-4. Compared to ASHRAE profile, SRCC profile was chosen due to its 
pattern of high DHW demand during mornings which correlates with lifestyle in UAE.  
 

 
Figure 2-4. DHW Load profile showing fraction of hourly withdrawal (Adapted:  Shrivastava et al., 2017) 
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2.4. Summary of literature review 
 
Solar driven desalination has been gaining prominence in the Middle East in recent years. 
The literature study identifies low grade solar thermal energy obtained from standard solar 
domestic hot water (SDHW) systems as a platform for integration with membrane 
distillation technology for developing standalone point-of-use water purifiers. Strategically, 
integrating MD with solar heater is a befitting option to promote avoidance of unsustainable 
bottled drinking water and at the same time improve solar heater usability. Reported 
investigations illustrate that both direct solar integration and thermal store integration has 
its merits and demerits, and it also can be advantageous to integrate multiple thermal cycles 
to enhance the overall cycle efficiency.  
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3 Characterization and Empirical 
Modeling of Single Cassette AGMD  

 
 
 
 
 
 
In order to realize integration of membrane distillation unit into solar hot water system, a 
detailed characterization of air-gap membrane distillation module (AGMD) was performed 
to analyze the module behavior at controlled conditions. This section is the result of Paper-I 
which provides characterization experimental results and also describes the empirical 
modeling of the module. The model was validated with experimental data and finally, 
optimized operating parameters were identified for desired distillate production.  
 
3.1 Background of AGMD Module 
 
The present work utilizes a bench scale Air-Gap Membrane Distillation unit with a single 
membrane cassette developed in collaboration with an industrial research partner (Scarab 
Development AB, Sweden). Fig. 3-1 shows the layout of components in the bench scale MD 
module and also shown are photographs of the module fitted with the cassette in a plate and 
frame configuration. Specifications of the membrane cassette are as follows: 
 

 Material: Hydrophobic PTFE membrane 
 Pore size: 0.2 μm 
 Thickness: 280 μm 
 Total membrane area: 0.2 m2 

 

 
Figure 3-1. Bench Scale MD module (one side only) and photographs of cassette fitted into module 
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The AGMD module shown in Fig. 3-1 consists of a single cassette mounted between two 
aluminum condensing plates, behind which are located the cooling channels in a serpentine 
shape covered with rigid aluminum end plates. Two membranes, each of 0.1 m2 surface area, 
are thermally welded on to a polypropylene cassette frame to fit into the module. The hot 
feed flow comes in from the bottom of the cassette, and flows out from the top outlet located 
on the same side as inlet. Flow baffles are provided to separate hot feed into two channels 
towards the two membranes attached. An air-gap of around 5 mm is maintained on both 
sides. However, when the cassette is filled with feed, the membranes bulge outwards 
toward the condensation plates and the gap reduces to as low as 1 mm. This gap was 
controlled using a plastic spacer between membrane and condensation plate.  
 
The whole process can be summarized through description of flows in three channels: 

 Hot channel, where hot feed enters the cassette in contact with the membrane, and 
vapour is generated and passes through membrane 

 Air-Gap, where the space between outer membrane surface and condensation plates 
allows the vapour to condense and collect in a distillate channel at the bottom 

 Cold channel, where a flowing cold fluid in contact with other side of condensation 
plate absorbs the latent heat of condensed vapours 
 

 
Figure 3-2. Schematic diagram of bench scale experimental setup 

 

3.2 Bench Scale Experimental Setup 
 
A bench scale experimental setup as shown in Fig. 3-2 is designed for characterization of 
MD performance. The setup consists of a single cassette AGMD module connected with hot 
and cold water storage tanks. Feed water is taken from the municipal water supply and 
filled into a 20 l insulated stainless steel tank. For feed water with higher concentrations, sea 
water is diluted to the desired concentration levels for experimentation. Storage tank is fitted 
with a thermostat controlled electric heating elements on both sides to maintain hot feed 
temperatures for controlled experiments. Since the tap cold water temperatures are below 
10oC, the cold loop is designed in such way to experiment at high cold water temperatures. 
A large buffer tank of 1 m3 capacity is used to store hot water and the heat is exchanged with 
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cold water from the taps using a plate heat exchanger. A thermostatic mixing valve is used 
to control temperatures on cold side and manual valves to control flow on cold side. 
Temperatures, feed flows, feed and distillate conductivities are monitored and recorded 
using a data logger. 
 
Thorough experimental campaign was carried to analyze the effect of important parameters 
on distillate flux namely: feed inlet temperatures on hot and cold sides, hot side feed flow 
rate and feed concentrations as per the specifications shown in Table 3-1. Manufacturer 
recommended operational values were used during experimentation and some of them 
were varied and others were surpassed, namely maximum pressure. The module materials 
can withstand higher temperatures but they are sensitive to pressure on hot side of 
membrane, for that reason flow rate could only be varied between the specified ranges (4 to 
8 l/min). The maximum allowable line pressure should be around 0.2 bar according to 
manufacturer recommendations in terms of (a) maintaining membrane integrity, and (b) not 
exceeding liquid entry pressure (LEP: characteristic for membrane type beyond which liquid 
can pass through the pores).  
 

Table 3-1. Operational conditions of tested AGMD Module 
 
 
 
 
 
 
3.3 Characterization Experiments 
 
A set of preliminary experiments was first performed with municipal tap water as feed, and 
pure distillate was obtained at conductivities less than 5 μS/cm. Experiments were further 
extended with higher feed concentrations and pure distillate was obtained with 
conductivities less than 20 μS/cm. Salt rejection factor of more than 99.9% was obtained 
during all experiments. Detailed qualitative analysis of the distillate obtained using present 
MD cassette has been reported by Khan and Martin [2014].  
 
3.3.1 Effect of System Parameters 
 
Both hot and cold side temperatures have significant effects on distillate flux. Researchers 
[Khayet and Matsura; 2011] reported that effect of hot side temperatures were dominant 
compared to cold side. Fig. 3-3 shows the combined effect of changing feed evaporator 
temperature and coolant temperature from the experimental results. For the feed flow rate 
of 6 l/min, flux varies from 0.1 kg/h.m2 to 24 kg/h.m2. Khan and Martin [2014] conducted 
experimental analysis for arsenic removal using a similar module and reported fluxes of 20 
kg/h.m2 at a temperature difference of 45-50oC between hot and cold inlet temperatures; this 
result is in line with the present findings. It is evident that with increase and decrease of 
evaporator and coolant temperatures respectively, the water production rate increases. This 
was due to dominance of MD process by the difference in vapor pressure, which is 
expressed in terms of temperature by an exponential variation in Antoine’s equation. For the 
same temperature difference ∆T (THin - TCin), the difference of vapor pressures will have 

Operational parameter Specification 
Feed flow rate  4,6 and 8 l/min 
Hot water operation temperature 40 – 80oC 
Cold water  operation temperature 10 – 50oC 
Tap water conductivity  500 – 10000 μS/cm 
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different values depending on feed or coolant temperature and hence production varies 
accordingly.  
 

 
Figure 3-3. Effect feed inlet temperatures on distillate flux (Feed flow Vf  = 6 l/min) 

 
Fig. 3-4 shows the effect of feed flow rate on distillate flux at different hot inlet temperatures 
for a constant cold inlet temperature of 30oC. The plot indicates a slight increase in distillate 
flux within the investigated flow rate range, and the increase is not significant at low hot 
inlet temperatures. However, at high feed inlet temperature better mixing of fluid could be 
obtained with increased feed flow and hence significant increase in flux is observed. The 
results also show a significant influence of hot feed temperature on the distillate flux, which 
is enhanced by a factor 6-7 varying THin from 40oC to 80oC.  
 

 
Figure 3-4. Effect of feed flow rate on distillate flux (TCin = 30oC) 
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3.3.2 Thermal Performance 
 
A study with high cold side temperatures (up to 50oC) was carried out to analyze the 
thermal efficiency of the module over a wide range of coolant temperatures. Performance 
ratio (PR) was used to evaluate performance of AGMD and plotted as a function of 
temperature differences on hot and cold channels [Burrieza et al.; 2011]. The performance ratio 
is calculated as: 
  (3-1) 

where λ is the water latent heat of vaporization [2326 kJ/kg], Vd is the distillate volumetric 
flow rate, is  the water density as a function of the distillate temperature and atmospheric 
pressure,  is the thermal energy supplied to the system calculated using the energy 
balance equations: 
 
  (3-2) 
 
where,  and  is the feed flow rate to the MD module 
 
As shown in Fig.3-5, the performance ratio of the system decreases with increase in cold 
inlet temperatures and increases with delta T (THin - TCin). No heat recovery was employed in 
the process and hence PR values are less than 1. The PR values for a feed flow rate of 6 l/min 
varied from 0.6 to 0.8 which were in agreement with values reported in the literature for the 
large MD modules utilizing similar membranes [Burrieza et al.; 2011].  
 

 
Figure 3-5. Performance Ratio as a function of ∆T (THin - TCin) 

 
Specific thermal energy demand (STED), which is the thermal energy utilized to produce 
one kilogram of pure distillate is plotted against feed flow rate in Fig.3-6. Results show a 
linear response to flow rate and decreases with increases in the hot side absolute 
temperature. These dependencies are obvious due to increase in thermal capacity of feed 
stream and increase in distillate production, which leads to reduced specific demand values. 
By doubling the hot flow rate, STED increases by 25 - 35 % depending on the hot inlet 
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temperatures. At cold inlet temperature of 30oC specific demand ranges from 700 to 1100 
kWh/m3 of distillate produced.  

 
Figure 3-6. Specific thermal energy demand vs feed flow rate 

 
Optimum flow rate values must be chosen to reduce STED values in solar driven MD 
system which operates at various ranges of temperatures in real scenario. STED values 
include energy stored in the distillate and cold channel of the module. Also, losses due to 
conduction and convention were all accounted within the STED values. The real energy 
demand for producing pure water using AGMD module would be less than 25% of the total 
specific demand (75% recoverable losses), based on the results reported by Khan and Martin 
[2014].  
 
3.4 Empirical Modeling of AGMD Performance 
 
Several models describing the heat and mass transport phenomena inside MD modules 
were developed by several researchers as listed out in Table 3-1. MD models could be 
divided into four different categories depending on the information obtained from each 
model; 

 Understating the process and optimization of physical parameters 
 Synthesizing the membranes  
 Design of the module 
 Control of the MD process 

 
Nusselt and Sherwood equation based models are used modeling heat and mass transfer in 
feed channels. These models combined together with other mass transfer model for 
membrane to understand overall process and helps in optimizing the process parameters. 
Physical mass transport phenomena through the membranes could be modeled using 
various Fick's law, Dusty gas models or Schofield's equation. Kinetic theory of gases and 
structural network models could be more helpful in membrane synthesis generally used to 
simulate topology of membranes and pore distribution. Models based on CFD could be used 
for designing MD modules and also used to design spacers for enhancing mixing 
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performance and reducing pressure drop [Kullab et al.; 2013]. Conversely, empirical models 
based on Artificial neural networks and design of experiments toolbox methodology could 
be used to understand the behavior of overall system within the operational space. 
 

Table 3-2. Literature review of models available for MD [Histov et al.; 2014] 
 Model Name Type Application Output 
     

 
Nusselt Equation Heat Transfer Channels Interfacial temperatures, Energy 

efficiency 

 
Sherwood Equation Mass Transfer Feed channel Concentrations at the membrane 

interface 
 Fick's Law of diffusion Mass Transfer Membrane Molar flux 
 Schofield's equation Mass Transfer Membrane Molar flux 
 Dusty gas model Mass Transfer Membrane Molar flux 
 Structural network (Monte Carlo) Mass Transfer Membrane Molar flux 
 Kinetic theory of gases Mass Transfer Membrane Molar flux 
 Design of experiments toolbox Statistical System Interactions, System optimization 
 Artificial neural networks Black box System Flux, Energy efficiency 

 
Computational fluid dynamics Heat and Mass 

transfer 
System Flux, Velocity, Local temperature 

and concentration polarization 
     

 
For the present study, experimental data obtained from lab scale experiments should be 
used to analyze system behavior and to evaluate suitable operating range of parameters for 
integration into solar system. Response surface methodology (RSM) involving statistical 
design of experiments (DoE) in which all factors are varied simultaneously allows study of 
the interaction effects between parameters; such an approach was employed in this study 
to model membrane distillation system. Models from the Design of Experiments toolbox 
were used to simulate various MD configurations by several researchers [Khayet et al.; 
2007 & 2012, He et al.; 2014, Ruiz et al.; 2017]. Although they are non-mechanistic in their 
nature, such modeling can help in building the mechanistic knowledge base [Hitsov et al.; 
2014]. The procedure of design of experiments and response surface modeling consists of 
the various steps: 

 Series of experiments are conducted for obtaining various performance indicators 
 Mathematical models are developed for 1st or 2nd order response surface with best 

fittings 
 Using 2D or 3D plots, effects of various process variables on the responses is 

evaluated 
 Finally, optimization could be implemented to determine optimal set of variables 

that ascertain optimum values of selected responses 
 

3.4.1 Design of experiments (DoE) 
 
The most significant design variables that affect the AGMD performance are the feed inlet 
temperature (THin), the cooling inlet temperature (TCin), i.e. condensation temperature, the 
feed flow rate (Vf) and feed concentration (Cf). The selected performance indicators of the 
AGMD process are distillate flux (Jd) and specific performance ratio (SPR). Jd is calculated 
by: 
  (3-3) 
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where Md (kg) is the mass of distilled water collected within the time t, and S (m2) is the 
effective membrane surface area of evaporation. Specific performance ratio is obtained by: 
 
  (3-4) 

 
where Qmd (kWh) is the thermal energy supplied to the AGMD module which is calculated 
using the eq.3-2 mentioned is previous section. Since SPR is the function of Jd, THin, Vf, Cf and 
THout, which involves both the inputs and the outputs of the AGMD system. A relationship 
between the system outputs (Jd and THout) with system inputs (TCin, THin, Vf and Cf) was 
established first and then the SPR was obtained for the given inputs. The design of 
experiments, analysis of variance (ANOVA), and Response surface model regression 
analysis was carried out using Design Expert 10 software. The central composite design 
(CCD) of orthogonal type was employed in this study to carry out the AGMD experiments. 
For modeling purpose, the variables were coded as shown in Table 3-3.  
 

Table 3-3. Design parameters and the actual values of the coded level used for AGMD experiments 

Design parameters 
Coded 

Parameters 
Actual values of coded levels 

  0   
Cold inlet temperature, TCin (oC) X1 8.8 15 30 45 51.2 
Hot inlet temperature, THin (oC) X2 43.8 50 65 80 86.2 
Feed flow rate, Vf (kg/h) X3 190 240 360 480 504 
Feed Conductivity, Cf (mS/cm) X4 0.86 1 5.5 10 11.8 

*   (starting point for CCD of orthogonal type with 4 factors or variables) 
 
According to CCD, a total number of 25 experiments have been performed and the 
operating conditions are summarized in Table 3-4. The first 16 experimental runs 
correspond to the orthogonal design, the next experiments (runs 17–24) are the axial 
experiments with “star points” to form the central composite design and finally the last 
experiment (run 25) is replicate point to estimate the experimental error. Each run has been 
performed thrice for 3 h and the data was obtained for mean permeate flux (Jd) along with 
hot feed outlet temperatures (THout) and MD energy demand (Qmd). It was observed that 
during all experimental runs the salt rejection factor is more than 99% and hence the 
dependence of feed concentration on distillate flux was not significant compared to other 
variables considered for RSM model. 
 
The selected responses for RSM were listed in Table 3-4. The “fit summary” reports 
generated by Design Expert recommended that the quadratic regression model based on 
two-factor interaction method (2FI) was suitable to describe the relationships between the 
inputs and the three responses. The regression quadratic model with coded parameters can 
be expressed as 
 

 (3-5) 
 
The significance of the regression coefficients of the models written as function of the coded 
variables was tested using the statistical Student's t-test including only the significant terms 
in all equations. 
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Table 3-4. Results of CCD and the experiments 
Run Variable X1 

(TCin) 
Variable X2 

(THin) 
Variable X3 

(Vf) 
Variable X4 

(Cf) 
Response Jd 
(kg/h. m2) 

Response SPR 
(kg/kWh) 

Code Actual Code Actual Code Actual Code Actual Model Dev. % Model Dev. % 

1 -1 15 -1 50 -1 240 -1 1 7.12 0.1 1.039 1.0 
2 1 45 -1 50 -1 240 -1 1 1.49 7.2 0.858 5.1 
3 -1 15 1 80 -1 240 -1 1 21.23 1.6 1.471 2.1 
4 1 45 1 80 -1 240 -1 1 10.40 3.7 1.300 10.8 
5 -1 15 -1 50 1 480 -1 1 8.94 1.0 0.787 2.6 
6 1 45 -1 50 1 480 -1 1 1.51 13.6 1.286 5.1 
7 -1 15 1 80 1 480 -1 1 25.52 2.0 0.948 2.5 
8 1 45 1 80 1 480 -1 1 12.90 3.3 0.926 2.6 
9 -1 15 -1 50 -1 240 1 10 7.12 5.3 1.048 5.1 

10 1 45 -1 50 -1 240 1 10 1.49 4.4 0.877 0.0 
11 -1 15 1 80 -1 240 1 10 21.23 1.5 1.476 12.5 
12 1 45 1 80 -1 240 1 10 10.40 2.7 1.303 1.8 
13 -1 15 -1 50 1 480 1 10 8.94 4.1 0.796 3.5 
14 1 45 -1 50 1 480 1 10 1.51 11.0 1.280 2.8 
15 -1 15 1 80 1 480 1 10 25.52 1.0 0.930 0.9 
16 1 45 1 80 1 480 1 10 12.90 2.4 0.929 1.3 
17  8.8 0 65 0 360 0 5.5 17.03 7.2 0.848 4.1 
18  51.2 0 65 0 360 0 5.5 4.13 14.4 1.277 5.2 
19 0 30  43.8 0 360 0 5.5 2.69 8.9 0.610 3.6 
20 0 30  86.2 0 360 0 5.5 20.71 4.0 1.026 5.1 
21 0 30 0 65  190 0 5.5 9.05 0.0 1.529 1.1 
22 0 30 0 65  530 0 5.5 12.11 4.1 0.884 2.8 
23 0 30 0 65 0 360  0.86 10.58 0.6 1.115 5.0 
24 0 30 0 65 0 360  11.8 10.58 6.4 0.965 5.4 
25 0 30 0 65 0 360 0 5.5 10.58 1.8 1.073 4.9 

 
The statistical validation of the RSM was performed by means of analysis of variance 
(ANOVA) presented in Table 3-5 for the responses Jd and THout and further the response SPR 
was determined. According to the ANOVA results of the two responses, the F values are 
quite high and the P values are smaller than 0.0001. From this view point, it is concluded 
that TCin, THin, Vf, and interaction between all these variables are significant variances for the 
response Jd, and for response THout the significant variances are TCin, THin, Vf and interaction of 
TCin, THin. After ignoring the statistically non-significant terms, the final regression equations 
for Jd and THout in terms of actual operating parameters were determined as follows: 
 
 

 
(3-6) 

  (3-7) 
 

Table 3-5. Analysis of variance (ANOVA) of the RSM model corresponding to the response 
Response Source DF1 SS2 MS3 F-Value P-Value R2 R2Adjusted 

Flux Jd 
(kg/h.m2) 

Model 7 1295.54 185.08 653.17 <0.0001 0.9963 0.9948 
Residual 17 4.82 0.28     
Total 24 1300.35      

THout (oC) 
Model 4 3110.68 777.67 2155.71 <0.0001 0.9977 0.9972 
Residual 20 7.21 0.36     
Total 24 3117.9      

1 Degrees of Freedom        2 Sum of squares       3 Mean of Squares 



Page  28   Doctoral Thesis / Uday Kumar N T 

Experimental results from characterization studies were compared with predicted response 
values in order to confirm the adequacy of the regression model. Jd and SPR values observed 
from experiments and predicted by RSM were compared as shown in Fig. 3-7. The 
experimental and predicted values show good agreement confirming the validity of the 
regression model. As shown in Fig. 3-7, the R2 value of 0.99 for the distillate flux was 
obtained which is in agreement with the adjusted coefficient of determination R2Adjusted 
indicating that the model explains 99% of the variability of this response (Jd). For the specific 
performance ratio, the R2 value is 0.94. This indicates that the model explains 94% of the 
variability of the response SPR. Therefore, all the obtained statistical estimators reveal that 
the developed mathematical models are statistically valid for the prediction of responses for 
pure water production using the bench scale AGMD module.  
 

 

(a) 

 

(b) 

Figure 3-7. Comparison between the experimental and the predicted AGMD specific performance indices 
determined by the RSM model. (a) Distillate Flux Jd and (b) Specific performance ratio SPR 

 
Fig. 3-8 shows three dimensional plots (3D) of the surfaces showing mutual effects of two 
factors while fixing the third factor and their influence upon the responses distillate flux (Jd) 
and specific performance ratio (SPR).  The influence of cold feed inlet temperature (TCin), hot 
feed inlet temperature (THin) and feed flow rate (Vf) on distillate flux (Jd) was presented in 
Fig. 3-8(a1, b1 and c1). It can be seen that Jd increased significantly with increasing THin. This 
is due to the fact that the exponential increase of the equilibrium vapor pressure of the feed 
solution with the increase of temperature. Therefore, the increase of THin enlarges the driving 
force of the transmembrane mass transfer. On the other hand, the decrease in response Jd is 
also significant with increase in TCin. As we know that the driving force for trans-membrane 
mass transfer is the temperature gradient between the membrane surface and the dense 
condensing wall, when higher TCin is applied distillate flux Jd decreases. On the other hand, 
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increasing Vf had a positive effect on distillate flux. When feed flow increases, the boundary 
layer become thinner enabling proper mixing of the fluid in the module which increase the 
driving force for the AGMD process. From the figure, it is apparent that THin has the most 
significant effect on Jd followed by TCin and Vf. Moreover, the 3D surface plots of Jd also 
shows the significance of interaction effects of every two input variables. 

  
(a1) (a2) 

 
 

(b1) (b2) 

  
(c1) (c2) 

Figure 3-8. 3D response surface plot of responses distillate flux (Jd) and SPR as a function of operating 
parameters. (a1), (a2) Jd /SPR vs THin and TCin with fixed Vf; (b1), (b2) Jd /SPR vs Vf and THin with fixed TCin, 

(c1), (c2) Jd /SPR vs Vf and TCin with fixed THin. 
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The effects of operating parameters (TCin, THin and Vf) on specific performance ratio (SPR) are 
shown in Fig. 3-8 (a2, b2 and c2). Since SPR is a function of both Jd and ΔTH (THin–THout), at 
high hot inlet temperatures ΔTH increases while Jd increases even more significantly. 
Therefore, SPR increases with the increase in THin. On the other hand, at higher TCin the 
increase in SPR is not much significant compared to the effect of THin. This is due to 
reduction in effective driving force for distillate production at higher TCin. Vf has a negative 
effect on SPR because of the shorter retention time of the stream within the module which 
results in a lower energy recovery efficiency obtained due to less sensible heat transfer 
thereby decreasing the flux. From Fig. 3-8 (b2) it can be seen that interaction effects of THin 
and Vf is the most significant factor that dominated SPR. 
 
3.4.3 RSM Optimization 
 
The numerical optimization tool in design expert software was used to obtain the optimum 
combination of parameters for fulfilling the desired requirements. It must be noted that the 
optimized operational conditions for bench scale MD unit depends on the thermo-physical 
aspects and hydrodynamic conditions which could be obtained through iterations [Khayet 
et al.; 2012]. Several solutions were provided by the simple RSM optimization, which might 
be helpful to control the process of MD system. For controlled operation multi-variable 
optimization analysis has to be carried out further to maximize the performance indicators. 
Optimization was performed based on the data obtained from the predictive models for two 
responses, distillate flux (Jd) and specific performance ratio (SPR) as a function of two main 
factors: hot inlet temperature (THin) and feed flow rate (Vf). To predict optimum set of 
conditions, a new objective function named desirability was created ranging from zero to 
one at the goal. Desirability function combines all the desired goals and maximizes the 
response through numerical optimization. The ultimate goal of optimization was to obtain 
the targeted response that simultaneously satisfies all the variable properties. In the present 
case, system operating parameters THin (range 50 - 80oC) and Vf (range 240 to 480 kg/hr) are 
to be optimized at a fixed cold inlet temperature with targeted flux and SPR. Various 
solutions were obtained by the numerical optimization, however an appropriate solution 
suitable for implementation in operating real systems should be identified. In case of 
continuous operation, with the MD module operating at TCin = 25oC with minimum distillate 
production of 3 kg/h and SPR of 1 kg/kWh of energy demand, the following conditions need 
to be maintained to achieve a desirability of 1. 
 

 MD hot inlet temperature THin= 70±1oC and  
 MD Feed flow rate Vf = 415±5 kg/h 

 
Considering application of this MD module to integrate with solar thermal system located in 
climatic conditions of UAE, minimum and maximum cold inlet temperatures (winter and 
summer) were chosen to be 20oC and 35oC respectively. Fig. 3-9 provides the contours of 
desirability with respect to change in input parameters THin and Vf. Present optimization is to 
achieve combined desirability of 1 with a targeted distillate flux of 15 kg/h.m2 and SPR equal 
to 1 kg/kWh. For TCin = 20oC, the system has to be operated with optimum conditions of THin 
= 66oC and Vf = 388 kg/h. Similarly, for THin = 35oC optimum conditions for operation would 
be THin = 76oC and Vf = 447 kg/h.  
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Figure 3-9. Optimum operating conditions for response Jd = 15 kg/h.m2 and SPR = 1 kg/kWh at fixed MD cold 

inlet temperatures 
 
Results show that delta T of 40-45oC should be maintained in order achieve the desired 
operation. For dynamic input conditions as in the case of solar thermal integration, it is not 
possible to control MD hot feed temperatures and hence flow rate needs to be adjusted 
depending upon season of operation to achieve desired distillate production. Parametric 
optimization enables us to understand set of operating conditions need to be assigned to 
control auxiliary heating process in the absence of solar energy. An input control has to be 
provided to auxiliary heating system to maintain a minimum ΔT of 45oC with MD feed flow 
rate 6-7 l/min in order to obtain average distillate flow of 3 kg/h. 
 
3.5 Concluding remarks 
 
In order to realize solar thermal co-generation of hot water and pure water by integrating 
membrane distillation to solar thermal system, thorough experimental characterization of 
AGMD module is necessary. A bench scale air gap membrane distillation module is 
characterized experimentally in this study. Distillate flux was varied from 0.1 to 26 l/m2 h, 
with changes in different operating parameters. Higher values were achieved with high hot 
feed temperature and flow rates. Specific thermal energy demand values were in the range 
of 700 - 1100 kWh/m3, and performance ratio of less than 1 was obtained. Based on the 
experimentally characterized AGMD module, the relationships between operating 
parameters including cold feed inlet temperature, hot feed inlet temperature and feed-in 
flow rate and performance indicators including distillate flux (Jd) and specific performance 
ratio (SPR) taking MD energy demand into consideration were established by response 
surface methodology (RSM).  
 
Experiments were conducted based on factorial design in order to develop a regression 
model. The developed empirical model was tested by analysis of variance (ANOVA). The 
model was proved valid with experimental comparisons in predicting the performance 
indicators. Based on the regression model and simple RSM optimization analysis following 
conclusions were drawn: 
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 MD hot inlet temperature had the highest positive effect on flux followed by feed 
flow rate while cold inlet temperature had negative effect on the flux Jd. For SPR, THin 
had the highest positive effect followed by TCin whereas as Vf had negative effect on 
SPR. 

 The interaction effects between all the input parameters was evident in modeling the 
distillate flux whereas for specific performance ratio high variations were observed 
due to the interaction effects of the feed flow rate and the feed inlet temperature. 

 Models showed good agreement with the experimental data fitted with second-order 
polynomial having determination coefficient (R2) values of 0.996 and 0.941 for Jd and 
SPR respectively. 

 At an average cold inlet temperature, TCin of 25oC and for production of 3 kg/h of 
distillate with SPR = 1 kg/kWh, optimum conditions were obtained using RSM 
optimization THin = 70±1oC and Vf = 415±5 kg/h 

 
Based on the application of integrating bench scale MD module with solar thermal system, 
numerical optimization has been carried out to optimize input parametric conditions for 
operating the system in UAE climatic conditions. For a desired distillate flux of 15 kg/h.m2, 
MD hot and cold side temperature difference has to maintain between 40-45oC and flow rate 
needs to be adjusted from 6-7 l/min depending upon the season of operation. 
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4 Co-generation Performance 
Evaluation: Experimental Study 

 
 
 
 
 
 
 
Integration of system components plays a vital role in the operational performance of solar 
driven membrane distillation systems. As discussed in literature review, two widely 
analyzed system integration techniques are direct solar driven integration and integration 
through thermal store. However, most of the previous research was for standalone 
decentralized desalination, whereas the present experimental study provides operational 
dynamics of a co-generation system for desalination and hot water production. The work 
presented here is the result of Paper-II and gives a brief description of design and 
development the pilot test rig and experimental evaluation of various operational modes of 
the co-generation system. 
 
For climatic conditions of UAE region, a Solar domestic hot water (SDHW) system with two 
flat plate solar collectors and 200 l hot water storage tank would be sufficient to fulfill DHW 
demand of a single family household with an average solar fraction of more than 75% 
[Estidama, 2015]. However, for a co-generation system, thermal energy source must be 
increased sufficiently enough to fulfill the dual demands. In such a co-generation system, it 
is essential to study operational dynamics of SDHW system when integrated with additional 
load for pure water production using MD system. This section provides a detailed 
experimental analysis of a co-generation system operated at real climatic conditions of UAE.  
 
4.1 Pilot plant development 
 
In order to realize performance dynamics of co-production of pure water and hot water, a 
pilot test facility has been designed and installed at RAKRIC, UAE. A regular solar 
domestic hot water system was procured and installed with increased energy source 
capacity as shown Fig. 4-1. The plant has been overdesigned to have the flexibility of 
experimenting at higher hot water and pure water demands. The experimental rig consists 
of 8 flat plate solar thermal collectors (FPC installed at tilt 35o) from Tisun, Austria and 3 
Evacuated tubular collectors (ETC installed at tilt 15o) from Sunda Solar, China. Different 
arrays were designed and connected in series/parallel combinations in order to operate 
with varying collector areas. Solar thermal energy is charged either to a stratified storage 
tank of 500 l capacity or to a 300 l normal mixing storage tank. Thermal store was charged 
during sunshine hours and utilized for DHW withdrawal throughout the day according to 
the desired profile. The membrane distillation system was integrated in a flexible manner 
to operate with heat energy from the thermal storage tank and from direct solar hot water 
circulation circuit via a stainless steel plate heat exchanger. All circuits in the test facility 
were equipped with different measurement and control devices to monitor and control the 
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process. Instrumental data listed in Table 4-1 was continuously logged using Advantech 
Adam data acquisition modules. Details of the pilot plant development, instrumentation 
data and configuration of various loops were reported in previous research work [Asim et 
al.; 2016]. 
 

Figure 4-1. Pilot system installed at UAE; (a) Flat plate and Evacuated solar thermal collector arrays (b) Solar 
station circuit (c) Stratified thermal storage tank (d) MD Module along with all instrumentation 

 
Table 4-1. List of Instruments used for experimenting on pilot scale SDHW-MD system 

Sensors/Instrumentation Manf., Type, Range Operational Range Accuracy 
SDHW loop Temperature sensors  Wika, Pt-100, -50 – 250oC 0-150oC 1/10 DIN 
SDHW loop sensors for Pressure Wika, S-10, 0-6 bar 0 – 3 bar 0.5% of span 
SDHW loop sensors for Flow Grudfos, VFS 2-40QT 5-30 l/min ±0.5% of range  
MD Hot loop Temperature Burkett, Pt-100, 0–200 °C 40–90 °C ±0.1 °C 
MD Cold loop Temperature Burkett, Pt-100, 0–200 °C 10–50 °C ±0.1 °C 
MD Feed Conductivity Burkett, 0–20,000 μS/cm 1000–15,000 μS/cm ±1 μS/cm 
MD Distillate Conductivity Burkett, 0–50 μS/cm 0–30 μS/cm ±0.1 μS/cm 
MD Flow sensors Burkett, 0–200 l/min 1–10 l/min ±0.1 l/min 
Distillate mass 0–50 kg 0–30 kg ±0.05 g 

 
Controlled experiments were conducted on MD system to determine the individual 
uncertainties of temperature, flow rate and distillate weight measurements. Each experiment 
was conducted for 3 hours and repeated twice to obtain an average value from all three 
experiments. Table 4-1 shows the list the various parameters measured, operational range 
and accuracy of the sensors used for measurements. Sensors are located at inlet and outlet 
lines of the MD module as shown on Fig.4-1. Experimental data was recorded using data 
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acquisition at 10 s intervals and total collected data were used to estimate uncertainty. The 
uncertainty in actual temperature measurements was estimated to be ±0.2°C for the sensors 
used with a standard deviation of 0.05°C. Considering the MD flow rate measurements, the 
standard deviation was less than 0.3 l/h, measured flow difference from the set point was 
less than ±1.5 l/h. An overall uncertainty of approximately ±10 g/h was determined for 
weight measurement of the distillate collected. 
 
4.1.1 Modes of Operation and Integration 
 
The experimental pilot system was operated in various modes through different component 
integrations for both individual system performance analysis and co-production 
performance analysis. Fig. 4-2 (a) shows the schematic circuit of regular solar domestic hot 
water system (SDHW) having a thermal storage tank of 300 l and two flat plate collectors. 
Cold water was supplied from a large storage tank which gets heated up in thermal store 
subsequently delivered to a mixing valve for DHW preparation at around 50–55 °C.  
 

 
 

Figure 4-2. Schematic showing individual operation of; (a) Solar domestic hot water (SDHW) (b) Solar 
membrane distillation (SMD) 

 
Standalone solar membrane distillation (SMD) mode of operation as shown Fig. 4-2 (b), 
consists of a heat exchanger and small buffer tank for MD feed water. The AGMD system 
could be operated for pure water production only using 3 or 5 flat plate collectors by 
shutting off thermal storage tank integration lines. This is one of the common mode of 
operation used by previous researchers for solar membrane distillation applications. Some 
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researchers also analyzed solar MD performance through thermal store integration for 24-
hour operation [Koschikowski el al.; 2008]. 
 
As shown in Fig. 4-3, solar thermal store integrated MD (STSMD) mode of operation 
involves integration of AGMD module to thermal storage tank that purifies the storage 
medium i.e. municipal/brackish water filled in the tank. Hot water at higher temperature 
zone of storage tank is pumped into MD unit and returned back to lower temperature zone. 
Compared to direct solar configuration (described later in this section), this mode of 
integration should to reduce overall system cost by eliminating components such as heat 
exchanger and separate buffer storage for MD feed. Through this integration, a reasonable 
assumption has been made that the issue of low recovery ratio for AGMD modules 
compared to conventional reverse osmosis (RO) systems could be ignored [Burrieza et al.; 
2011]. This statement attributes to the batch operation of MD system instead of continuous 
processes such as reverse osmosis (RO), in which 50%–60% could be recovered and the rest 
drained as brine. MD outlet stream returns back to storage tank and virtually there is no 
draining. However, after few cycles of filling and MD operation (few months), thermal 
storage tank has to be drained and filled with new batch to avoid scaling. Also for tank 
integration, MD outlet water after purification returns to the tank and the percentage of loss 
would not have much effect on temperatures of the large thermal buffer. From a large tank 
(as in the case of STSMD) of 500 l volume, 20 l of water is withdrawn as pure distillate by 
MD which is 4% of total volume. This lost volume is filled at the end of the day but 
fluctuations are minimal. 
 

 
Figure 4-3. Schematic representation of thermal store integrated MD (STSMD) 

 
After the initial phase of experimentation on STSMD mode, the AGMD module used in the 
study found to be very sensitive to pressure fluctuations on feed inlet circuit from thermal 
storage tank, and hence the MD loop has been separated from thermal energy storage and 
installed in solar thermal collector loop for direct energy gain for solar collectors, as shown 
in Fig. 4-4. A stainless steel heat exchanger was installed in solar circuit to heat up MD feed 
stream circulated via a small buffer storage tank of 100 l capacity. Therefore, this batch mode 
of operation was termed as direct solar combi MD (SCMD) which involves direct solar 
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energy supply to MD feed through heat exchanger and then the return hot water from 
exchanger is diverted to charge thermal storage tank for DWH preparation instead of 
returning back to solar collector loop. The series disbursement of energy in solar combi MD 
enables efficient use of energy according to the requirements of MD and DHW. In SMD or 
SCMD system, a small thermal buffer volume decreases by 20% at the end of the day. Filling 
cold water into this at the end of the day would decrease total temperature of the tank thus 
takes some time for initial heating the following day. SCMD system has been operated with 
varying collector areas and storage volume for DHW. 
 

 
Figure 4-4. Schematic representation of direct Solar-combi MD system (SCMD) 

 
4.1.2 Energy flows 
 
The useful heat energy supplied by the solar thermal collectors is calculated by following 
equation  [Al-Alili et al.; 2012 ] : 
 
  (4-1) 
 
where  is mass flow rate of heat transfer fluid circulated in collector loop, Cp is the specific 
heat capacity, TSol,in and Tsol,out are inlet, outlet temperatures of the circulated fluid to the 
collector. The thermal efficiency of the collectors is calculated using quadratic efficiency 
curve using the equation below  [Theunissen  and Beckman; 1985],  
 
 

 
(4-2) 

 
where  is intercept efficiency, ,  are first and second order efficiency coefficients 
which are available for any collector tested according to ASHRAE standards. ICol  is incident 
solar radiation on the collectors, Tamb is the ambient temperature  and  is the average 
of inlet and outlet temperatures of solar collector loop. Flat plate collectors considered in the 
study are of TISUN FM-S 2.55 model, for which the values of ,  and  are 0.781, 3.65 
W/m2K and 0.051 W/m2K respectively. The values of ,  and  for the SEIDO 1-16 
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evacuated tube collector type are 0.73, 1.5 W/m2K and 0.0054 W/m2K respectively (data 
obtained from the manufacturer).  
 
Thermal energy supplied to membrane distillation process is determined based on inlet and 
outlet temperatures of hot feed supplied to MD module (permeate losses are small and 
hence negligible) and is calculated using the following equation, 
 
  (4-3) 
 
where  is mass flow rate of saline water to membrane distillation module,  is the 
specific heat capacity of saline water,  is the hot water inlet temperature supplied to 
MD,   is the temperature of hot water temperature exiting MD. Energy rate supplied 
from domestic hot water preparation is calculated using the equation below: 
 
  (4-4) 
 
where  is the mass flow rate of fresh water supplied for DHW preparation,  is 
the outlet temperature from thermal storage tank top layer and is the cold water inlet 
temperature. 
 
4.2 Experimental Analysis  
 
Considering various factors in terms of real scale operation of solar co-production systems, 
various operational conditions maintained or varied for experimental analysis are 
summarized in Table 4.2. 
 

Table 4-2. Operational conditions used for testing co-generation system 
Operational Parameter Specification Units Notes 
MD Hot feed flow rate 6–7 l/min Obtained from the lab scale 

experimental data 
MD feed water 
conductivities 

1000 to 15,000 μS/cm Diluted sea water to brackish 
concentrations 

MD Feed storage volume 50–100 l Volume changed to compare MD 
performance variation 

MD operational hours 7–9 h/day Depends on TES temperatures for 
STSMD and initial charging of 
feed storage tank for SCMD 

Flat plate collector area 
(FPC-Gross) 

7.65, 12.75, and 20.4 m2 Minimum area required for  
co-generation would be analyzed 

Evacuate Tube collector 
area (ETC-Gross) 

12 m2 Compared with FPC operation 

Thermal storage tank (TSE) 
volume 

500 (stratified), 
300 (normal mixing) 

l Effect of reduced volume on 
distillate production 

Domestic hot water flow 250 l/day 50 l/person/day 
500 l/day 100 l/person/day 

DHW temperature 50–55 °C SRCC 24 h withdrawal profiles 
Solar circuit operational 
hours 

7–9 
6–7 

h/day During summer months 
During winter months 
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An experimental field campaign was carried for five months with various modes mentioned 
in earlier section. The main objective of experimentation was to analyze co-production 
system dynamics and energy distribution profiles between MD and DHW demands for the 
present application of fulfilling pure water and hot water demand of a single family of 5 
members in UAE region. To maintain health, WHO recommends to consume drinking water 
of at least 3-5 l/day which makes it 15-25 l/day for single family household [WHO; 2017]. 
Standard requirement of hot water per person would be 50 l/day [ESTIDAMA], however 
based on the life style consumption might reach as high as 100 l/day per person in this 
region [Abd-ur-Rehman and Al-Sulaiman; 2016].  
 
4.2.1 SDHW and SMD operation 
 
Operational dynamics of a standard solar hot water system has been analyzed first before 
developing an integrated system. Literature study indicates that two efficient flat plate 
collectors (2FPC-Area 5m2) could easily fulfill DHW demand due to availability of high 
insulation in UAE. However, most of the systems would be designed for 70-75% solar 
fraction, practically more than 90% solar fractions (SFDHW) could be achieved. On average, 
50% collector efficiencies were achieved during peak summer for a standard DHW 
withdrawal profile according to SRCC. Due a high withdrawal volume in morning hours, 
tank temperature decreases rapidly and increases when solar charging begin. Initial dip in 
TES temperatures would be critical for a co-generation operation which might affect MD 
production. 
 
After SDHW analysis, it is important to understand performance of standalone MD system 
which could be operated in two modes either with thermal store integration or with direct 
solar integration. For the typical production of 20l/day using the existing modules, large 
thermal store is not required due to the advantage of higher MD inlet temperatures using 
direct solar energy. However, a small feed buffer tank is needed to operate the system in 
batch mode because of low recovery ratio of AGMD modules [Burrieza et al.; 2011]. During 
peak summer operation of SMD, average ∆T (TMDHtin - TMDCin) of 50oC could be achieved 
which enables to produce 3 kg/h of distilled water. Overall daily demand of 20 l/day could 
be fulfilled using 3 or 4-FPC configuration depending upon season of operation.  
 
4.2.2 Thermal store integrated co-generation (STSMD) 
 
Field experiments were performed for 2 months (July, August) to analyze the performance 
of solar co-production with thermal store integration. Typical dynamic behavior of MD 
module integrated with thermal storage tank is shown in Fig. 4-5. Experiments were carried 
out during a peak summer day of UAE with 5-FPC configuration, and a cumulative distillate 
production of 18 kg was obtained within 8.75 h of operation. Municipal tap/brackish water 
in the thermal storage having a conductivity of 1600 μS/cm is purified to pure distillate with 
conductivities less than 0.5 μS/cm. The average water production corresponding to collector 
area is 1.52 kg/m2. An advantage of thermal store integration is quick startup time for MD. 
Since MD is directly connected to storage which was charged sufficiently on the day before, 
enables to initiate MD process along with solar charging. However, it is evident from the 
plot that distillate flow decreased during early hours of operation. This trend is due to 
demand for both DHW and MD at initial stage of solar charging. MD distillate flow rate 
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increased to a peak flow of 2.5 kg/h at 14:00 h and decreased drastically towards the 
evening. It is also worth noting slight increase in cold inlet temperatures due to continuous 
addition of heat in cold water storage tank by cold outlet stream from MD unit. Cold water 
temperatures in 3 m3 cold storage tank increased by 3°C during the day which might be 
helpful in reducing DHW energy demand during night withdrawal at the same time affect 
the driving force for MD during evening hours. 
 

 
Figure 4-5. AGMD dynamic behavior during experiments on peak summer day 

 
Operational profiles for the integrated STSMD system, which provides energy distribution 
between DHW and distillation using MD, are shown in Fig. 4-6. Storage tank temperature 
plays an important role in direct integrated system. Since a stratified tank was used in the 
system, temperatures between 60-70oC could be maintained in the upper tank layers. The 
required DHW of 250 l was withdrawn manually during initial two hours and then after 
noon with average temperature of 50oC. From the total useful energy gain, 62% of energy is 
utilized by MD and 17% for DHW production, with the remaining heat attributed to system 
losses.  
 

 
Figure 4-6. Typical daily operational profile of solar field and energy distribution of STSMD 
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Further, tests have been performed on three consecutive days in the peak summer period in 
order to analyze STSMD performance with changing collector area. From Fig. 4-7, it is 
obvious that the driving force ∆T between MD hot and cold sides decreases with decrease in 
energy source capacity. It is also evident that cumulative production decreased half from 5-
FPC to 3-FPC operation. Evacuated tubular collectors with absorber area of 8.58 m2 were 
able to produce 14 kg/day. Steep decrease of delta T was observed for flat plate collectors 
during initial hours whereas for tubular collectors regular rise of delta T was observed. This 
finding is linked to rapid charging of the storage tank using ETC due to high collector outlet 
temperatures. 
 

 
Figure 4-7. Cumulative daily distillate profile and MD driving force with different collector area 

 
One advantage of thermal store integration would be operation of MD for extended hours 
beyond direct solar availability. Even though direct integration was feasible to operate at 
prescribed conditions, careful attention has to be given to pressure fluctuations during 
refilling of lost volume from thermal energy store. Since the MD module was very sensitive 
to hot feed pressures, relief valves should be used in MD feed line to withstand pressure 
fluctuations. One more limitation in such integration would be the selection of TES. In 
STSMD configuration, thermal store with stratification was used in order to have stable 
temperatures in the layers from which hot water is supplied to MD. Stratified tanks are 
expensive compared to regular tanks without stratified thermal distribution. For realistic 
applications, a normal mixing tank having internal thermal mixing of layers should be used 
to analyze the dynamics. Therefore, for the following direct solar integration (SCMD), 
another thermal store of 300 l was used equipped with an internal heat exchanging coil for 
DHW preparation. 

4.2.4 Direct solar combined co-generation (SCMD) 
 
Due to the drawbacks of thermal store integration for practical applications, experiments 
were performed to analyze the performance of direct solar cogeneration system with 
different collector area, storage volume and domestic hot water withdrawal rate. Additional 
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components like plate heat exchanger and small MD feed buffer storage tank were installed 
and series of experiments are conducted between 9:00 and 18:00 hours during the months of 
September and October. DHW was withdrawn for 24-hr operation cycle instead of day time 
withdrawal employed in previous STSMD mode. Brackish water with conductivities 
ranging from 5000 - 15000 μS/cm were treated to obtain pure distillate of less than 10 μS/cm 
in spite of fluctuations in feed concentrations. As mentioned by several researchers, MD 
distillate flux does not have significant variation with lower feed concentrations, which was 
proven true in the present investigations [Khayet; 2011]. However, flux differences could be 
observed at higher concentrated water e.g. productivity decay of around 14% with 
increasing salinity (from 1 to 35 g/l) [Burrieza et.al; 2011]. Due to the uncontrolled nature of 
feed concentration, it was not possible to analyze flux variations at higher feed 
concentrations.  
 
4.2.4.1 Operational performance of SCMD 
Typical daily performance of solar collector field and membrane distillation system with five 
collector array is shown in Fig. 4-8(a).  
 

(a) 

(b) 
Figure 4-8. (a) Typical daily operation profile of SCMD system (b) Energy flows in SCMD system 

 
Flat plate collector circuit is operated from 08:00 to charge the 100 l MD thermal store. MD 
buffer thermal store is charged to 56°C from initial temperature of 36°C during 90 minutes 
charging period. During the test day, solar collector outlet temperature reaches a maximum 
of 75°C and useful energy gained from collector field reached to 5.6 kWh around 12:00, 
whereas, the total collector gain of 34 kWh is achieved during the eight-hour operation. In 
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terms of MD performance, a total of 18 kg/day of potable water is produced during the test 
day and a maximum distillate flux of 3.1 kg/h is achieved around 13:00, which is influenced 
by higher hot water supply temperature. Thermal energy requirement for the distillate 
during the final hour of operation is completely supported by 100 l MD thermal store and 
hence performance drops steeply as distillate productivity fall below 1 kg/h. In terms of 
energy demand, 7.37 kWh of thermal energy is required for 250 l of DHW preparation. 
Complete energy flows in solar cogeneration system is shown is Fig. 4-8(b). 
 
Fig. 4-9 presents 24-h operation profile of domestic hot water preparation according to SRCC 
withdrawal profile. During the beginning of the 24-h operation, tank top layer and bottom 
layer temperatures are maintained at 62°C and 55°C, respectively. Temperatures in the 
DHW tank are gradually decreased to 59°C and 50°C before first hot water withdrawal. Top 
layer temperature dropped steeply to 56°C at 10:00 due to hourly hot water withdrawal. 
Charging of DHW thermal store begins with starting of solar thermal circuit pump at 08:00. 
Both top layer and bottom layer raises close to 65°C at noon and then gradual decline in the 
temperature layers was caused due to continuous withdrawal of domestic hot water, even 
after sunshine hours. 
 

 
Figure 4-9. 24-hour operation profile of DHW preparation 

 
4.2.4.2 Performance variation with DHW withdrawal rate 
Performance of the solar cogeneration system is analyzed by doubling the domestic hot 
water withdrawal rate as shown Fig. 4-10. Although theoretical demand of hot water for 
single family of five is 250 l/day, some studies in UAE reveals that each person would 
consume 100-120 l/day of hot water [Soalrthermalworld; 2010]. Investigations are conducted 
with eight solar collectors integrated as solar cogeneration system with useful energy gain of 
50 kWh. In terms of distillate production, daily productivity is reduced by 6% due to 
increased hot water withdrawal. Temperature profiles of DHW tank top layer and MD hot 
water inlet temperatures are also shown in Fig. 4-10. Hot water supplied to MD with 250 l 
DHW withdrawal is slightly higher than the 500 l DHW withdrawal testing, which leads to 
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higher distillate productivity with lower DHW withdrawal. During 24-h, the DHW hot 
water tank temperature profile varies between 55°C and 70°C throughout the operation. 
This investigation shows that solar cogeneration system integrated with 8-FPC is capable of 
providing 23 kg/day of potable water and 500 l/day of domestic hot water. 
 

 
Figure 4-10. Performance variation of SCMD with two different DHW withdrawal rates 

 
4.2.4.3 Effect of collector area and storage volume 
The system performance of solar co-production unit is also evaluated with different collector 
area and storage volume. Collector area is varied in terms of number of collectors integrated 
with the system. Operational performance of the system is evaluated with four different 
collector integrations: 3-Collectors (7.65m2), 5-Collectors (12.75m2), 6- Collectors (15.3m2) and 
8-Collectors (20.4m2). In terms of distillate production, a maximum potable water of 25 
kg/day is achieved with 8 collector integration which is 54% higher than 3-collector mode as 
shown in Fig. 4-11.  

 
Figure 4-11. Distillate productivity with different collector area and storage volume 
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Experimental analysis shows that it is possible to achieve 250 l of DHW at 55°C with all 
collector integration except for 3-collector integration. Further the effect of storage volume 
on the performance of solar co-production system is also analyzed with two different tanks 
having 500 and 300 l capacities as shown in Fig. 4-11. Distillate productivity of co-
production system with 300 l tank is improved by 6.7% compared to 500 l thermal store 
integration, which is mainly due to lesser charging period with 300 l thermal store. Based on 
these results, a SCMD system integrated with five flat plate solar collectors and 300 l thermal 
store is recommended for a single-family house in UAE (20 l/day drinking water and 250 
l/day domestic hot water). 
 
4.2.4.4 Performance variation between standalone MD and cogeneration 
Solar co-production system is developed with a flexibility to operate as standalone MD 
without DHW production. Operational performance of standalone MD system is compared 
with co-production system as shown in Fig. 4-12. SCMD integrated with five solar collectors 
was considered for analysis of system performance in both co-production and standalone 
modes. MD hot water inlet temperature varies between 84°C and 50°C during standalone 
operation. Maximum distillate production of 4.5 kg/h at 13:00 is achieved with standalone 
operation, which is 36% higher than solar co-production configuration. In terms of daily 
productivity, a total of 26 kg of potable water is obtained with 8-hour operation; in contrast, 
daily productivity of 19 kg of potable water is achieved with the solar co-production plant, 
which is 27% lower than the standalone system. The thermal energy demand by standalone 
MD system is 26 kWh out of 33.8 kWh total useful energy, whereas 18.5 kWh of thermal 
energy supplied to MD and 7.3 kWh of energy is utilized for DHW preparation out of 31 
kWh useful collector gain. In terms of system efficiencies (defined as ratio of MD and DHW 
total energy demand to useful gain), co-production system has 5% higher efficiency than 
standalone MD system operation. 
 

 
Figure 4-12. Comparison between Standalone MD and co-generation 
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4.3 Concluding Remarks 
 
A field-based experimental investigation of a novel solar combined membrane distillation 
(SCMD) system is essential to demonstrate the feasibility of the concept for co-production of 
pure water and domestic hot water. The tested pilot system showed excellent performance 
in terms of product water quality, as distillate conductivities were consistently less than 10 
μS/cm for a range of feed water types (including brackish water). Individual system 
performance was analyzed for (a) solar-only hot water and pure water production, and (b) 
integrated system with two operational modes (STSMD and SCMD). 
 
Thermal store integration has few limitations in terms of feed line pressure fluctuations and 
limited scope of selection in storage tanks. Hence, research focus has been shifted to direct 
solar integrated SCMD system. Since MD process requires high temperatures than DHW, 
solar thermal heat must be supplied in series to MD feed tank first and then to DHW 
thermal store. This type of integration is essential to maintain low pressures in MD hot 
channel, otherwise the membrane could be exposed to high line pressures if integrated 
directly to thermal store as in the case of STSMD. Intermediate thermal store for MD feed 
leads to delay of startup time of MD but it could be compensated by extending MD 
operational hours after switching off solar energy supply using the energy stored in small 
buffer tank. However, advantage of night time operation with STSMD mode would be 
compromised using SCMD. Therefore, careful attention has to be given in designing such 
co-production systems in case of continuous operation. 
 
Experimental studies show that the solar co-production system has 5% higher system 
efficiency than the standalone MD system. Compared to thermal store integrated system 
STSMD, a 6 to 7% increase in MD energy demand is observed with direct solar combined 
system SCMD. For similar collector area, 6-7% of increase in distillate production is 
observed with decreasing TES volume from 500 l to 300 l. In SCMD system, distillate 
productivity is decreased by only 6% with two-fold increase of DHW. This is because of 
high thermal energy input utilizing the entire flat plate collector field of 20 m2. Experiments 
conducted during peak thermal energy supply months for 35o tilt angle of FPC suggests that 
demand conditions for distillate production of 20 l/day, DHW 250 l/day at 50oC would be 
achieved with 5 flat plate collectors and 300 l thermal storage tank. Further parametric 
optimization is necessary for SCMD system and detailed annual dynamic analysis is 
required to understand operational stability of the system across various seasons. 
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5 Dynamic Simulation and Techno -
Economic Optimization 

 
 
 
 
 
 
Bench scale and pilot plant experimental studies reveal the operational dynamics and 
limitations of integrating AGMD module for co-production application. At this point, a 
detailed dynamic analysis would be essential to evaluate system performance for real scale 
dissemination of SCMD systems. Hence, the present chapter (Paper-III) is focused on 
dynamic simulation and techno-economic optimization of SCMD system suitable for 
prescribed application. (A preliminary simulation study using PolySun software on STSMD 
system has been published but is not included in this thesis work [Kumar and Martin, 
2014].) 
 
The main goal of this study is to investigate both energetic and economic performance of the 
SCMD system through comparison of systems operated individually (separate operation of 
SDHW and SMD). This study is to evaluate optimum design criteria for developing solar 
thermal integrated membrane distillation system for cogeneration of pure water and heat. 
The temporal and seasonal variability of the driving variables, such as ambient temperature 
and solar irradiance, forces the use of dynamic simulation tools like TRNSYS. Hogan et.al. 
[1991], investigated feasibility of solar membrane distillation system using TRNSYS 
simulation software two decades ago which is well known dynamic simulation tool for 
academic and commercial purposes. Dynamic simulation and parametric analysis enables to 
design a functional system and then optimizes the design. Several studies have been 
presented in the literature for simulating solar domestic hot water systems, however the 
present simulation study on membrane distillation integration for co-production is a novel 
approach. The empirical model discussed in chapter-3 was used for simulating MD 
performance in the co-production system as it allows fast computation times, especially 
important in dynamic simulations. 
 
5.1 Modified System Layout 
 
The adopted system layout for this work is derived from experimental SCMD system 
discussed in chapter-4. With respect to reference pilot installation, the system solar field and 
MD modules have been varied based on applications for small or large family dwellings in 
UAE. In particular, layout has been modified in order to integrate either flat plate or 
evacuated tube collectors and also auxiliary heaters has been added in order to satisfy the 
thermal demands for MD and DHW in case of cloudy days or increased user demand. 
Furthermore, additional MD module has been added in series with the existing one for 
operation at high pure water demand profiles. A schematic layout of the solar cogenration 
membrane distillation system system under investigation is shown in Fig. 5-1. The same 
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operating principle of experimental SCMD sstem has been implemented for the solar, DHW 
loop and MD subsystems.  
 

 
Figure 5-1. Schematic layout of modified SCMD system 

 
5.2 TRNSYS Simulation Model 
 
TRNSYS dynamic simulation tool was used to build the system environment, by considering 
all the components required for actual operation of the system (sensors, controls, load 
profiles etc.). The basic components like solar collectors, storage tanks, pumps, controllers, 
heat exchangers, were chosen from TRNSYS library [TRNSYS, 2016]. The main components 
along with input design/operational parameters for solar thermal, DHW loops are 
summarized in Table 5-1 and Table 5-2 shows the components and input parameters for MD 
loop.  
 

Table 5-1. Main components and input design parameters for the solar thermal and DHW loop 
Component Name Input parameter(s) Value-FPC Value-ETC Units 
Solar collectors Collector aperture area 11.8 9.01 m2 
 Tilt angle 35 15 degrees 
 Tested flow rate 40 45 kg/h.m2 
 Intercept efficiency (η0) 0.781 0.732 - 
 First order efficiency coefficient (a1) 3.65 1.5 W/m2.K 
 Second order efficiency coefficient (a2) 0.015 0.0054 W/m2.K2 
Solar Pump Maximum flow rate 25 kg/h.m2 
 Maximum power 60 W 
Controller Upper dead band T 6 oC 
 Lowe dead band T 4 oC 
DHW Load profile  Daily load 250 l/day 
Diverter, Mixer DHW set point temperature  50 oC 
DHW Storage tank Tank volume 0.3 m3 
 Tank loss coefficient 2.5 W/m2.K 
 No. of nodes 6 - 
 Height of each node 0.25 m 
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Table 5-2. Main components and input design parameters for the MD loop 
Component Name Input parameter(s) Value Units 
MD System (equations) RSM Model for Distillate flow and 

MD outlet temperatures  
No. of MD modules 

- 
 
1 or 2 

- 

 Membrane area/module (AMD) 0.2 m2 
MD cold and hot circuit pumps Flow rate (constant) 360 l/h 
 Rated power 50 W 
MD feed tank  Volume of feed water 50 or 100 l 
Plate heat Exchanger Effectiveness 0.8 - 
Cold water store Temperature (Amb.) and volume 1000 l 

 
A system diagram in TRNSYS environment for the cogeneration process under investigation 
is shown in Fig. 5-2. System components are indicated by types in TRNSYS are integrated in 
order to perform the simulation and obtain results. 
 

 
Figure 5-2. TRNSYS system diagram for SCMD simulation 

 
5.2.1 Solar Collectors and Thermal Storage 
 
Solar thermal collectors are simulated using type 1b and type 71 models for FPC and ETC 
respectively. ETC’s are optically non symmetric, so biaxial incidence modifier (IAM) is 
supplied as separate external file. The useful heat supplied by the collector is calculated by 
following equation [Al-Alili et al.; 2012]:  
 
  (5-1) 
 
where Fr is the heat removal factor of the collector,  is the product of transmittance and 
absorptance, ACol is the collector area (typically aperture area), ICol  is incident solar radiation, 
UCol is the overall heat transfer coefficient, TSol,in and Tsol,out are inlet, outlet temperatures of the 
circulated fluid to the collector, Tamb is the ambient temperature and tp is the time period of 
operation.  
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The thermal storage tank is subjected to thermal stratification and modeled using type 4c. 
The tank is divided into segments and it is assumed that the fluid streams flowing up and 
down from each node are fully mixed before they enter next segment. The energy balance of 
the nth node model is shown below [Buonomano et al.; 2016]  
 

 

 
(5-2) 

 
where T, CP,  and k are the water temperature, thermal capacitance, thickness and 
conductivity respectively. U is the layer thermal loss coefficient and S is the envelope surface 
area of the single node. 
 
5.2.2 Heat Exchanger and Membrane Distillation 
 
Counter flow heat exchanger of Type 91 is used in the model, which relies on an 
effectiveness minimum capacitance approach in which the maximum possible heat transfer 
rate is calculated based on the minimum capacity rate fluid and the hot and cold side fluid 
inlet temperatures [TRNSYS Manual; 2016]. The heat transfer rate of the heat exchanger is 
obtained based on following equation, 
 
  where  (5-3) 
 
where The outlet temperatures from the heat exchanger are 
calculated which will provide input to subsequent components, i.e. thermal storage tank and 
membrane distillation model in present case.  
 
 and  (5-4) 

 
Based on heat exchanger data and flow rates in solar and MD loops, effectiveness is 
determined to be 0.8 and has been provided as input for heat exchanger. The heat transfer 
rate from the exchanger is assumed to be completely utilized by MD process for distillate 
production. Membrane distillation component is added as equation obtained from 
previously developed empirical models through experimental characterization. Following 
equations determine the distillate flow rate Vd (l/h) and MD hot outlet temperatures.  
 
 

 
 

(5-5) 

 
 

(5-6) 

 
where Vf is the MD feed flow rate and T is the corresponding temperatures at inlet and 
outlets of MD hot and cold channels. 
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5.2.3 Other Components 
 
Appropriate control strategies have been implemented for safe operation of solar thermal 
system. Type 2b controller is used for controlling the solar collector field circulation pump 
(Type 3b) which switches ON/OFF based on working fluid temperature. The circulation 
pump is turned off during two conditions (i) Low radiation (i.e. low outlet temperature of 
collectors) (ii) High storage temperature (>100oC). Upper and lower dead band temperatures 
have been set to be 6 and 4oC similar to the conditions maintained in experimental system. 
Operation of MD loop pumps were not controlled as they operate at single flowrate during 
solar loop operational hours. Additional components such as weather data, printers and 
integrators have also been added in the simulation built environment.  
 
DHW supply temperature was set at 50oC and hot water is withdrawn using Type 14b time 
dependent forcing function according to typical SRCC load profile as it suits user demand 
patters in UAE conditions [Sameer and Mutasim; 2015]. The system parameters are modified 
depending upon application and user demand (Single family or large family). Simulations 
are further extended to individual operation of DHW and MD systems using solar energy. 
Dynamic simulation results of individual and cogeneration systems are further processed to 
determine auxiliary heating requirement for MD based on daily fulfillment of hot and pure 
water demands of the users.  
 
5.3 Energetic Performance Indicators  
 
Table 5-3 summarizes the definitions and equations used to optimize system input 
parameters and to evaluate performance of integrated or standalone systems. 
 

Table 5-3. Solar fraction and Efficiencies of solar integrated systems 
Performance indicator  Definition Equation  

DHW solar fraction Ratio of net utilized solar energy 
for DHW to total DHW demand 
including auxiliary energy 

 (5-7) 

MD solar fraction  Ratio of net utilized solar energy 
for MD to total MD demand 
including auxiliary energy 

 (5-8) 

SCMD solar fraction  Ratio of net utilized solar energy 
for cogeneration to total SCMD 
demand including auxiliary energy 

 (5-9) 

Collector efficiency Ratio of the useful energy gain 
(Qcol) to the incident solar energy 

 (5-10) 

System efficiency Ratio of MD and DHW total energy 
demand to useful gain (Qcol) 

 (5-11) 

Combined efficiency Ratio of total energy demand for 
MD and DHW to the total incident 
radiant energy (QIR) on collectors 

 (5-12) 

 
Annual solar fractions (SF) for individual and cogeneration operation are used as 
performance indicators for parametric optimization. SF indicates the total amount of energy 
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delivered by solar thermal system to the total demand of a process in operation. Overall 
performance of cogeneration system is evaluated using collector efficiency, combined 
efficiency and system efficiency as indicative parameters. Collector efficiency analyzes 
performance of collectors based on amount of energy gain on collector area. Combined 
efficiency analyzes the performance of entire solar thermal cogeneration system including 
solar collectors. System efficiency analyzes the performance of energy demanding devices 
like membrane distillation unit, thermal storage and heat exchanger, which are integrated 
together as cogeneration system [Mohan et al; 2016].  
 

5.4 Economic Analysis  
  
The major hindrance in any renewable energy driven processes are high initial investment 
costs, so payback period and net cumulative savings are chosen as economic criteria to 
evaluate the benefits based on design parameters [Mohan et al.; 2016]. In this research study, 
payback period (PB) is calculated based on time period required to recover initial 
investment incorporating fuel cost inflation rates and certain discount rates. Cost of 
individual components obtained from suppliers for the experimental installation in UAE 
and other parameters are shown in Table 5-4. Pumping costs are evaluated based on the 
total peak pumping power required for all three pumps installed in SCMD system. It is 
worth noting that the cost of the auxiliary heating option for MD and post mineralization 
system are also included in the present economic model. Economic benefits through selling 
pure water and fuel savings for DHW production are also provided in the table for the case 
of UAE.  
 
As mentioned earlier, payback period is the time required to cover investment costs, and net 
cumulative savings (NCS) is obtained based on present worth of gains from the solar system 
after recovering initial costs. PB and NCS are calculated using following equations [Duffie 
and Beckman; 2006], 
 
 

 
(5-13) 

 
 

(5-14) 

  (5-15) 
 

 is the initial investment cost for the cogeneration system, is annual cost benefits,  is 
fuel cost inflation rate, d is the discount rate and N is the life time of the system. Initial 
investment includes investment costs of all the components and installation charges of the 
cogeneration system as shown in equation (5-16). 
 
  (5-16) 

Where  
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With regards to the operating costs of the cogeneration system, the demand of electric 
energy for pumps and auxiliary heating have been taken into account. These operating costs 
for the pumps are obtained based on the fuel tariffs and the amounts are deducted from the 
total annual cost benefits ( ) while calculating PB and NCS. MD membrane replacement 
costs were already included in initial costs and hence not considered as operational costs.  
 

Table 5-4. Individual component costs and benefits 
Component Symbol Value 
Solar collectors [US Enegy Agency; 2014]  FPC - 216$/m2 of apr. area 

ETC - 406$/m2 of apr. area 
DHW Thermal storage tanka  4130$/m3 

Plate heat exchanger [Al-Obaidani  et al; 2008]  2000$/m2 

Membrane distilltion unit [Medesol; 2010]  2,500$/m2 of membrane area 
Membrane replacement [Medesol; 2010]  15% of  
Post mineralizationb  25% of  
MD thermal storage tanka  4130$/m3 
MD heating elementb   150$ 
Pump [Al-Alili et al.; 2012]  881Wp0.4 

Hydraulics [Medesol; 2010]  0.15 + 0.05  
Installation cost [Medesol; 2010]  5% of total component cost 
Fuel cost inflation rate [Al-Alili et al.; 2012]  10% 
Discount rate d 5% 
Lifetime of the system N  20 years 
Cost of fuel [Mohan et al.; 2016]  0.12$/kWh 
Distilled water cost [Mohan et al.; 2016]  0.08$/liter 
Plant Availability - 96% 

       a) Manufacturer provided costs  b) Estimated based on personal communication 

 
5.5 Results and Discussion 
 
As mentioned earlier, the aim of this study is to analyze the dynamics of cogeneration of 
pure water and heat using solar thermal integrated MD for residential households in UAE. 
The scope of this system is to improve the energy efficiency through cogeneration instead of 
operating SMD and SDHW systems independently. A base case study was developed in 
TRNSYS for cogeneration operation with both flat place and evacuated tube solar collectors 
incorporating the annual weather data measured on site (5 years average from 2009-2014) at 
Ras al khaimah, UAE. The component capacities included in the solar thermal system are 
selected accurately based on pilot installation in order to cover overall heating and pure 
water demands. This implies further optimization of parameters need to performed for 
maximum utilization of the energy produced through the solar thermal system and further 
its economic profitability compared to individual system operations need to be evaluated 
[Kumar and Martin; 2016].  
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5.5.1 Experimental validation of simulation model 
 
As discussed in previous chapter, pilot installation at UAE is developed with operational 
flexibility, which allows all the sub systems to operate individually. Therefore, in order to 
determine the validity of the simulation model, individual systems have been simulated first 
and compared with experimental operation. Fig. 5-3(a) shows comparison of SDHW 
operation with simulated data having a collector area of 5m2 (2-FPC) and installed at a tilt 
angle of 35o. It is evident that thermal store temperatures drop during the morning hours 
and reaches peak at around 15:00 h.  Peak collector efficiencies of 55-60% could be achieved. 
According to SRCC withdrawal profile, DHW energy demand is higher during morning 
hours due to high withdrawal volume. Model results closely follow the experimental 
findings during a summer day in UAE.   
 

(a) 

 
(b) 

 
Figure 5-3. Comparison of experimental data with simulation of (a) SDHW and (b) SMD 

 
Similarly, simulations are further conducted for individual operation solar membrane 
distillation (SMD) system using 3-FPC solar thermal system. This simulation was intended 
to verify the validity of empirical model used for MD modelling in TRNSYS simulations. As 
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shown in Fig. 5-3(b), experimental results closely follow the simulation values for MD 
system obtained using RSM model. The trend shows slight deviation in MD hot inlet 
temperatures and thereby changing distillate flow as well. Variation during peak hours of 
the day would be due to losses in the experimental system that were not accounted in the 
simulation model. It is clearly shown in Fig. 5-3(b) that SPR trends were similar in both cases 
due to its dependency on hot side temperature difference and flow rate rather than only 
inlet temperature.  
 

(a) 

 
(b) 

 
Figure 5-4. (a) Temperature profiles distillate flow in SCMD and (b) Energy performance of SCMD 

 
After validating individual operation of DHW and MD systems, cogeneration simulations 
have been carried for direct solar combined MD system. The temperature and energy flows 
of the simulated SCMD system and its comparison with experimental data for a peak energy 
utilization day in October are shown in Fig. 5-4(a). Using a 5-FPC configuration, TES volume 
of 500 l and with DHW production at 50oC, collector outlet temperatures reached 90oC with 
a 10oC drop for MD hot inlet temperatures. The simulation model has been provided with all 
specifications including the tank losses and MD system circuit losses in order to compare 
with experimental performance. Dynamic simulation results are compared with 
experimental data and the profiles shows a good agreement proving validity of the model. 
Average peak distillate flow of 3 kg/h was obtained during noon with a total cumulative 
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production of 19 kg/day. Similar trends have been observed for energy utilization of SCMD 
shown in Fig. 5-4(b). Combined efficiency is reached to a peak of 50% during noon time and 
overall system efficiency of 80% was obtained. Out of the total incident energy of 60kWh, 
27% of energy is utilized for MD and 8.5% is utilized for DHW operation. 
 
5.5.2 Weekly and annual analysis of SCMD 
 
As mentioned before, the simulation model presented in this paper includes several 
components and each simulation returns a huge amount data, such as dynamic profiles of 
temperatures, distillate flow rates and energy gain/demand. TRNSYS simulation tool allows 
combining hourly results on a given time basis (days, weeks, months or year). Weekly 
integration results are presented here in order to show the seasonal variability of different 
parameters during the year. Annual simulation data is used to determine performance 
indicators e.g. Solar fraction and efficiencies. Fig. 5-5 shows weekly average temperatures in 
solar and MD loops along with average incident radiation and total pure water produced 
per week.  
 

(a) 

 
(b) 

 
Figure 5-5. Weekly analysis: average temperatures, total incident radiation and distillate flow using 

(a) FPC and (b) ETC 
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The solar loop considered in this work is equipped with both flat plate and evacuated tube 
collectors having similar gross area and erected at 35o and 15o tilt angles respectively. As a 
consequence, during the summer distillate production decreased for FPC configuration and 
increased for ETC configuration. Higher distillate production in summer owing to increased 
MD hot inlet temperatures for ETC configuration enables the system to produce 1.25 l/day 
more than annual average production using FPC configuration. Note also that distillate 
production profiles follow the incident radiation on the collectors in both cases. For both 
solar thermal systems, an annual average ∆T (TMDHin – TMDCin) of 30oC has been maintained. 
DHW thermal storage tank top temperatures are maintained at an average of 62oC enabling 
to operate the systems with more than 90% solar fraction for hot water generation. 
 

(a) 

 
(b) 

 
Figure 5-6. Weekly analysis of thermal and electrical energy gain/demand using (a) FPC and (b) ETC 

 
In Fig. 5-6 thermal and electrical energy flows related to the cogeneration operation using 
both FPC and ETC configurations are shown. An average weekly thermal energy gain of 
230kWh is obtained from the collectors out of which 60% is allocated to the MD system, 15% 
is utilized of DHW generation and the remaining amounts are losses. Fig. 5-6 also shows the 
electrical energy demand for operation of pumps with average values of 5.3 and 6kWh/week 
for FPC and ETC configurations respectively. Higher electrical demand for ETC is due 
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extended the operational hours for MD in summer thereby increasing annual water 
productivity. Also shown are auxiliary energy demand profiles for fulfilling daily 
production demand for both DHW and MD. As per the design case, 20 l/day of pure water 
must be produced for 5-person household. However, an average deficit of 2.3 l/day and 2.9 
l/day is observed that needs to be fulfilled through auxiliary heaters. Interestingly total 
annual pure water production using ETC is 7.2% more than FPC operation but daily 
demand fulfillment is better in FPC. As a consequence, the total auxiliary demand for FPC is 
22% less than the auxiliary demand for ETC system. The results show importance of 
optimization of system design parameters for e.g. tilt angle in this for different type of 
collectors. Therefore, a comprehensive sensitivity analysis need to be developed to analyze 
the dependence of overall system performance on most significant design variables, when 
all the remaining parameters remain fixed. 
 
5.5.3 Sensitivity analysis and techno-economic optimization 
 
A constructive approach has been followed in this study in order to analyze the performance 
of cogeneration system by changing various design variables. Each optimized parameter is 
used as a system design parameter for next parameter optimization. Among these variables, 
for sake of brevity, the sensitivity analysis is shown only with respect to the following 
parameters: collector tilt angle, TES volume, and collector area. Annual solar fractions for 
cogeneration operation (SFCogen), individual solar fractions of MD and DHW (SFMD and 
SFDHW) along with payback period are considered as performance indicators. Other 
parameters such as solar and MD loop flow rates and heat exchange effectiveness have been 
kept constant throughout all simulations. (Heat exchange effectiveness determines feed inlet 
temperature of MD which mutually dependent on flow rates.) As discussed in Chapter 3 
from RSM optimization, during absence of solar energy auxiliary heaters must be used in 
MD feed buffer tank and designed to produce at least 3 kg/h of distillate. In such a scenario 
MD feed flow rate needs to be kept at such a level that the SCMD system could achieve high 
production in limited time. According to the previous study [Kumar and Martin, 2016], MD 
flow rates must be kept close to 6l/min along with increased effectiveness of PHE. 
 
5.5.3.1 Effect of collector tilt angle 

 
Depending upon the location, collector tilt plays major role for balanced operation of the 
cogeneration system throughout different seasons. A typical SDHW system needs to be 
optimized for maximizing hot water production in winter season and tilt angle should be 
latitude plus 10o (35o in case of UAE). Similarly, a typical SMD systems needs to be 
optimized for summer maximum and operated with collector tilt of latitude minus 10o (15o 
in case of UAE), whereas for cogeneration operation, a balance should be maintained for 
fulfillment of annual demands of both MD and DHW. Therefore, tilt angle can be optimized 
for maximum cogeneration solar fraction with minimum payback period. Fig. 5-7 shows the 
trends of SFCogen and PB with different tilt angles of both flat and evacuated tube collectors. 
The trends clearly show that for SCMD operation, 30o and 20o are optimum tilts for FPC and 
ETC configurations respectively. 
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Figure 5-7. Variation of SCMD Performance with collector tilt angle: FPC (left) and ETC(right) 
 
5.4.3.2 Effect of thermal storage tank volume 

 
Fig. 5-8 shows the sensitivity analysis as a function of volume of TES operated with 
optimized tilt angles obtained earlier. TES volume is most sensitive to DHW solar fraction at 
lower volumes and scarcely sensitive to MD solar fraction. In fact, it is well known that the 
system storage capacity improves with larger TES volumes, due to increase in amount of 
solar energy delivered to user. On the other hand, larger TES volumes lead to higher 
thermal losses toward the environment. As shown in Fig.5-8, DHW solar fraction decreases 
for larger TES volumes beyond 200l. Also, at TES volume greater than 200l a steep decrease 
in cogeneration solar fraction is observed due to reduced heat delivery to MD thereby 
lowering SFMD below 1. Results also show nearly linear increase in payback period with 
every 100l increase in storage volume. From the economic point of view, the best 
configuration (lowest PB) is achieved for smaller TES volumes. Therefore, for both FPC and 
ETC configurations, TES volume of 200l will be optimum for SCMD operation. Also, for 
individual households in the region, its common practice to have cold water storage tanks 
over the roof top. Since, MD cold return line retains some heat and mixes with the variable 
volume cold storage, it is also important to estimate optimum volume at which SFMD reaches 
1. Investigations show that minimum 1m3 volume cold water store is needed below which 
MD productivity decreases due to increased cold inlet temperatures with time of the day. 
 

  
Figure 5-8. Variation of SCMD Performance with TES volume: FPC (left) and ETC (right) 
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5.5.3.3 Effect of collector area 

Simulations are further carried using optimum tilt and TES volume in order to determine 
optimum collector area required for desired operation. This is the most important parameter 
for the design of cogeneration system under investigation. According to the design 
procedure developed in this study, an increase of the collector area leads to corresponding 
increase of solar loop flow rate. With MD loop flowrate being fixed, it is important to 
consider that optimum point should be where SFMD=1. In fact, practically it is never feasible 
to obtain SFDHW=1 and hence maximizing MD solar fraction improves cogeneration solar 
fraction. Simulations are started with minimum collector area requirement for optimum 
SMD operation i.e. 7m2 for FPC and 5m2 for ETC. A steep increase in SFMD was observed as 
shown in Fig. 5-9 and SFMD reaches 1 at 12m2 and 9m2 aperture areas of FPC and ETC 
configurations respectively.  At this point SFDHW is close to 0.9 and increased further with 
collector area. Also Fig. 5-9 shows that payback periods rapidly decrease with increase in 
collector area showing better economic performance with larger solar field area. This result 
is due to the fact that the capital cost obtained for the solar thermal field is sufficiently 
balanced by the savings due to its heat and pure water productions. However, for extremely 
large solar collector fields, some amount of heat should be rejected being higher than the one 
demanded by the users. This would result in a non-monotonic trend of the PB periods, after 
the point where SFMD=1. A slight increase in SFDHW could be obtained beyond this point but it 
is not sufficiently significant considering the capital cost increase at higher collector area.  

  
Figure 5-9. Variation of SCMD Performance with collector area: FPC (left) and ETC(right) 

 
5.5.3.4 Increased demands – Large family case  
 
Considering the large family households in the region, the demand for both hot and pure 
water will increase thereby increasing the thermal energy demand for SCMD [Ad bur 
Rehman and Al Sulaiman; 2016, Household budget survey; 2013]. Using the optimized 
configurations of small family SCMD systems, the cogeneration solar fraction reduced to 0.5 
by doubling user demands. DHW solar fractions are reduced by only 5% with doubled 
demand whereas MD solar fractions reduced by more than 60%. At the same time, payback 
period increased by 2.5 times owing to substantial increase in thermal energy requirement 
for MD operation. For a large family comprising of 8 members in UAE, the total pure water 
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demand increases to 32 l/day and 400 l/day of DHW demand. Since it is practically not 
possible to fulfill daily pure water demand using single module MD, an extra module need 
to be integrated in series for enhanced production. Also, the size of thermal storage tank 
needs to be increased to 300 l to improve storage capability for DHW generation. With 
complete pure water demand fulfillment along with 85-90% demand fulfillment for DHW 
using solar thermal energy, overall cogeneration solar fraction could be as high as 0.95 for 
the large family SCMD system.  
 
5.5.3.5 Daily demand fulfillment scenario  
 
Although the entire techno-economic analysis until now is based upon annual demand 
fulfilment for cogeneration system, it is also important to analyze the system performance 
considering the daily demand fulfillment for pure water production. Fig. 5-10 shows PB 
trends with 3 different cases of economic performance analysis.  
 

 

 
Figure 5-10. Variation of payback period with different demand fulfillment types 

In order to produce 4 l/day per person using MD system (Single family – 20 l/day, Large 
family – 32 l/day), sufficient back up thermal energy would be needed thus increasing 
overall PB period by half year as shown in Fig. 5-10. However, when we consider the 
benefits of surplus amount of water produced apart from annual demand fulfillment, the PB 
would remain almost same as annual demand PB. Table 5-5 summarizes the sensitivity 
analysis results of SCMD system for single and large family application in UAE. 
Considering daily demand fulfilment and keeping similar DHW solar fractions, 
cogeneration solar fractions would be reduced by only 6-7%. Therefore, it would be practical 
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to design a cogeneration system on annual demand basis considering user consumption 
profile variability along summer and winter seasons. Also, during summer season DHW 
demand decreases owing to high cold water temperatures and the extra energy would be 
potentially useful for MD. Increased water production in summer would be beneficial for 
gulf climatic conditions which is an added advantage for cogeneration operation. 
 

Table 5-5. Summary of sensitivity analysis for SCMD design 
Mode of 

Operation 
Demand 

Type 
Tilt Angle TES Volume Collector area SFCogen SFDHW 

FPC ETC FPC ETC FPC ETC FPC ETC FPC ETC 

SCMD-S 
Annual 

  30o 20o 
200l 12m2 9m2 

0.98 0.98 0.90 0.89 
Daily 0.90 0.93 0.90 0.89 

SCMD-L 
Annual 

300l 19m2 14m2 
0.98 0.97 0.89 0.85 

Daily 0.91 0.92 0.89 0.85 
 
5.5.4 Critical Analysis of SCMD – Comparison with SDHW and SMD 
 
The advantages of cogeneration operation must be critically analyzed through comparison 
of systems operated individually. Simulation results of individual and cogeneration 
operation are analyzed in terms of thermal, electrical demand, performance efficiencies and 
also payback, net cumulative savings.  
 
5.5.4.1 Energetic performance and efficiencies 
 
Fig.5-11 shows weekly thermal energy demand profiles for individual and cogeneration 
operation. SDHW and SMD systems are operated at tilt of 35o and 15o in order to achieve 
optimum conditions in winter and summer seasons respectively.  
 

 
Figure 5-11. Comparison of weekly thermal energy demand profiles 

 
Individual operation trends show identical energy demand profiles for both FPC and ETC 
configurations. Daily average energy demand for SDHW and SMD are 33 kWh/day and 165 
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kWh/day respectively. For cogeneration operation energy demand profiles are different due 
to the difference in solar radiation availability during winter and summer. Since optimum 
collector field angles for FPC and ETC are 30o and 20o, it affects the magnitude of the energy 
production by collectors. The average daily solar thermal energy utilized by SCMD system 
is 170 kWh/day and 186 kWh/day for flat and tubular collector fields. Compared with 
individual operation, total thermal energy demand for cogeneration is reduced by 14% for 
FPC and 6% for ETC.   
 
In Fig. 5-12 the electrical energy demand profiles for individual and cogeneration operation 
are shown. For all modes of operation, electrical energy demand is higher for ETC 
configuration. This is due to increase in operational hours of ETC attributed to its inherent 
characteristic of absorbing more heat than FPC during early morning and late evening 
hours. For SDHW the daily average operational hour difference between FPC and ETC 
systems is 2 h whereas for SMD and SCMD systems it is reduced to 1 h.  Average daily total 
electrical energy demand for individual operation would be 7 kWh/day and 8 kWh/day for 
FPC and ETC respectively, whereas for cogeneration operation ESCMD reduces to 5.3 
kWh/day and 6 kWh/day leading to 25% savings in electrical energy demand.  
 

 
Figure 5-12. Comparison of weekly electrical energy demand profiles 

 
As mentioned earlier, three types of efficiency indicators are used to analyze cogeneration 
system performance. Fig. 5-13 shows weekly trends of collector, combined and system 
efficiencies. For both FPC and ETC configurations, system efficiencies are almost similar and 
more than 80% of the available energy could be utilized for SCMD systems. Interestingly, 
system efficiencies are lower in summer indicating the availability of extra useful energy 
gain from the collectors. Fig. 5-13 also shows profiles of collector efficiency with average 
values of 45% and 60% for flat plate and evacuated tubular solar thermal configurations, 
respectively. Collector efficiencies are almost constant throughout the year showing the 
balanced operation of the system. Overall combined efficiency of 37% and 50% are obtained 
for FPC and ETC configurations respectively. Higher efficiencies for ETC owes to lower 
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aperture area of the collectors however from economic view point payback periods are 
higher for ETC compared to flat plate arrangement. 
 

 
Figure 5-13. Performance efficiencies of SCMD system 

 
Table 5-6 summarizes collector, combined and system efficiencies of individual and 
integrated operation of DHW and MD system for both single or large family applications. 
Cogeneration has a clear advantage over SDHW operation with improved combined and 
system efficiencies between 40-60%. Individual operation of SMD system shows slight 
improvement in performance however it is not significant in terms of economic viewpoint. 
The results show the technical feasibility of cogeneration system which can be considered as 
an efficient design option for end used application in UAE. 
 

Table 5-6. Solar field area for optimal operation and efficiencies of SCMD, SDHW and SMD 
Mode of 

Operation 
Collector area (m2)    

FPC ETC FPC ETC FPC ETC FPC ETC 
SDHW-S 5 3 0.39 0.59 0.17 0.29 0.45 0.49 
SMD-S 9.5 6.5 0.42 0.61 0.4 0.59 0.96 0.96 
SCMD-S 12 9 0.45 0.61 0.37 0.5 0.83 0.83 
SDHW-L 7 5 0.4 0.56 0.2 0.28 0.5 0.5 
SMD-L 18 10 0.35 0.66 0.34 0.64 0.96 0.97 
SCMD-L 19 14 0.46 0.63 0.4 0.56 0.87 0.89 

 
5.5.4.2 Investment, Payback and Savings 
 
Economic analysis is performed with fuel inflation rate of 10% along with a discount rate of 
5% for different configurations under study. As shown in Fig. 5-14, a capital investment cost 
of 6.2k$ and 7.5k$ is estimated by the economic analysis for SCMD operation using FPC and 
ETC solar fields. These values are 2.5 and 3 times higher in magnitude compared to regular 
SDHW system whereas the magnitude is reduced to 0.75 times when compared with SMD 
system. Overall capital investment savings of 10-15% could be achieved for cogeneration 
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operation when compared with cumulative investments costs for individual operation. This 
reduction is due to efficient use solar thermal energy DHW and pure water production and 
also reducing operational expenses related to pumping.  
 

 
Figure 5-14. Distribution of investment costs for various modes of operation 

 
The difference of capital investment cost between SCMD and SDHW systems and the saving 
achievable determine an average PB period of 8 and 9 years for cogeneration using FPC and 
ETC solar fields. For daily demand fulfilment, PB period is further increased by 1.4 years for 
both configurations. As shown in Fig. 5-15 PB could be reduced by 2.5-3 years by switching 
from regular SDHW to cogeneration systems along with a 4-fold increase in NCS. Switching 
from SMD to cogeneration had a slight benefit as well in terms of NCS. With increase in user 
demand (i.e. for large family), NCS would further increase by 55-60% for cogeneration 
system with similar PB as of small system. Such result shows that the cogeneration system is 
profitable from the economic point of view compare with individual installations. 
 

Figure 5-15. Comparison of payback period (left) and net cumulative savings (right) 
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5.5.5 Applicability of solar cogeneration systems internationally 
 
From the above analysis, it is concluded that solar combined MD systems for cogeneration 
operation is a viable and economic option for hot and arid climatic conditions like UAE. 
However, it is also important to analyze the adaptability of these systems in the regions of 
having similar or close to those weather conditions. Six cities were chosen based on the 
annual average insolation in those regions ranging between 5-6 kWh/m2/day. To 
systematically analyze the energy and economic performance of solar cogeneration systems, 
extensive simulations were carried out for many climatic regions worldwide. The analysis 
includes parametric optimization for tilt angles and collector area using different type of 
collectors. Table 5-7 summarizes the selected locations, global horizontal radiations, mean 
temperatures and also utility costs for water and electricity. The utility prices were obtained 
from numerous web resources and incorporated in economic models for evaluating PB and 
savings.  
 

Table 5-7. Annual mean temperature, global irradiance, utility costs and optimum tilt and areas for SCMD 

Location of 
SCMD 
system 

Avg. Global 
Rad. ICol 

(kWh/m2/day) 

Average 
Ambient 

T (oC) 

Utility Costs# 
($/l and $/kWh) 

Optimum Tilt 
Angle (degree) 

Optimum 
Col. Area (m2) 

Water Electricity FPC ETC FPC ETC 
Jeddah 5.94 31.7 0.1 0.04 30 20 10 7.5 
RAK 5.75 29.4 0.08 0.12 30 20 12 9 
Mexico City 5.40 18 0.08 0.12 25 15 17 11 
Cairo 5.35 22.6 0.1 0.06 30 25 12.5 9 
New Delhi 5.29 26.3 0.08 0.08 35 30 12 9 
Malta 5.22 20 0.26 0.12 35 30 13.5 9.5 
Perth 5.18 19.5 0.1 0.24 35 25 14 10 
#Utility costs were obtained from various web sources  
  

From Table 5-7, it shows that Jeddah requires lowest collector area for SCMD operation 
whereas the highest requirement was for Mexico City. The increased requirement for solar 
field in Mexico is mainly due (i) low driving force for MD during winter months and (ii) 
increased DHW demand. Even though cold intel temperatures are low for this region, 
effective ∆T (TMDHin - TMDCin) is less than 35oC for almost 4 months in a year which is lowest 
compared to other locations. Close observation shows that optimum collector area trends 
follow the annual mean temperatures of the region rather than incident radiation levels. For 
low ambient temperatures as in the case of Mexico, energy supply for DHW generation 
increased by more than 75% compared to annual DHW demand for Jeddah. This shows the 
importance of analyzing energy distribution between MD and DHW.  
 
Fig. 5-16 shows the energy distribution profiles of SCMD system at different locations. 
Considering the daily demand fulfillment for pure water production, the percentage of total 
auxiliary demand for cogeneration to the total solar energy supply is as high as 25% for 
Mexico and lowest of 7% for Jeddah. Therefore, highest solar fraction achievable for SCMD 
operation is 0.93 for Jeddah and the lowest being 0.75 for Mexico. Above analysis shows 
energetic performance of SCMD systems at different locations concluding that cogeneration 
solar fractions of more than 0.75 could be achievable for regions with annual insulations 
close to 2000 kWh/m2. However, it is also important to analyze the economic benefits of the 
system considering the corresponding utility rates (shown in Table 5-7) in those locations. 



Doctoral Thesis / Uday Kumar N T   Page  67 

 

Figure 5-16. Thermal and electrical energy distribution for different locations 
 
Fig. 5-17 shows the comparison of payback periods for cogeneration operation with regular 
solar water heating systems. Out of the 7 locations investigated, PB periods are higher for 
SDHW systems at 5 locations and lower for the case of Mexico and Perth. In case of Mexico 
increased solar field lead to high PB for cogeneration whereas for Perth high electricity 
prices lead to decrease in savings thereby increasing the PB. Locations with lower electricity 
prices for e.g. Jeddah and Cairo the PB periods for SDHW are thrice and twice respectively 
compared to SCMD operation. Interestingly Malta has lowest PB period for cogeneration 
owing to high cost of pure water and the highest PB is for Mexico. From the results it is 
apparent that SCMD systems are a viable alternative compared to solar heaters for the 
regions with hot or moderately hot conditions and with lower fuel prices. Also, cogeneration 
systems would be very beneficial for countries relying on bottled water sold at high prices. 
 

 

Figure 5-17. Payback period for SCMD and SDHW systems at different locations 
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5.5 Concluding remarks 
 
The dynamic simulation model of a cogeneration system based on the integration of flat 
plate and evacuated tube solar thermal collectors with membrane distillation technology 
was presented. The modelled system produces thermal energy utilized for simultaneous 
production of domestic hot water and pure water. The case studies adopted for system 
simulation consists of a small or large family household in UAE comprising of 5 or 8 
persons. The cogeneration system was analyzed for different time bases: weekly and yearly 
for annual production of 7300l of pure water along with 250l/day of hot water at 50oC. 
Sensitivity analysis is performed in order to determine system performance as a function of 
the main design parameters. Following are the results of the dynamic simulations and 
techno-economic optimization: 

 Annual simulation based on pilot installation in UAE show that out of the total solar 
energy gain, 60% is utilized by MD system, 15% is utilized for DHW generation and 
the remaining are losses. 

 Optimum design parameters for cogeneration system to fulfill annual demand of a 
single family household with 5 persons in UAE are; 

o For FPC solar field: 30o tilt, 200 l TES volume and 12m2 collector aperture area 
o For ETC solar field: 20o tilt, 200 l TES volume and 9m2 collector aperture area 

 For large family households (8 persons), the optimum collector area requirement for 
FPC configuration is 19m2 and 14m2 for ETC configuration. 

 Optimized cogeneration system utilizes more than 80% of the available solar energy 
gain with collector efficiencies of 45% and 60% for FPC and ETC respectively.  

 Average daily solar thermal energy supplied to cogeneration system is 170 kWh/day 
and 186 kWh/day for FPC and ETC configurations, and average daily electrical 
demands are 5.3 kWh/day and 6 kWh/day respectively. 

 Cogeneration operation reduces 6 – 16% of thermal energy demand and also enables 
25% savings in electrical energy demand. 

 PB could be reduced by 2.5 – 3 years by switching from regular solar water heating 
to cogeneration systems along with a 4-fold increase in NCS.  

 With increase in user demand (i.e. for large family), NCS could be further increased 
by 55-60% for cogeneration system with PB period of 8 – 9 years. 

 Considering drinking water consumption variability of users along summer and 
winter seasons, its practical to design a cogeneration system on annual demand basis 
rather than daily demand fulfilment. 

 
In summary, this study proved the technical feasibility of a cogeneration system which can 
be considered as an efficient design option for residential application in UAE. In fact, the 
results also showed that the system under investigation would be economically viable in a 
number of configurations. In addition, cogeneration option operated with two MD modules 
in series would be profitable as well for higher user demand profiles. Further detailed 
energetic and economic analysis of cogeneration system has been extended to different 
weather conditions showing the adaptability and profitability of the system considering the 
related energy and water markets. SCMD systems are shown a viable alternative compared 
to solar heaters for the regions with hot or moderately hot conditions and with lower fuel 
prices. Also, cogeneration systems would be very beneficial for countries relying on bottled 
water sold at high prices.  
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6 Co- and Tri-generation using Multi 
Cassette AGMD Module 

 

 

 

 
 
It has been demonstrated from previous sections that both direct solar integration and 
thermal store integration has its merits and demerits for integrating single cassette AGMD 
module. However, for practical application and module safety it is recommended that MD 
membrane should not face high line pressures and hence the loop must be operated 
separately. Previous investigations proved the technical feasibility and economic viability of 
direct solar combined MD systems. Similar approach had been adopted for multi cassette 
AGMD modules and various operational modes are presented in this section.  An attempt 
has been made to couple the merits of both direct solar and thermal store configurations to 
achieve better energy performance.  
 
Thermal and economical performances of solar thermal cogeneration with three different 
integration strategies are investigated experimentally and presented in this study. Also 
considering the fact that in UAE, around 30% of electricity requirement is accounted for 
building air conditioning and increased up to 70% during peak summer months [Kazim; 
2007]. Therefore, further research has been extended to Tri-generation (pure water, heat and 
cooling) by integrating with an existing solar thermal cooling installation at RAKRIC. The 
work presented in this section is compilation of results from two published articles 
appended in the thesis (Paper-IV and V). 
 
6.1 Integrated Systems 
 
A flexible experimental system was designed and developed at RAKRIC in order to operate 
with different configurations for co/polygeneration of various utilities. The system could be 
operated in two ways for 

(i) cogeneration of pure water and heat and  
(ii) trigeneration of pure water, heat and cooling.  

 
Membrane distillation unit used in this research project is a semi-commercial air-gap 
membrane distillation (AGMD) module developed by Scarab Development AB [Xzero; 
2017]. The unit is a flat sheet AGMD type, with 10 cassettes connected in parallel. The 
cassettes are injection molded together forming channels for hot and cold water flows. 
Technical specifications and picture of membrane module are shown in Table 6-1. This 
module has been used by other researchers for desalination using solar thermal energy 
source [Medesol; 2010, Burrieza et al.; 2011 & 2015]. However, practical operation of the 
module for polygeneration process is the novelty of this research work.  
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Table 6-1. Technical specifications of multi cassette AGMD module [Kullab; 2011] 
Specification  Value 

 

Membrane area  2.8m2 
Porosity (ϕ)  0.8 
Membrane thickness (b)  0.2mm 
Air gap width  1mm 
Height of the module  730mm 
Width of the module  630mm 
Thickness of the module  175mm 

 
6.1.1 Co-generation of heat and pure water 
 
The MD circuit consists of a 500 l stainless steel storage tank for feed water storage, which is 
connected to membrane distillation unit through a stainless steel pump with VFD controller 
to maintain pressure range below 0.3 bar. The concept of internal heat recovery is employed 
for AGMD module to maximize the energy recovery. Saline feed water is first pumped 
through the cold channel of MD in order to recover the internal gain from latent heat 
released by the distillate and conductive heat transfer from the hot side. With slight internal 
heat gain, warm feed water further passes through a primary heat exchanger for gaining 
heat from energy source. Thereafter saline feed enters the hot channel of the MD module for 
purification as shown in Fig. 6-1. Hot channel outlet from the module is then passed through 
a secondary heat exchanger, where the heat energy from saline brine is recovered for heating 
up fresh water circulated from a DHW storage tank. The process of cogeneration of pure 
water and heat would be accomplished in the above mentioned way through integration of 
solar thermal energy source as shown in Fig. 6-2. A data logging and acquisition system 
records temperature, flow and conductivity of the fluid at various points in the loops. 
 

 
Figure 6-1. Internal heat gain and external heat recovery in AGMD unit 

 

Figure 6-2. Schematic of experimental setup for co-generation of pure water and DHW 
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Depending on the mode of thermal energy supply to the MD system, three integration 
modes were studied for analyzing overall system performance. 

 Thermal Store Integration (TSI) 
 Direct Solar Thermal Integration (DSI)  
 Direct Solar along with Thermal Store Integration (DSTSI)  

 
In TSI integration mode shown in Fig. 6-3(a), thermal energy from the solar collectors is 
stored in a stratified thermal storage tank and then supplied to MD system through a heat 
exchanger PHE. Hot water at the top layer of the tank is pumped through PHE and returned 
back to lower temperature layer of the tank. This is the most common mode of integration, 
since the system could be operated for extended hours (before and after sunshine hours). 
However, since the cogeneration system is designed to operate only during sunshine hours, 
a direct solar energy supply to MD might enhance overall system performance. Therefore, a 
second mode of operation was developed, direct solar integration (DSI), as shown in Fig. 6-
3(b). In this mode, the thermal storage tank is bypassed and thermal energy produced by the 
solar collectors is supplied directly to saline feed water flowing in counter current direction 
of primary heat exchanger. The third mode of operation integrates direct solar and thermal 
storage (DSTSI) configurations together. This mode involves direct solar energy supply 
along with thermal storage energy supply as shown in Fig. 6-3(c-i) and (c-ii). The DSTSI 
mode employs two steps in which the thermal energy from solar collectors is supplied 
directly to MD feed through PHE. Then the return hot water from PHE is diverted to charge 
the thermal storage tank instead of returning directly to collector loop. Thermal store is 
charged during sunshine hours and utilized for operation after sunshine hours. This mode 
of integration enables extended hours of operation after sunset which in turn enhances 
overall system performance.  
  

 
Figure 6-3. (a) Thermal store integration (TSI) (b) Direct solar thermal integration (DSI) (c-i) Direct solar 

along with thermal store integration (DSTSI) (c-ii) DSTSI extended operation with thermal store only 
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6.1.2 Tri-generation of heat, cooling and pure water 
 
The concept of cogeneration is further extended to tri-generation by integrating a single 
stage vapor compression absorption chiller (VAC) unit having a peak cooling capacity of 
35kW [Yazaki; 2014]. The tri-generation system was designed to operate during the sunshine 
hours without any auxiliary electrical heater in the weather conditions of UAE. The 
schematic layout of the system considered for the investigation is shown in Fig. 6-4 which 
consists of seven different system loops: 

 Solar collector circulation loop (SCW): Circulation of water between solar collector 
field and source side of hot water storage tank 

 Hot water loop (HW): Circulation of water between VAC and load side of the thermal 
storage tank 

 Cooling water loop (CW): Water circulated between cooling tower and absorption 
chiller unit 

 Chilling water loop (CHW): Chilled water flowing between fan coil units and 
evaporator of the absorption chiller through chilled water storage tank 

 Saline water line (SW): Water supplied to AGMD module for the desalination process 
 Desalinized water line (DW): Fresh water produced from AGMD and collected in 

distillate collection tank 
 Domestic hot water line (DHW): Hot water supply for end use by recovering heat 

from AGMD  
 

 
Figure 6-4. Schematic layout of solar tri-generation system 

 
Hot water produced in solar collector field is stored in the thermal storage tank during the 
charging process. Hot water from thermal storage tank is utilized to provide required 
thermal energy to drive the absorption chiller and MD units. Chilled water produced by the 
absorption chiller is stored in the chilled water storage tank then supplied to office cabins 
through fan coil units. Feed water from sea water storage tank is supplied to the cold side of 
MD modules, where it is preheated. Preheated sea water is further heated with PHE1 where 
saline feed water recovers heat from return hot water leaving absorption chiller. Hot feed 
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water is then supplied to the hot side of MD modules to initiate the desalination process. 
Finally, domestic hot water is prepared by extracting heat from returning brine of MD 
module. Fig. 6-5 shows the photographs of ETC solar collector field, thermal storage tanks, 
MD module, VAC and fan coil units installed at RAKRIC, UAE. 
 

  

  
Figure 6-5. Pilot solar tri-generation system installed at UAE 

6.2 Energy and Economic performance parameters 
 
6.2.1 Co-generation performance analysis 
 
The energy flows in solar cogeneration system are calculated as follows. The useful heat 
energy supplied by the evacuated tube collector is calculated by following equation [Al-Alili 
et al; 2012]: 
  (6-1) 

Thermal efficiency of membrane distillation process is determined by gain to output ratio 
(GOR). GOR is calculated by, 
  (6-2) 

 is the mass of distillate produced,  is the specific enthalpy of evaporation and 
 is the heat energy supplied to the MD unit.  is calculated by, 

  (6-3) 

where  is mass flow rate of saline water to membrane distillation module,  is the 
specific heat capacity of saline water,  is the hot water inlet temperature supplied 
from the PHE,   is the temperature of cold water entering the heat exchanger and 

 is the heat energy recovered for domestic hot water preparation. 
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  (6-4) 

 is the mass flow rate of fresh water supplied for DHW preparation,  and  
are the inlet and outlet temperatures of freshwater supplied to the SHE.  
 
6.2.2 Tri-generation performance analysis 
 
In addition to performance parameters for cogeneration operation, additional analysis is 
needed for absorption chiller system. Major energy flows in the absorption chiller loop are 
calculated by, 

  (6-5) 

  (6-6) 

where  is the heat supplied to the generator of VAC,  are the mass flow rate of 
hot water flowing through the generator,  and  are the hot water inlet and outlet 
temperatures,  and  are the chilled water inlet and outlet temperatures,  is the 
useful chilling energy produced by the VAC and  are the mass flow rate of chilled 
water flowing through the evaporator. COP of the absorption chiller is calculated by, 
 
  (6-7) 

 
6.2.3 Economic analysis 
 
Similar to small scale cogeneration system using single cassette MD, payback (PB) period 
and net cumulative savings (NCS) are chosen as economic criteria to evaluate the benefits 
based on design parameters for cogeneration and tri-generation operation. Basic PB and 
NCS equations are provided in previous chapter-5. However, initial investment costs vary 
duty the addition of various components into these systems. Especially land is an important 
factor to be considered for large scale installations whereas previous SCMD system could be 
easily deployed on rooftops for single or large family dwellings. Additionally, cost of multi 
cassette MD module is another major initial investment which is 14 times costlier than the 
single cassette module due to higher membrane area. Also, capital cost must include plate 
heat exchangers for cogeneration and further absorption chiller costs are added for tri-
generation.  Table 6-2 provides the list of various components of multi cassette co/tri-
generation system used for economic evaluation. 
 
Based on the components needed for the mode of operation, following equations provide 
initial investment costs for co/tri-generation systems, 
 
 

 
(6-8) 

 
 

(6-9) 
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Table 6-2. Cost of individual components for co/tri-generation system 

Component Abbreviation Value 
Solar collector [US Energy Agency; 2014]  294$/m2  
35 kW Absorption chiller [Solar Next;2014]  61800$ 
Land [Perera; 2011]  180$/m2  
Membrane distillation unit [Medesol; 2010]  7000$/unit 
Membrane replacement [Medesol; 2010]  15% of  
Plate heat exchanger [Al-Obaidani  et al; 2008]  2000$/m2 

Hot storage tank*  4130$/m3 

Cold storage tank*  4130$/m3 

Pump  [Al-Alili et al.; 2012]  881Wp0.4 

Hydraulics – Co-gen. [Medesol; 2010]  0.15 + 0.05  
Hydraulics – Tri-gen. [Medesol; 2010]  0.15 + 0.05 +0.05  
Installation cost [Medesol; 2010]  5% of total component cost 
Lifetime of the system N  20 years 
Plant Availability - 96% 

    *Obtained from the manufacturer 

6.3 Co-generation - Results and Discussion 
 
Detailed experimental analysis is conducted to evaluate the impact of different integration 
strategies on the final output of potable water and DHW. As described earlier, results 
obtained from three different integration strategies are discussed in this research work. 
Further overall system performance is also analyzed with different collector area in all three 
integration strategies. All the experiments were conducted during the month of October 
with peak global irradiation level around 650 W/m2. The system is operated for 7-9h 
depending upon mode of operation and sunshine hours. The membrane distillation is 
operated with internal recovery mode as discussed earlier. The heat recovered from brine 
leaving the hot side of desalination unit is used to produce DHW with mean temperature 
around 55oC. Feed flow rate of brackish water is set at 20 l/min based on previous 
parametric evaluations conducted on AGMD modules [Burrieza et al.; 2011]. Saline feed 
water with conductivities ranging between 20,000-65,000μS/cm (12,000 - 40,000 ppm) was 
distilled using two AGMD modules to produce distilled water at conductivities less than 50 
μS/cm. The feed conductivities are varied due to periodical filling of sea water storage tank 
with high saline water. Even with fluctuation in feed concentrations, distillate conductivities 
were ranged between 20-50 μS/cm.  
 
6.3.1 Single vs Two stage operation and seasonal variation 
 
The AGMD system is operated with both single stage and double stage configurations 
(operation in series) to analyze the performance of multimode integration. Total of 80 liters 
of pure water is produced for 7 hours of daily operation as shown in Fig. 6-6 for two stage 
operation. In single stage mode, a total of 47 liters of pure water is produced during the 
same hours of operation. Which proves almost 60% of production is contributed by first 
stage membrane distillation system as temperature difference in the second stage is on the 
lower side. Overall GOR of two stage systems is 0.7 which is much higher compared to 
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single stage system (heat recovery not considered). Compared to single stage operation, 45% 
more productivity is obtained with multiple stage configuration. 
 

 
Figure 6-6. Cumulative productivity and GOR 

Seasonal performance of membrane distillation unit was analyzed by conducting 
experiments in two different months as shown in Fig. 6-7. Total incident solar radiation and 
cumulative daily productivity of two stage membrane distillation unit during summer (July) 
and autumn (October) are shown in Fig.6-7. Peak solar isolation of 850 W/m2 and 625 W/m2 
are obtained during July and October respectively. MD unit performs better in summer with 
a total cumulative productivity of 80 kg/day, which is influenced by higher hot water supply 
temperatures leading higher temperature difference between the hot and cold sides whereas 
the production is reduced by 25% during autumn. 
 

 
Figure 6-7. Cumulative productivity of membrane distiller during different seasons 
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6.3.2 Operational performance in various modes of integration 
 
As mentioned earlier, cogeneration system could be operated in three different modes. The 
utilization of thermal store unit was a key parameter that was varied between the different 
integration methods; other aspects are shown in Table 6-3.  
 

Table 6-3. Key parameters for operation in three integration modes 

Integration 
Storage unit 
connection 

Operation of 
thermal store (h) 

Charging mode Charging mechanism 

TSI Yes (1m3) 8:30–17:30  Continuous  Direct from collector field 
DSI No Not operated  No charging - 
DSTSI Yes (1m3) 16:30–17:30  8:30–16:30  Return line from 

cogeneration system 
 
In Thermal Store Integration (TSI) mode, thermal energy produced by the solar collector 
field is utilized to charge hot water storage tank (thermal store). Hot water stored in thermal 
store is then utilized to drive the cogeneration cycle. Fig. 6-8 presents typical daily 
temperature and MD productivity profiles of the solar cogeneration system with thermal 
store integration. After an hour of initial charging time, the cogeneration system is initiated 
at which the top tank temperature is 61°C. During the test day, global irradiation and tank 
top level temperature reaches a maximum of 663 W/m2 and 70°C respectively and the mean 
temperature difference between collector outlet and thermal store supply is 15°C; this 
temperature difference is due to distribution of useful heat energy with the large volume of 
water in the thermal store. Since the hot water supply temperature has an impact on the 
productivity, reduction in hot water inlet temperature leads to lower distillate productivity. 
On the other hand, this configuration provides stability to the system operation maintaining 
the hot water supply temperature in range of 67 - 69 °C for longer period of time.  
 

 
Figure 6-8. Operational performance of solar cogeneration system in TSI 
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During the operation in TSI mode, the cold water is supplied between 30 °C and 34 °C, 
which falls in line with ambient temperature throughout the test. Hot water supply 
temperature to the MD module varies between 70°C and 60°C during the first seven hours 
of operation. A total of 29 kg of distilled water is produced during the test day and domestic 
hot water is produced at a rate of 80 l/min by recovering heat from hot brine leaving the MD. 
Similar to typical hot water supply temperature demand, domestic hot water is produced 
over 55°C during first seven hours of operation and the temperature steadily reduces to 45 
°C during the final hour. 
 
The second mode of operation is Direct Solar Integration (DSI), where thermal energy 
produced by the solar collector field is directly used to drive the cogeneration system. This 
mode of operation leads to higher hot water supply temperature compared to the TSI mode. 
Temperature and productivity profiles of solar cogeneration system with direct solar 
integration are shown in Fig. 6-9. It is evident from the Fig. 6-9 that hot water supply 
temperature follows the solar irradiation profile during the test day. Hot water supply 
temperature to MD module varies in the range of 58 - 82°C during the operational hours 
between 9:30 and 16:30. A maximum distillate productivity of 6.49 kg/h is achieved in this 
configuration during noon, which is 49.19% higher than TSI configuration. During the final 
hour of operation, hot water supply temperature drastically drops to 42°C leading to lower 
distillate productivity of 0.9 kg/h.  A total of 39 kg of distilled water is produced during the 
test day which is 35% higher than TSI. Domestic hot water temperature profile is produced 
over 55 °C between 10.30 and 16:00 hours and reduces sharply during the last hour of 
operation. 

 
Figure 6-9. Operational performance of solar cogeneration system in DSI 

 
Finally, third mode of integration combines merits of previous integration techniques to 
develop an energy efficient configuration termed as Direct solar with thermal store 
integration (DSTSI). Thermal energy produced by the solar collector field is supplied to the 
cogeneration system to initiate the operation cycle. The return hot water from cogeneration 
system is utilized to charge thermal storage tank, then it is supplied back to solar collector 
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field. Energy stored in the thermal store is retrieved during last hour of operation to 
augment the performance of cogeneration system. Operational performance of solar 
cogeneration system with DSTSI is shown in Fig. 6-10. Thermal store is gradually charged 
during the system operation, tank top level and bottom level temperature steadily increases 
to 79 °C and 75°C respectively at 16:30. Hot water supply temperature to MD module varies 
between 58 °C and 80°C during the operational hours between 9:30 and 16:30 whereas cold 
water temperatures are between 29 to 34oC. In terms of distillate production, a peak 
production of 6.5 kg/h is achieved in this configuration.  
 

 
Figure 6-10. Operational performance of solar cogeneration system in DSTSI 

 
During the final hour of operation, hot water to cogeneration system is supplied from 
thermal store as the hot water supply temperature sharply rises to 72°C at 16:30 as shown 
Fig. 6-10. In terms of distillate performance, 3.6 kg of distilled water is produced during the 
final hour of operation. Collectively, 43 kg of distilled water is produced during the test day 
which is 11% higher than direct solar integration and 50% higher than TSI configuration. 
 
6.3.3 Energy flows in various modes of operation 
 
Energy flows with corresponding productivity profiles obtained during the operation of 
various cogeneration systems are shown in Fig. 6-11.  The energy profile includes useful 
thermal energy produced by the solar collector field and energy demand by individual 
system components. Energy demand of MD is reduced by internal and external heat 
recovery techniques implemented in the system. For TSI mode of operation, thermal energy 
demand of MD during the peak operating hours drops as low as 0.5 kW, which shows 
efficient energy recovery as shown in Fig. 6-11(a). MD requires only 3% of available useful 
energy (437 kWh/day). About 0.34 kWh of thermal energy is needed for production of one 
kg of drinking water in this integration leading to GOR of 1.84, which is an improvement 
from earlier research work [Burrieza et al.;2011]. 
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(a) (b) 

Figure 6-11. Energy profiles and flows of cogeneration modes (a) TSI (b) DSI 

For DSI mode of operation the MD thermal power fraction varied during early and late 
hours of operation due to fact that the system gains energy directly from the solar system. 
No backup energy available in this case compared to TSI operation. In terms of overall 
energy utilization, MD requires about 8.3% of useful energy available during the test day as 
shown in Fig. 6.11(b). In terms of productivity, 0.76 kWh of energy is utilized for production 
of one kg of water. This energy demand is still acceptable as the productivity improved by 
35% compared to TSI.  In this configuration GOR drops to 0.82 as operating temperatures 
are higher than the previous configuration. This investigation proves that operational 
stability provided by TSI mode is compromised in DSI, but the overall performance is 
improved in this scenario as the system efficiency is improved by 3.3%.   
 
Energy profiles during the first seven hours of operation are similar to direct solar mode and 
rises drastically during the last hour of operation as shown in Fig. 6-12. As mentioned 
earlier, part of useful energy is utilized for charging the thermal store. About 24% of low 
grade useful energy is tapped in thermal store, which is recovered during final hour of 
operation shown in energy flow diagram. System efficiency of cogeneration system with 
DSTSI is improved by 5% compared to DSI and 7.4% compared to TSI.  GOR values of 1.0 
could be obtained using this configuration showing better performance than DSI operation. 
Based on high pure water production and efficient usage of available energy, DSTSI mode of 
integration could be better approach for multi cassette MD cogeneration. However, a 
suitable control strategy needs to be developed for switching from solar loop to thermal 
store loop during late hours of operation. This approach is similar to SCMD operation of 
single cassette integration in terms of direct solar energy intake. However, DHW production 
in this case is through heat recovery from MD whereas in SCMD, DHW was produced 
through the heat stored in thermal store.  
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Figure 6-12. Energy profile and energy flows in solar cogeneration system with DSTSI 

 
6.3.4 Effect of solar collector area 
 
The solar collector area is varied in terms of activating and deactivating collector rows 
during the experimentation. Each row of solar collector field has a gross collector area of 24 
m2 and experiments are conducted with four different solar collector areas: 24, 48, 72 and 96 
m2. Performance of solar cogeneration system during the experimentation is analyzed in 
terms of MD productivity and DHW production. Daily productivity of MD with different 
solar collector area and integration strategies is shown in Fig. 6-13(a).  
 

(a) (b) 
Figure 6-13. (a). Distillate performance with different collector area and integrations 

(b) DHW Energy recovery performance 
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Productivity of distillate with single solar collector row for TSI, DSI and DSTSI are 8.6, 9 and 
10 kg/day respectively. It is evident from results that productivity of distillate increases 
steeply with increase in collector area for all integration. Productivity of MD drastically 
increases by 3.3 times with collector area of 96 m2 for TSI, whereas it increases by 4.3 times 
for both DSI and DSTSI respectively. In terms of domestic hot water preparation, minimum 
criterion is to produce hot water at 55 °C at least for 6 hours of operation with hourly 
production of 1.2 m3. Only solar cogeneration system integrated with four collector rows 
(area = 96 m2) meets this criterion. DHW thermal energy produced during the operation 
with TSI, DSI and DSTSI for all four collector integration are 245, 266 and 277 kWh/day 
respectively as shown in Fig. 6-13(b). 
 
6.3.4 Economic Evaluation 
 
The costs of individual components are shown in Table 6-2.  Annual electricity cost for 
operation of pumps and general maintenance cost involved are considered in the economic 
analysis. Cost benefits are calculated based on tariffs in UAE: water - 0.08 $/l and electricity - 
0.12 $/kWh. The investment costs required for the installation of solar cogeneration in all 
three integrations are shown in Fig. 6-14. A total investment cost of $83,800 is required for 
TSI and DSTSI configurations and $79,700 is required for DSI reducing cost of thermal store. 
Major share of investment of more than 40% is accounted for land costs, known to be very 
high in UAE, which can be avoided in case of roof-top installations. Solar collector 
installation accounts for average of 35% total investment.  
 

 
Figure 6-14. Distribution of investment costs for different integrations 

Economic analyses for all three system integrations are conducted as shown in Fig. 6-15. 
Sensitivity analysis on payback period and net cumulative savings are conducted with 
different fuel costs. Impressive NCS is achieved with DSTSI compared to other two 
integrations. NCS with DSTSI increases by 21% and 5%, when compared with TSI and DSI 
configurations. In terms of payback period, both DSI and DSTSI achieve better payback 
periods and follows similar trends. Payback period by both DSI and DSTSI is improved by 
almost 20% compared to TSI. An attractive payback period of 4.7 years and NCS of $438,000 
are achieved by DSTSI configuration with fuel cost of 0.17 $/kWh. In current scenario with 
fuel cost of 0.12 $/kWh, a potential payback period of 6.4 years and NCS of $289,000 are 
achieved with nominal inflation rate of 10% and discount rate of 5%.  
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Figure 6-15. Variation of payback period and net cumulative savings with fuel cost 

 
6.4 Tri-generation - Results and Discussion 
 
Tri-generation is a combination of cogeneration and solar cooling system installed in UAE. 
In this mode, desalination and domestic hot water preparation processes are integrated with 
the absorption chiller to cooling, fresh water and DHW. Details of the cooling load for 
cooling load, properties of absorption chiller were discussed in publications related to solar 
cooling and simulation of poly-generation system [Mohan et al.;2016].  
 
6.4.1 Operational performance and energy flows 
 
Temperature and energy flows in absorption chiller during the operation are shown in Fig. 
6-16.  

 
Figure 6-16. Temperature and Energy profile of absorption chiller in trigeneration mode 
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The hot water supply temperature to the absorption chiller varied between 70°C and 75°C 
during the operational period. In terms of energy utilization, close to 30% of the useful 
energy is consumed by the absorption chiller for generation of chilled water. Chilled water 
is produced at an average temperature of 14°C and continuously circulated to the office 
cabins for air conditioning. Mean chilled energy production of 14 kWh is achieved in this 
mode, which is sufficient to fulfill cooling demand of two office cabins with COP varying 
between 0.45 and 0.50. Ideal operation of absorption chiller is ensured with the cold water 
supply temperature around 30oC during the entire operation. 
 

 
Figure 6-17. Temperature, energy and productivity profile of MD in trigeneration mode 

Fig. 6-17 summarizes the performance of membrane distiller and DHW processes in the 
trigeneration mode. Return hot water from the generator of absorption chiller is utilized for 
the cogeneration of freshwater and domestic hot water. The hot saline water is supplied to 
MD with temperature range of 60 to 70°C and cold water is supplied around 35°C 
throughout the operation. In this mode, single stage MD unit is integrated with the system. 
Single stage MD produces 4 liters/h with an average temperature difference of 30°C between 
hot and cold side of AGMD. Mean values of thermal energy supplied to the desalination and 
DHW production processes are around 30kWh, out of which 25 kWh is recovered for 
domestic hot water production at a mean temperature of 55°C. In the tri-generation case, 
0.17kWh of thermal energy is used for each kg of pure water production considering the 
heat recovery for DHW. This mode has an advantage of utilizing the total available energy 
effectively to produce DHW along with cooling and pure water production. The individual 
performance of absorption chiller, membrane distiller reduces by 35% but as whole system, 
the system efficiency reaches 68%.  Collector efficiency maximizes in tri-generation as the 
operating temperatures are much lower than other modes. As shown in Fig. 6-18, 
energetically, this mode utilizes more amount of available energy when compared to 
standalone operation of solar cooling system.  
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Figure 6-18. Energy flows in trigeneration mode 

 
6.4.2 Economic analysis 

In addition to cogeneration costs, trigeneration economic analysis includes relevant 
investment and operation costs for solar cooling circuit. Annual electricity cost for operation 
of pumps and general maintenance cost including parasitic water losses around 2 kg/h in 
cooling tower are considered in the economic analysis. Individual electricity demand for 
various components is shown in Fig. 6-19. For cogeneration operation a total of 2.4 kWh 
electrical energy is consumed during operational day whereas for tri-generation operation 
additional 3.5 kWh/day is added which is 60% of total electrical energy demand. Detailed 
annual cost benefits from production of cooling, fresh water and domestic hot water and 
operational costs are shown in Table 6-4.  

Table 6-4. Annual costs and benefits for tri-generation system 
Parameter Value Total costs 
Cooling benefits $0.10/kWh $4173.16 
Cooling demand charges in UAE $42.3/kW.year $888.33 
Desalinized water benefits $0.08/liter $700.00 
Domestic hot water benefits $0.12/kWh $5880.00 
Electricity consumption $0.12/kWh $1951.00 
Parasitic water consumption $0.08/liter $441.50 
   

 
Figure 6-19. Distribution of electricity consumption by Tri-generation system 

 
The total investment cost required for installation of STP is $184,500 which is 125% higher 
than the investment needed for cogeneration. The distribution of investment cost for 
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different subsystems are shown in Fig. 6-20. Major shares of investment cost are accounted 
for absorption chiller and land cost, as they occupy 65% of total investment cost. 

 
Figure 6-20. Distribution of Investment cost for solar tri-generation. 

 
Sensitivity analyses on payback period and net cumulative savings for trigeneration plant 
were conducted with different inflation rates. Considering land cost, impressive payback 
period of 8 years and net cumulative savings of $1.8Million are achieved with higher 
inflation rates (20%). Land cost plays vital role in determination of economic benefits. 
Therefore, economic analyses are conducted with and without including land cost in overall 
investment. The payback period reduces by 18% and NCS increases by 11% by subsidizing 
land costs with nominal inflation rate of 10%. Annual cash flows of solar driven 
trigeneration system with and without including land costs are shown in Fig. 6-21. Potential 
payback period of 10.3 years and net cumulative savings of $444,000 are achieved with an 
inflation rate of 10% for on-land installations. 
 

 
Figure 6-21. Cumulative cash flows of tri-generation plant in UAE 

Land 
26% 
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6.4.3 Co-generation vs tri-generation   
 
A brief economic analysis has been performed to compare economic benefits of co- and tri-
generation operational modes. Fig. 6-22 shows the PB and NCS obtained by varying fuel 
inflation rates without any discount rate for land installations. The difference in PB is high at 
high inflation rates mainly due to high values of tri-generation system. At 10% fuel inflation 
rate, the payback period doubles from 5.5 years for cogeneration to 11 years for tri-
generation and NCS decreased by 50% subsequently.  
 

 
Figure 6-22. Variation of economic benefits with fuel inflation rate 

 

 
Figure 6-23. Variation of economic benefits with market discount rate 

 
Considering the large investments needed for these systems, it is also necessary to analyze 
benefits with varying market discount rates. Fig. 6-23 shows trends of PB and NCS with 
increase in discount rates at 10% inflation rate. Co-generation shows a better performance 
compared to tri-generation in terms of payback period. With increased discount rates co-
generation reaches a maximum PB of 7.6 years (10% discount) which is a 36% rise from zero 
discount rate. However, for tri-generation PB reaches 20 years indicating zero savings 
during the life time of the system. Switching from co-generation to tri-generation, savings 
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are reduced by 85% at a discount rate of 5%. Therefore, careful attention has to be given 
while designing multi cassette MD integrated systems for commercial application in tri-
generation mode of operation. Table 6-5 summarizes the operational modes of multi cassette 
AGMD system and their energy flows, economic benefits considering both land and roof-
top installation.  

Table 6-5. Summary of multi cassette MD integrated co/tri-generation operation 
Parameter TSI DSI DSTSI Tri-generation 
Energy Flows (%)     

 For MD 3% 9% 7% 9% 
 For DHW 71% 67% 71% 30% 
 For Cooling - - - 29% 
 Losses 26% 24% 22% 32% 

Investment costs (Roof top) $49,600 $45,500 $49,600 $137,600 
PB-Roof (IF=10%, d=5%) 4.7 3.9 4.0 11.3 
NCS-Roof (IF=10%, d=5%) $268,000 $309,000 $325,000 $180,000 
Investment costs (On land) $83,800 $79,700 $83,800 $184,500 
PB-Land (IF=10%, d=5%) 7.3 6.4 6.1 14 
NCS-Land (IF=10%, d=5%) $232,000 $274,000 $293,000 $133,000 

 
6.5 Concluding remarks 
 
Solar thermal driven co- and tri-generation systems have been developed by integrating a 
semi-commercial multi cassette AGMD module in this study. The co/tri-generation system is 
successfully installed at RAKRIC research facility in UAE and detailed experimentations 
were conducted to investigate the merits and demerits of all various integration modes. 
AGMD system was operated in both single and two stage operation and seasonal 
performance was analyzed for desalination of high saline water with conductivities of more 
than 65,000μS/cm.  In spite of variations in feed concentrations, pure distillated water was 
obtained with conductivities ranging between 20-50 μS/cm. Internal heat recovery was 
employed for MD module to reduce energy supply to MD and also external heat was 
recovered as hot water for domestic purpose. Considering the external heat recovery, MD 
energy demand could be reduced drastically depending upon mode of integration. Average 
GOR of 0.7 was achieved for two stage operation with more than 40% increase in 
productivity compared with single stage operation.   
 
Three integration strategies were studied for cogeneration of heat and pure water using 
multi cassette MD modules. Thermal store integration (TSI) and direct solar with thermal 
store integration (DSTSI) are continuous charging modes operated through heat gain from 
storage tank, whereas direct solar integration (DSI) mode works on direct solar heating of 
feed saline water. Operational performance of the solar cogeneration system maximizes in 
DSTSI mode with enhanced productivity during the final hour of operation. A maximum 
distillate productivity of 43 kg/day is achieved with DSTSI configuration, whereas only 29 
kg/day and 39 kg/day of potable water are produced with TSI and DSI respectively. For 
consistency and comparison, the systems were operated on consecutive days having similar 
weather conditions. Only 7% of total useful energy was utilized by the MD system where as 
71% of energy was recovered effectively by DSTSI configuration for production of DHW at a 
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rate of 80 L/min thus reducing system losses. In terms of energy utilization, cogeneration 
system with DSTSI is improved by 5% compared to DSI and 7.4% compared to TSI.  

Further economic analysis shows impressive savings and payback times for DSTSI 
configurations. NCS with DSTSI improved by 21% and 5% compared to TSI and DSI 
respectively. In terms of payback period, both DSI and DSTSI achieves same payback 
period, which is improved by 20% compared to TSI. Thus, integrating a cogeneration system 
in DSTSI mode proves to viable technology in terms of energy efficiency and economic 
benefits. Considering the high land costs in UAE, roof top installations would be more 
economical reducing 40% of investment and achieves lowest PB of 4 years and NCS of $0.3M 
for DSTSI cogeneration system. Rooftop installations of multi cassette MD cogeneration 
system could be potentially applicable for hotel industry in which large amounts of hot 
water is required along with modest amounts of drinking water for hotel guests.   

The pilot facility installed at RAKRIC for cogeneration was further extended to tri-
generation operation by integrating with an absorption chiller. Solar cooling system is 
ideally suited for operation in summer months and it might not be effectively used during 
winter period.  Addition of MD integrated cogeneration system in line with solar cooling 
system could be an efficient option considering the annual performance of solar thermal 
system. Trigeneration mode utilizes 23% more useful energy than solar cooling mode, which 
is advantageous both energetically and economically. Through efficient heat recovery for 
DHW production, MD energy demand could be reduced to as low as 150-200Wh/kg of 
water production. These values are 5 times less than the values obtained for single cassette 
MD module without heat recovery option, with system efficiencies of around 70%.  

Economic analysis of tri-generation system shows an increase in initial investment of 125% 
due to the added solar thermal collector area and absorption chiller costs. At 10% fuel 
inflation rate, the payback period doubles from 5.5 years for cogeneration to 11 years for tri-
generation and NCS decreased by 50% subsequently. Considering a discount rate of 5%, 
savings are reduced by 85%. Land costs plays vital role in the economic analysis, subsidizing 
land cost will improve the payback period by 18% and net cumulative saving by 11%. 
Therefore, careful attention is needed while assessing economic viability of tri-generation 
systems. Waste heat integrated tri-generation system could be an effective option for 
proving cooling and pure water to offices located in the gas/steam turbine power generation 
industries in UAE. Recovered hot water could be used as preheated streams with in the 
power plant as well.  
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7 Conclusions and Future work 
 
 
 
 
 
7.1. Conclusions 
 
Solar driven membrane distillation (SMD) proven to be best option for decentralized 
operation in the areas having high insolation and water scarcity. However, for the urban 
communities (for e.g. UAE) SMD systems are not competitive and viable compared to 
conventional processes. In such instances, integration of MD into a co/tri-generation 
approach could be beneficial in many ways. This dissertation provides insights into 
technical and economic viability of these multi generation systems by integrating two 
different MD modules for specific applications.  
 
Initially, a single-cassette semi-commercial AGMD module has been characterized which 
can produce distillate fluxes of 2 to 26 kg/m2 h were obtained, with change in different 
operating parameters. Specific thermal energy consumptions were in the range of 700 - 1100 
kWh/m3, and performance ratios of less than 1 are obtained which are high due to negligible 
heat recovery on cold side. An empirical model has been developed to understand overall 
behavior of the system within the operation space. Design of experiments (DoE) and 
response surface modeling (RSM) was used to develop empirical relationships between 
operating parameters with distillate flux Jd and specific performance ratio(SPR), which is 
defined as kg of distillate produced/kW of energy use. The regression model was tested for 
statistical significance by analysis of variance (ANOVA) and was proved valid with 
experimental comparisons in predicting the performance indicators. Based on the optimal 
performance parameters obtained from the model, extensive experiments have been 
conducted on a pilot scale system to analyze dynamics of co-generation operation with 
transient solar energy source. The feasibility of solar co-generation of heat and pure water 
has been studied for single and large family applications in UAE conditions by integrating 
MD with regular solar domestic heaters (SDHW) and purifying brackish tap water with 
conductivities ranging from 1000 - 15000 μS/cm. Direct solar combined MD (SCMD) 
operation proven to be a feasible integration in which 15-20 l/day of distillate was produced 
at conductivities less than 10 μS/cm and hot water was produced at 50 l/day/person at 50oC.  
 
Based on the insights gained form experimental studies, TRNSYS dynamic simulations were 
performed to analyze the optimum conditions required for maximizing the energetic 
performance for two different collector types (FPC and ETC). Simulation model was 
validated with experimental observations and the obtained results are in good agreement. 
Annual system simulations for UAE conditions shows that 5-FPC and 3 ETC configuration 
would be sufficient enough for co-generation application catering needs of a five-person 
household (percapita production of 4 l/day and 50 l/day of pure and hot water respectively) 
Cogeneration shows a clear advantage over SDHW operation with improved combined and 
system efficiencies between 40-60%. Cogeneration operation reduces thermal energy 
demand by 6 – 16% and also enables 25% savings in electrical energy demand when 
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compared with combined SDHW and SMD individual operation. Payback period could be 
reduced by 2.5 – 3 years by switching from regular solar water heating to cogeneration 
systems, yielding a 4-fold increase in net cumulative savings. Future detailed energetic and 
economic analysis of cogeneration system has been extended to different weather conditions 
showing the adaptability and profitability of the system considering the related energy and 
water markets. From the results it is apparent that SCMD systems are a viable alternative 
compared to solar heaters for the regions with hot or moderately hot conditions and with 
lower fuel prices. Also, cogeneration systems would be very beneficial for countries relying 
on bottled water sold at high prices. 
 
A multi-cassette AGMD module was tested in a separate integrated solar thermal system for 
co/tri-generation applications. Based on experiments, operational performance of solar 
cogeneration unit maximizes in direct solar with thermal store integration mode (DSTSI) 
producing higher distillate compared to other two integration modes. Through efficient heat 
recovery for DHW production of 80l/min (at 50-55oC), MD energy demand could be reduced 
to as low as 150-200Wh/kg of water production. From an economic point of view, roof top 
installations would be more economical reducing 40% of investment than land based 
installations, achieving the lowest payback period of 4 years and net cumulative savings of 
$0.3M (DSTSI cogeneration systems). Extension of this system into a tri-generation operation 
was experimentally investigated as well showing better energy utilization. However, 
payback period is nearly doubled, subsequently savings are reduced.  
 
 
7.2. Future work 
 
Possible implementation of MD technology in the near term would first require the 
resolution of a few issues. With current performance, MD utilization would only be feasible 
in small scale application, and suitable applications for large multi-cassette modules should 
be analyzed further. Robust redesign of the module is necessary which could be able to 
handle in-line pressure fluctuations at least to the extent of atmospheric pressures. 
Fundamental studies on module design will eventually have a significant effect on flux 
enhancement and potentially, increase the technology efficiency. Process control meeting 
dual demand and optimization studies (in terms of cost as well) could be extended further 
for practical implementation. Since the distilled water is very pure without minerals, post 
mineralization process has to be studied in future work. Multi stage MD arrays could be 
coupled with efficient solar systems for large community applications. Cogeneration or 
polygeneration applications could be further extended using other renewable energy 
sources e.g. geothermal energy and wind energy. 
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