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{ǳƳƳŀǊȅ 
 

A ñhybrid energy desalination systemò refers to a dynamical water 

treatment system that exhibits both continuous and discrete dynamic behavior, 

encompassing a larger class of systems within its s tructure, allowing more flexibility 

in modeling dynamic phenomena. In the current thesis, in order to contribute to 

the ongoing effort for promoting research in the area of reverse osmosis  

desalination combined to renewable energy sources, an investigation  that 

addresses all the main aspects related to design, manufacturing and operation of 

a hybrid reverse osmosis  desalination system is conducted. The investigated 

system is an integrated system that consists of three identical seawater reverse 

osmosis  desa lination units which  intend to  operate with energy from a designed, 

developed, installed and tested in the scope of the present thesis two -  stage 

Organic Rankine Cycle heat - to -power engine. The main target of the present 

dissertation  is to simulate and inv estigate experimentally the operation of the 

reverse osmosis  units in variable power input, as the one deriving from solar 

collectors  or other similar renewable energy source . The developed two -  stage 

Organic Rankine Cycle  engine uses heat to produce electrical power , based on the 

thermodynamic Rankine cycle and this electricity is intended to feed the reverse 

osmosis  units.  

The present work is the sequel of another research that referred to  the 

design and experimental inv estigation of an autonomous reverse osmosis  

desalination system with solar O rganic Rankine Cycle  engine operating at a 

temperature range of 60 to 80ÁC. The present system intents to bring the research 

a step forward by increasing the operation temperature range up to 130ÁC, using 

a two -  stage O rganic Rankine Cycle  engine, in order to investigate the efficiency 

amelioration and with the use of three reverse osmosis  desalination units, in order 

to operate at a wide load range and produce fresh water even at l ow power input. 

The three main components of the integrated test -  rig are: the electrical heater of 

a capacity of 100 kW th  used as the thermal source simulating for instance  the solar 

collectorsô field (variable heat load), the designed and built two -  stag e Organic 

Rankine Cycle  engine that convert the heat into electricity through the expansion 

of a previously compressed organic fluid and finally the three identical seawater 

reverse osmosis  desalination units that will receive the electric power from the 

Organic Rankine Cycle  engine and produce fresh potable water from water  of high 

salinity  in a wide operational range.  

A thorough simulation of all the sub -  units of the integrated system leads to 

the detailed and careful design of each sub -  system. First, t he two -  stage most 

appropriate configuration of the Organic Rankine Cycle engine is analyzed and 

adopted and the most efficient organic fluid (refrigerant) is selected among several 

candidates. The scroll expanders for the current application are carefully  designed 

as they will be manufactured by scroll compressorsô modification, and the whole 

Organic Rankine Cycle Engine design is finalized. The heat cycle simulation is 

selected to be an electric heater of appropriate capacity for the current application 

and the heat transfer fluid is thoroughly investigated resulting in Methylene Glycol 

(MEG) to be the most suitable and efficient. The reverse osmosis unit layout is then 

specified based on the expected power production of the Organic Rankine Cycle 

Engine.  
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All the components of each sub -  system are then carefully selected and the 

construction and assembly of each one is realized. The reverse osmosis sub -  units 

are market available desalination units of the same capacity and they are connected 

accordingly at the laboratory. The Organic Rankine Cycle engine is constructed from 

scratch on a common skid, including all the selected equipment (pump, evaporator, 

condenser etc.). Especially the scroll expanders are modified in a machine shop 

from market available scr oll compressors in order to suit the current engine 

requirements. An electro -  valve installed in between their connection, permits the 

by -  pass of the first expander in order for the engine to operate at single -  stage 

mode. When both sub -  systems are insta lled at the laboratory, the test rig is ready 

for investigation.  

The experimental evaluation starts with the experimental testing of the 

reverse osmosis desalination unit. The three sub -  units operate connected to the 

grid, for different power input (by re gulating the high -pressure pumpôs rotational 

speed), in different water salinities simulating brackish, heavy brackish and 

seawater quality and in different water temperatures. Case-  studies of the 

operation of the developed reverse osmosis  desalination un it consisting of several 

sub -  units, powered by a PV system  of different capacities  in different locations for 

winter and summer  and the comparison to a conventional single unit are  also 

examined. The results of these studies intend to verify  the offered f lexibility of such 

a system.  

The constructed Organic Rankine Cycle engine is then thoroughly tested in 

many different operation conditions in order to evaluate its performance and 

offered flexibility of the two -  stage configuration. The engine is tested c onnected 

to the grid for low operating temperature (70 to 95 ÁC) with water as the heat 

transfer fluid for single and two -  stage operation in several thermal power input 

values, regulated by the pumpôs and expander(s)ôs rotational speed. Then, an 

investigat ion for higher operating temperatures (110 to 130 ÁC) with MEG on the 

heat cycle is conducted. The power produced is driven to electric brakes and 

consumed on a thermal resistance. The two scroll expandersô operation is 

separately evaluated since these com ponents are modified and require the plotting 

of operation curves for reference purposes. The results of multiple tests in different 

operation conditions provide a very clear and precise picture of the Organic Rankine 

Cycle engine performance.  

Finally, a  theoretical investigation of the integrated system operation based 

on the experimental results of the sub -  systems is also presented. The net power 

production of the O rganic Rankine Cycle engine both in single and two -  stage 

operation at 120 and 130 ÁC (design point) is driven to the RO unit in order to 

examine the fresh water production  from high feed water salinity  and the sub -  

unitsô operation. 

The complete design, construction and evaluation procedure of the sub -  

systems and the integrated system clearly defines the advantages of hybrid 

desalination systems. Moreover, the know -  how gained permits the recognition and 

effective treatment of the te chnical aspects associated with such systems. Overall, 

the system developed is a very promising prototype which presents a sufficient and 

efficient operation under most of the operation conditions it is exposed to, and it is 

certainly an excellent springbo ard for further research in the field of water 

desalination through renewable energy sources. Recommendations for future 

research are provided as well as suggestions to further enhance the efficient 

operation of the hybrid desalination applications. 
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ʃʶˊʾ˂ʹ˕ʹ 
 

ǞȊŬ çȏȁȍȆŭȆȇȕ ŮȊŮȍȂŮȆŬȇȕ ůȖůŰȄȉŬ ŬűŬȈǼŰȒůȄȎè ŮǿȊŬȆ ǽȊŬ ŭȏȊŬȉȆȇȕ 

ůȖůŰȄȉŬ ŮɸŮȋŮȍȂŬůǿŬȎ ȊŮȍȌȖ ɸȌȏ ŮɸȆŭŮȆȇȊȖŮȆ ŰȕůȌ ůȏȊŮȐǾ ȕůȌ ȇŬȆ ŭȆŬȇȍȆŰǾ 

ŭȏȊŬȉȆȇǾ ůȏȉɸŮȍȆűȌȍǼ, ɸŮȍȆȈŬȉȁǼȊȌȊŰŬȎ ǽȊŬ ŮȏȍȖŰŮȍȌ ůȖȊȌȈȌ ůȏůŰȄȉǼŰȒȊ ŮȊŰȕȎ 

ŰȄȎ ŭȌȉǾȎ ŰȌȏ, ŮɸȆŰȍǽɸȌȊŰŬȎ ȉŮȂŬȈȖŰŮȍȄ ŮȏŮȈȆȋǿŬ ůŰȄ ȉȌȊŰŮȈȌɸȌǿȄůȄ ŭȏȊŬȉȆȇȗȊ 

űŬȆȊȌȉǽȊȒȊ. ǴŰȄȊ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ȇŬȆ ȉŮ ůȇȌɸȕ ŰȄ ůȏȉȁȌȈǾ ůŰȄȊ ŮȋŮȈȆůůȕȉŮȊȄ 

ɸȍȌůɸǼȅŮȆŬ ɸȍȌȗȅȄůȄȎ ŰȄȎ ǽȍŮȏȊŬȎ ůŰȌȊ ŰȌȉǽŬ ŰȄȎ ŬűŬȈǼŰȒůȄȎ ȉŮ ŰȄ ȉǽȅȌŭȌ ŰȄȎ 

ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ůȏȊŭȏŬůȉǽȊȄȎ ȉŮ ŬȊŬȊŮȗůȆȉŮȎ ɸȄȂǽȎ ŮȊǽȍȂŮȆŬȎ, ŭȆŮȋǼȂŮŰŬȆ 

ȉȆŬ ŮȇŰŮȊǾȎ ǽȍŮȏȊŬ ɸȌȏ ŬɸŮȏȅȖȊŮŰŬȆ ůŮ ȕȈŮȎ ŰȆȎ ȁŬůȆȇǽȎ ɸŰȏȐǽȎ ɸȌȏ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ 

ŰȌ ůȐŮŭȆŬůȉȕ, ŰȄȊ ȇŬŰŬůȇŮȏǾ ȇŬȆ ŰȄ ȈŮȆŰȌȏȍȂǿŬ ŮȊȕȎ ȏȁȍȆŭȆȇȌȖ ůȏůŰǾȉŬŰȌȎ 

ŬűŬȈǼŰȒůȄȎ ȉŮ ŬȊŰǿůŰȍȌűȄ ȗůȉȒůȄ. ǵȌ ȏɸȕ ǽȍŮȏȊŬ ůȖůŰȄȉŬ ŮǿȊŬȆ ǽȊŬ 

ȌȈȌȇȈȄȍȒȉǽȊȌ ůȖůŰȄȉŬ ɸȌȏ ŬɸȌŰŮȈŮǿŰŬȆ Ŭɸȕ ŰȍŮǿȎ ɸŬȊȌȉȌȆȕŰȏɸŮȎ ȉȌȊǼŭŮȎ 

ŬűŬȈǼŰȒůȄȎ ȅŬȈŬůůȆȊȌȖ ȊŮȍȌȖ ȉŮ ŰȄ ȉǽȅȌŭȌ ŰȄȎ ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ȌȆ ȌɸȌǿŮȎ 

ȅŬ ȈŮȆŰȌȏȍȂȌȖȊ ȉŮ ŰȄȊ ɸŬȍŬȂȕȉŮȊȄ ŮȊǽȍȂŮȆŬ Ŭɸȕ ŰȄȊ ůȐŮŭȆŬůȉǽȊȄ, 

ȇŬŰŬůȇŮȏŬůȉǽȊȄ, ŮȂȇŬŰŮůŰȄȉǽȊȄ ȇŬȆ ŮȈŮȂȉǽȊȄ ůŰŬ ɸȈŬǿůȆŬ ŰȄȎ ɸŬȍȌȖůŬȎ ŭȆŬŰȍȆȁǾȎ 

ŭȆȁǼȅȉȆŬȎ ȅŮȍȉȆȇǾȎ ȉȄȐŬȊǾȎ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine . ǦŬůȆȇȕȎ ůŰȕȐȌȎ ŰȄȎ 

ɸŬȍȌȖůŬȎ ŮȍȂŬůǿŬȎ ŮǿȊŬȆ ȊŬ ɸȍȌůȌȉȌȆȗůŮȆ ȇŬȆ ȊŬ ŮȍŮȏȊǾůŮȆ ɸŮȆȍŬȉŬŰȆȇǼ ŰȄ 

ȈŮȆŰȌȏȍȂǿŬ ŰȄȎ ȉȌȊǼŭŬȎ ŬűŬȈǼŰȒůȄȎ ůŮ ȉŮŰŬȁȈȄŰȕ ŮȊŮȍȂŮȆŬȇȕ űȌȍŰǿȌ, ůŬȊ ŬȏŰȕ 

ɸȌȏ ɸȍȌȇȖɸŰŮȆ Ŭɸȕ ŬȊŬȊŮȗůȆȉŮȎ ɸȄȂǽȎ ŮȊǽȍȂŮȆŬȎ ȕɸȒȎ ȂȆŬ ɸŬȍǼŭŮȆȂȉŬ ȌȆ ȄȈȆŬȇȌǿ 

ůȏȈȈǽȇŰŮȎ. Ǫ ŭȆȁǼȅȉȆŬ ȉȄȐŬȊǾ Rankine  ɸȌȏ ŬȊŬɸŰȖȐȅȄȇŮ ȐȍȄůȆȉȌɸȌȆŮǿ ȅŮȍȉȕŰȄŰŬ 

ȂȆŬ ȊŬ ɸŬȍǼȋŮȆ ȄȈŮȇŰȍȆȇǾ ŮȊǽȍȂŮȆŬ ȁŬůȆůȉǽȊȄ ůŰȌ ȅŮȍȉȌŭȏȊŬȉȆȇȕ ȇȖȇȈȌ Rankine  

ȇŬȆ Ȅ ȄȈŮȇŰȍȆȇǾ ŬȏŰǾ ŮȊǽȍȂŮȆŬ ȅŬ ŰȍȌűȌŭȌŰŮǿ ŰȆȎ ȉȌȊǼŭŮȎ ŰȄȎ ŬűŬȈǼŰȒůȄȎ.  

 Ǫ ɸŬȍȌȖůŬ ǽȍŮȏȊŬ ŬɸȌŰŮȈŮǿ ůȏȊǽȐŮȆŬ ɸȍȌȄȂȌȖȉŮȊȄȎ ŮȍŮȏȊȄŰȆȇǾȎ ŮȍȂŬůǿŬȎ 

ɸȌȏ ůȐŮŰȆȃȕŰŬȊ ȉŮ ŰȌ ůȐŮŭȆŬůȉȕ ȇŬȆ ŰȄȊ ɸŮȆȍŬȉŬŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ŮȊȕȎ ŬȏŰȕȊȌȉȌȏ 

ůȏůŰǾȉŬŰȌȎ ŬűŬȈǼŰȒůȄȎ ȉŮ ȄȈȆŬȇȕ ǱȍȂŬȊȆȇȕ ǬȖȇȈȌ Rankine  ȂȆŬ ȈŮȆŰȌȏȍȂǿŬ ůŮ 

ȅŮȍȉȌȇȍŬůȆŬȇȕ ŮȖȍȌȎ Ŭɸȕ 60 ǽȒȎ 80 ÁC. ǵȌ ɸŬȍȕȊ ůȖůŰȄȉŬ ǽȐŮȆ ůȇȌɸȕ ȊŬ 

ɸȍȌȐȒȍǾůŮȆ ŰȄȊ ǽȍŮȏȊŬ ǽȊŬ ȁǾȉŬ ȉɸȍȌůŰǼ ŬȏȋǼȊȌȊŰŬȎ ŰȌ ȅŮȍȉȌȇȍŬůȆŬȇȕ ŮȖȍȌȎ 

ȈŮȆŰȌȏȍȂǿŬȎ  ůŰȌȏȎ 130 ÁC, ȉŮ ŰȄ ȐȍǾůȄ ȉȆŬȎ ŭȆȁǼȅȉȆŬȎ ȉȄȐŬȊǾȎ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ 

Rankine , ȂȆŬ ŰȄ ŭȆŮȍŮȖȊȄůȄ ŰȄȎ ȁŮȈŰǿȒůȄȎ ŰȄȎ ŬɸȕŭȌůȄȎ  ȇŬȆ ȉŮ ŰȄ ȐȍǾůȄ 

ɸȌȈȏȁǼȅȉȆŬȎ ȉȌȊǼŭŬȎ ŬűŬȈǼŰȒůȄȎ ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ȂȆŬ ȈŮȆŰȌȏȍȂǿŬ ůŮ ǽȊŬ 

ŮȏȍȖŰŮȍȌ ɸŮŭǿȌ ŮȊŮȍȂŮȆŬȇȌȖ űȌȍŰǿȌȏ ȇŬȆ ŰȄȊ ɸŬȍŬȂȒȂǾ ȇŬȅŬȍȌȖ ȊŮȍȌȖ ŬȇȕȉȄ ȇŬȆ 

ůŮ ȐŬȉȄȈȕ űȌȍŰǿȌ. ǱȆ ŰȍŮȆȎ ȁŬůȆȇǽȎ ůȏȊȆůŰȗůŮȎ ŰȌȏ ɸŮȆȍŬȉŬŰȆȇȌȖ ůȏůŰǾȉŬŰȌȎ ŮǿȊŬȆ: 

Ȍ ȄȈŮȇŰȍȆȇȕȎ ȅŮȍȉŬȊŰǾȍŬȎ ȆȇŬȊȕŰȄŰŬȎ 100 kW th  Ȍ ȌɸȌǿȌȎ ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůŬȊ ɸȄȂǾ 

ȅŮȍȉȕŰȄŰŬȎ ɸȍȌůȌȉȌȆǼȃȌȊŰŬȎ ŰȌ ɸŮŭǿȌ ŰȒȊ ȄȈȆŬȇȗȊ ůȏȈȈŮȇŰȗȊ ȂȆŬ ɸŬȍǼŭŮȆȂȉŬ 

(ȉŮŰŬȁȈȄŰȕ űȌȍŰǿȌ ȅŮȍȉȕŰȄŰŬȎ), Ȅ ůȐŮŭȆŬůȉǽȊȄ ȇŬȆ ȇŬŰŬůȇŮȏŬůȉǽȊȄ ŭȆȁǼȅȉȆŬ 

ȉȄȐŬȊǾ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ɸȌȏ ȉŮŰŬŰȍǽɸŮȆ ŰȄ ȅŮȍȉȕŰȄŰŬ ůŮ ȄȈŮȇŰȍȆȇǾ 

ŮȊǽȍȂŮȆŬ ȉǽůȒ ŰȄȎ ŮȇŰȕȊȒůȄȎ ŮȊȕȎ ɸȍȌȄȂȌȏȉǽȊȒȎ ůȏȉɸȆŮůȉǽȊȌȏ ȌȍȂŬȊȆȇȌȖ 

ȍŮȏůŰȌȖ ȇŬȆ ŰǽȈȌȎ ȌȆ ŰȍŮȆȎ ȕȉȌȆŮȎ ȏɸȌȉȌȊǼŭŮȎ ŬűŬȈǼŰȒůȄȎ ȅŬȈŬůůȆȊȌȖ ȊŮȍȌȖ 

ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ɸȌȏ ȅŬ ŭŮȐȅȌȖȊ ŰȄȊ ȄȈŮȇŰȍȆȇǾ ŮȊǽȍȂŮȆŬ Ŭɸȕ ŰȄ ȉȄȐŬȊǾ 

ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ȇŬȆ ȅŬ ɸŬȍǼȋȌȏȊ űȍǽůȇȌ ɸȕůȆȉȌ ȊŮȍȕ Ŭɸȕ ȅŬȈŬůůȆȊȕ 

ȂȆŬ ǽȊŬ ŮȏȍȖ ɸŮŭǿȌ ȈŮȆŰȌȏȍȂǿŬȎ.  

 Ǫ ŮȊŭŮȈŮȐǾȎ ɸȍȌůȌȉȌǿȒůȄ ȕȈȒȊ ŰȒȊ ȏɸȌůȏůŰȄȉǼŰȒȊ ȌŭȄȂŮǿ ůŰȌ ȈŮɸŰȌȉŮȍǾ 

ȇŬȆ ɸȍȌůŮȇŰȆȇȕ ůȐŮŭȆŬůȉȕ ŰȌȏȎ. ǬŬŰô ŬȍȐǼȎ, Ȅ ɸȈǽȌȊ ȇŬŰǼȈȈȄȈȄ ŭȆŬȉȕȍűȒůȄ 

ŭȆȁǼȅȉȆȌȏ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ŬȊŬȈȖŮŰŬȆ ȇŬȆ ȏȆȌȅŮŰŮǿŰŬȆ, ȇŬȆ ŰȌ ɸȆȌ 

ŬɸȌŭȌŰȆȇȕ ȌȍȂŬȊȆȇȕ ȍŮȏůŰȕ (ȑȏȇŰȆȇȕ) ŭȆŬȈǽȂŮŰŬȆ ŬȊǼȉŮůŬ ůŮ ŭȆǼűȌȍŬ ȏɸȌȑǾűȆŬ. 

ǱȆ ŮȈȆȇȌŮȆŭŮǿȎ ŮȇŰȌȊȒŰǽȎ (ŰȖɸȌȏ scroll ) ŰȄȎ ůȏȂȇŮȇȍȆȉǽȊȄȎ ŮűŬȍȉȌȂǾȎ ůȐŮŭȆǼȃȌȊŰŬȆ 

ȉŮ ȆŭȆŬǿŰŮȍȄ ǽȉűŬůȄ ůŰŬ ȇŬŰŬůȇŮȏŬůŰȆȇǼ ŰȌȏȎ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ȇŬȅȗȎ ȅŬ ɸȍȌȇȖȑȌȏȊ 

Ŭɸȕ ŰȍȌɸȌɸȌǿȄůȄ ŮȈȆȇȌŮȆŭȗȊ ůȏȉɸȆŮůŰȗȊ. ǮŮ ŬȏŰǼ, Ȍ ŰŮȈȆȇȕȎ ůȐŮŭȆŬůȉȕȎ ŰȄȎ 
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ȉȄȐŬȊǾȎ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ȌȈȌȇȈȄȍȗȊŮŰŬȆ. Ǫ ɸȍȌůȌȉȌǿȒůȄ ŰȌȏ ȅŮȍȉȆȇȌȖ 

ȇȏȇȈȗȉŬŰȌȎ ŮɸȆȈǽȂŮŰŬȆ ȊŬ ȂǿȊŮȆ ȉŮ ŰȄ ȐȍǾůȄ ŮȊȕȎ ȄȈŮȇŰȍȆȇȌȖ ȅŮȍȉŬȊŰǾȍŬ 

ȇŬŰǼȈȈȄȈȄȎ ŭȏȊŬȉȆȇȕŰȄŰŬȎ ȂȆŬ ŰȄȊ ŮűŬȍȉȌȂǾ ŮȊȗ ɸŬȍǼȈȈȄȈŬ ŮɸȆȈǽȂŮŰŬȆ ȇŬȆ ŰȌ 

ȇŬŰǼȈȈȄȈȌ ȍŮȏůŰȕ ȂȆŬ ŰȄ ȉŮŰǼŭȌůȄ ŰȄȎ ȅŮȍȉȕŰȄŰŬȎ ɸȌȏ ɸȍȌȇȖɸŰŮȆ ȊŬ ŮǿȊŬȆ Ȅ 

ȉŮȅȏȈŮȊȌȂȈȏȇȕȈȄ (MEG). ǥȇȌȈȌȏȅŮǿ Ȍ ůȐŮŭȆŬůȉȕȎ ŰȄȎ ȉȌȊǼŭŬȎ ŬȊŰǿůŰȍȌűȄȎ 

ȗůȉȒůȄȎ ȁŬůȆůȉǽȊȌȎ ůŰȄȊ ŬȊŬȉŮȊȕȉŮȊȄ ɸŬȍŬȂȒȂǾ ŮȊǽȍȂŮȆŬȎ Ŭɸȕ ŰȄ ȉȄȐŬȊǾ 

ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine .  

 ǡȈŮȎ ȌȆ ůȏȊȆůŰȗůŮȎ ŰȒȊ ȏɸȌůȏůŰȄȉǼŰȒȊ ŮɸȆȈǽȂȌȊŰŬȆ ȇŬŰȕɸȆȊ ŮȊŭŮȈŮȐȌȖȎ 

ǽȍŮȏȊŬȎ ȇŬȆ ŮȇŰǿȉȄůȄȎ ȇŬȆ ɸȍŬȂȉŬŰȌɸȌȆŮǿŰŬȆ Ȅ ȇŬŰŬůȇŮȏǾ ȇŬȆ ůȏȊŬȍȉȌȈȕȂȄůǾ ŰȌȏȎ. 

ǱȆ ȏɸȌȉȌȊǼŭŮȎ ŰȄȎ ȉȌȊǼŭŬȎ ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ŮǿȊŬȆ ȉȌȊǼŭŮȎ ŬűŬȈǼŰȒůȄȎ ǿŭȆŬȎ 

ŭȏȊŬȉȆȇȕŰȄŰŬȎ, ŭȆŬȅǽůȆȉŮȎ ůŰȌ ŮȉɸȕȍȆȌ ȌȆ ȌɸȌǿŮȎ ŮȂȇŬȅȆůŰȗȊŰŬȆ ȇŬȆ ůȏȊŭǽȌȊŰŬȆ ůŰȌ 

ŮȍȂŬůŰǾȍȆȌ ȇŬŰǼȈȈȄȈŬ ȉŮŰŬȋȖ ŰȌȏȎ. Ǫ ȉȄȐŬȊǾ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  

ȇŬŰŬůȇŮȏǼȃŮŰŬȆ Ŭɸȕ ŰȌ ȉȄŭǽȊ, ůŮ ȇȌȆȊȕ ɸȈŬǿůȆȌ ɸȌȏ ɸŮȍȆȈŬȉȁǼȊŮȆ ȕȈȌ ŰȌȊ 

ŮɸȆȈŮȂȉǽȊȌ ŮȋȌɸȈȆůȉȕ (ŬȊŰȈǿŬ, ŬŰȉȌɸȌȆȄŰǾ, ůȏȉɸȏȇȊȒŰǾ ȇŰȈ). ǨȆŭȆȇǼ ȌȆ ŮȈȆȇȌŮȆŭŮǿȎ 

ŮȇŰȌȊȒŰǽȎ ŰȍȌɸȌɸȌȆȌȖȊŰŬȆ ůŰȌ ȉȄȐŬȊȌȏȍȂŮǿȌ Ŭɸȕ ŭȆŬȅǽůȆȉȌȏȎ ůŰȌ ŮȉɸȕȍȆȌ 

ŮȈȆȇȌŮȆŭŮǿȎ ůȏȉɸȆŮůŰǽȎ ȗůŰŮ ȊŬ ȆȇŬȊȌɸȌȆǾůȌȏȊ ŰȆȎ ŬɸŬȆŰǾůŮȆȎ ŰȆȎ ůȏȂȇŮȇȍȆȉǽȊȄȎ 

ŮűŬȍȉȌȂǾȎ. Ǫ ŮȂȇŬŰǼůŰŬůȄ ȄȈŮȇŰȍȌȁǼȊŬȎ ŬȊǼȉŮůŬ ůŰȌȏȎ ŭȏȌ ŮȇŰȌȊȒŰǽȎ ŮɸȆŰȍǽɸŮȆ 

ŰȄȊ ɸȈǾȍȄ ɸŬȍǼȇŬȉȑȄ ŰȌȏ ɸȍȗŰȌȏ ŮȇŰȌȊȒŰǾ ȗůŰŮ Ȅ ȉȄȐŬȊǾ ȊŬ ŰǿȅŮŰŬȆ ůŮ 

ȉȌȊȌȁǼȅȉȆŬ ȈŮȆŰȌȏȍȂǿŬ. ǡŰŬȊ ȇŬȆ ŰŬ ŭȏȌ ȏɸȌůȏůŰǾȉŬŰŬ ŰȌɸȌȅŮŰȌȖȊŰŬȆ ůŰȌ 

ŮȍȂŬůŰǾȍȆȌ, ŰȌ ɸȍȒŰȕŰȏɸȌ-  ŭȌȇǿȉȆȌ ŮǿȊŬȆ ǽŰȌȆȉȌ ɸȍȌȎ ŭȆŮȍŮȖȊȄůȄ.  

 Ǫ ɸŮȆȍŬȉŬŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȋŮȇȆȊǼ ȉŮ ŰȌȊ ŮȍȂŬůŰȄȍȆŬȇȕ ǽȈŮȂȐȌ ŰȄȎ ȉȌȊǼŭŬȎ 

ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ. ǱȆ ŰȍŮȆȎ ȏɸȌȉȌȊǼŭŮȎ ůȏȊŭǽȌȊŰŬȆ ůŰȌ ȄȈŮȇŰȍȆȇȕ ŭǿȇŰȏȌ ȇŬȆ 

ȈŮȆŰȌȏȍȂȌȖȊ ůŮ ȉŮŰŬȁȈȄŰȕ űȌȍŰǿȌ (ȍȏȅȉǿȃȌȊŰŬȎ ŰȄȊ ŰŬȐȖŰȄŰŬ ɸŮȍȆůŰȍȌűǾȎ ŰȄȎ 

ŬȊŰȈǿŬȎ ȏȑȄȈǾȎ ɸǿŮůȄȎ ŰȄȎ ȇǼȅŮ ȉȆŬȎ), ůŮ ŭȆǼűȌȍŮȎ ŬȈŬŰȕŰȄŰŮȎ ȊŮȍȌȖ ŰȍȌűȌŭȌůǿŬȎ 

ɸȍȌůȌȉȌȆǼȃȌȊŰŬȎ ȏűǼȈȉȏȍȌ, ȁŬȍȖ ȏűǼȈȉȏȍȌ ȇŬȆ ȅŬȈŬůůȆȊȕ ȊŮȍȕ ȇŬȆ ůŮ 

ŭȆŬűȌȍŮŰȆȇǽȎ ȅŮȍȉȌȇȍŬůǿŮȎ ȊŮȍȌȖ. ǧȆŮȋǾȐȅȄ ŮɸǿůȄȎ, ȅŮȒȍȄŰȆȇǾ ǽȍŮȏȊŬ ůȐŮŰȆȇǼ ȉŮ 

ŰȄ ȈŮȆŰȌȏȍȂǿŬ ŰȄȎ ŮɸȆȈŮȂȉǽȊȄȎ ɸȌȈȏȁǼȅȉȆŬȎ ŭȆŬȉȕȍűȒůȄȎ ŰȄȎ ȉȌȊǼŭŬȎ 

ŬűŬȈǼŰȒůȄȎ, ɸȌȏ ŰȍȌűȌŭȌŰŮǿŰŬȆ Ŭɸȕ ǽȊŬ űȒŰȌȁȌȈŰŬȓȇȕ ůȖůŰȄȉŬ ŭȆŬűȕȍȒȊ 

ȆȇŬȊȌŰǾŰȒȊ, ůŮ ŭȆŬűȌȍŮŰȆȇǽȎ ɸŮȍȆȌȐǽȎ ŰȌȏ ȇȕůȉȌȏ ȂȆŬ ȉȆŬ ŰȏɸȆȇǾ ȐŮȆȉŮȍȆȊǾ ȇŬȆ 

ȇŬȈȌȇŬȆȍȆȊǾ ȄȉǽȍŬ ȇŬȆ ůȏȂȇȍǿȊŮŰŬȆ ȉŮ ȉȆŬ ůȏȉȁŬŰȆȇǾ ȉȌȊȌȁǼȅȉȆŬ ŬűŬȈǼŰȒůȄȎ. ǵŬ 

ŬɸȌŰŮȈǽůȉŬŰŬ ŬȏŰǾȎ ŰȄȎ ǽȍŮȏȊŬȎ ůȇȌɸŮȖȌȏȊ ȊŬ ŬɸȌŭŮǿȋȌȏȊ ŰȄȊ ɸȍȌůűŮȍȕȉŮȊȄ 

ŮȏŮȈȆȋǿŬ ŮȊȕȎ ŰǽŰȌȆȌȏ ůȏůŰǾȉŬŰȌȎ.  

 Ǫ ȉȄȐŬȊǾ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ɸȌȏ ŬȊŬɸŰȖȐȅȄȇŮ ŮȋŮŰǼȃŮŰŬȆ ůŮ ŬȇȕȉȄ 

ȉŮȂŬȈȖŰŮȍȌ ȁǼȅȌȎ ůŮ ŭȆǼűȌȍŮȎ ůȏȊȅǾȇŮȎ ȈŮȆŰȌȏȍȂǿŬȎ ȉŮ ůȇȌɸȕ ȊŬ ŬȋȆȌȈȌȂȄȅŮǿ Ȅ 

ůȏȉɸŮȍȆűȌȍǼ ŰȄȎ ȇŬȆ Ȅ ɸȍȌůűŮȍȕȉŮȊȄ ŮȏŮȈȆȋǿŬ Ŭɸȕ ŰȄ ŭȆȁǼȅȉȆŬ ŭȆŬȉȕȍűȒůȄ. Ǫ 

ȉȄȐŬȊǾ ŮȋŮŰǼȃŮŰŬȆ ȉŮ ȍŮȖȉŬ ŭȆȇŰȖȌȏ ȂȆŬ ȐŬȉȄȈǾ ȅŮȍȉȌȇȍŬůǿŬ (70 ȉŮ 95ÁC) ȉŮ ȊŮȍȕ 

ůŬȊ ŮȍȂŬȃȕȉŮȊȌ ȉǽůȌ ůŰȌ ȅŮȍȉȆȇȕ ȇȖȇȈȒȉŬ ȂȆŬ ȉȌȊȌȁǼȅȉȆŬ ȇŬȆ ŭȆȁǼȅȉȆŬ ȈŮȆŰȌȏȍȂǿŬ 

ůŮ ȉŮŰŬȁŬȈȕȉŮȊȌ ȅŮȍȉȆȇȕ űȌȍŰǿȌ ȍȏȅȉǿȃȌȊŰŬȎ ŰȄ ůȏȐȊȕŰȄŰŬ ŰȄȎ ŬȊŰȈǿŬȎ ȇŬȆ ŰȒȊ 

ŮȇŰȌȊȒŰȗȊ. ǥȇȌȈȌȏȅŮǿ Ȅ ŭȆŮȍŮȖȊȄůȄ ȂȆŬ ȏȑȄȈȕŰŮȍȄ ȅŮȍȉȌȇȍŬůǿŬ ȈŮȆŰȌȏȍȂǿŬȎ (110 

ȉŮ 130 ÁC), ȉŮ ȉŮȅȏȈŬȆȊȌȂȈȏȇȕȈȄ ȒȎ ŮȍȂŬȃȕȉŮȊȌ ȉǽůȌ ůŰȌ ȅŮȍȉȆȇȕ ȇȖȇȈȒȉŬ. Ǫ 

ɸŬȍŬȂȕȉŮȊȄ ȆůȐȖȎ ȌŭȄȂŮǿŰŬȆ ůŮ ȄȈŮȇŰȍȆȇǼ űȍǽȊŬ ȇŬȆ ȇŬŰŬȊŬȈǿůȇŮŰŬȆ ůŮ ȉȆŬ ȅŮȍȉȆȇǾ 

ŬȊŰǿůŰŬůȄ. Ǫ ȈŮȆŰȌȏȍȂǿŬ ŰȒȊ ŭȏȌ ŮȇŰȌȊȒŰȗȊ ŮȋŮŰǼȃŮŰŬȆ ȋŮȐȒȍȆůŰǼ ȇŬȅȗȎ ŬȏŰǽȎ ȌȆ 

ůȏȊȆůŰȗůŮȎ ŰȌȏ ůȏůŰǾȉŬŰȌȎ ŮǿȊŬȆ ŰȍȌɸȌɸȌȆȄȉǽȊŮȎ ȇŬȆ ŬɸŬȆŰȌȖȊ ȐǼȍŬȋȄ ŰȒȊ 

ȇŬȉɸȏȈȗȊ ȈŮȆŰȌȏȍȂǿŬȎ ŰȌȏȎ ȂȆŬ ȊŬ ŬȋȆȌȈȌȂȄȅŮǿ Ȅ ůȏȉɸŮȍȆűȌȍǼ ŰȌȏȎ. ǵŬ 

ŬɸȌŰŮȈǽůȉŬŰŬ ɸȌȈȏǼȍȆȅȉȒȊ ŭȌȇȆȉȗȊ ůŮ ŭȆǼűȌȍŮȎ ůȏȊȅǾȇŮȎ ȈŮȆŰȌȏȍȂǿŬȎ 

ɸȍȌůűǽȍȌȏȊ ȉȆŬ ɸȌȈȖ ȋŮȇǼȅŬȍȄ ȇŬȆ ŬȇȍȆȁǾ ŮȆȇȕȊŬ ŰȄȎ ůȏȉɸŮȍȆűȌȍǼȎ ŰȄȎ ȉȄȐŬȊǾȎ 

ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine .  

 ǵǽȈȌȎ, ɸŬȍȌȏůȆǼȃŮŰŬȆ ŮɸǿůȄȎ ȅŮȒȍȄŰȆȇǾ ŭȆŮȍŮȖȊȄůȄ ŰȌȏ ȌȈȌȇȈȄȍȒȉǽȊȌȏ 

ůȏůŰǾȉŬŰȌȎ ŰȄȎ ȉȄȐŬȊǾȎ ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ȉŮ ŰȄ ȉȌȊǼŭŬ ŬűŬȈǼŰȒůȄȎ 

ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ, ɸȌȏ ȁŬůǿȃŮŰŬȆ ůŰŬ ɸŮȆȍŬȉŬŰȆȇǼ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ŮȈǽȂȐȒȊ 



ʃʶˊʾ˂ʹ˕ʹ 
 

9 
 

ȇǼȅŮ ȏɸȌůȏůŰǾȉŬŰȌȎ ɸȌȏ ŭȆŮȋǾȐȅȄůŬȊ. Ǫ ȇŬȅŬȍǾ ɸŬȍŬȂȕȉŮȊȄ ȆůȐȖȎ Ŭɸȕ ŰȄ ȉȄȐŬȊǾ 

ǱȍȂŬȊȆȇȌȖ ǬȖȇȈȌȏ Rankine  ȂȆŬ ȈŮȆŰȌȏȍȂǿŬ ůŰȌȏȎ 120 ȇŬȆ 130 ÁC (ůȄȉŮǿȌ 

ůȐŮŭȆŬůȉȌȖ) ȌŭȄȂŮǿŰŬȆ ůŰȄ ȉȌȊǼŭŬ ŬűŬȈǼŰȒůȄȎ ŬȊŰǿůŰȍȌűȄȎ ȗůȉȒůȄȎ ȉŮ ůȇȌɸȕ 

ȊŬ ŮȋŮŰŬůŰŮǿ Ȅ ɸŬȍŬȂȒȂǾ ȇŬȅŬȍȌȖ ȊŮȍȌȖ ȏȑȄȈǾȎ ŬȈŬŰȕŰȄŰŬȎ ȇŬȆ Ȅ ȈŮȆŰȌȏȍȂǿŬ ŰȒȊ 

ȏɸȌȉȌȊǼŭȒȊ.  

 Ǫ ŭȆŬŭȆȇŬůǿŬ ŰȌȏ ɸȈǾȍȌȏȎ ůȐŮŭȆŬůȉȌȖ, ŰȄȎ ȇŬŰŬůȇŮȏǾȎ ȇŬȆ ŬȋȆȌȈȕȂȄůȄȎ ŰȒȊ 

ȏɸȌůȏůŰȄȉǼŰȒȊ ȇŬȆ ŰȌȏ ȌȈȌȇȈȄȍȒȉǽȊȌȏ ůȏůŰǾȉŬŰȌȎ ȌȍǿȃŮȆ ȋŮȇǼȅŬȍŬ ŰŬ 

ɸȈŮȌȊŮȇŰǾȉŬŰŬ ŰȒȊ ȏȁȍȆŭȆȇȗȊ ůȏůŰȄȉǼŰȒȊ ŬűŬȈǼŰȒůȄȎ. ǨɸǿůȄȎ, Ȅ ŰŮȐȊȌȂȊȒůǿŬ 

ɸȌȏ ŬɸȌȇŰǾȅȄȇŮ ŮɸȆŰȍǽɸŮȆ ŰȄȊ ŬȊŬȂȊȗȍȆůȄ ȇŬȆ ŰȄȊ ŬɸȌŰŮȈŮůȉŬŰȆȇǾ ŭȆŬȐŮǿȍȆůȄ ŰȒȊ 

ŰŮȐȊȆȇȗȊ ȅŮȉǼŰȒȊ ɸȌȏ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŰǽŰȌȆŬ ůȏůŰǾȉŬŰŬ. ǴȏȉɸŮȍŬůȉŬŰȆȇǼ, ŰȌ 

ůȖůŰȄȉŬ ɸȌȏ ŬȊŬɸŰȖȐȅȄȇŮ ŬɸȌŰŮȈŮǿ ǽȊŬ ɸȌȈȈǼ ȏɸȌůȐȕȉŮȊȌ ɸȍȒŰȕŰȏɸȌ ɸȌȏ 

ɸŬȍȌȏůȆǼȃŮȆ ŮɸŬȍȇǾ ȇŬȆ ŬɸȌŭȌŰȆȇǾ ȈŮȆŰȌȏȍȂǿŬ ůŰȆȎ ɸȈŮǿůŰŮȎ ŰȒȊ ůȏȊȅȄȇȗȊ ůŰȆȎ 

ȌɸȌǿŮȎ ŮȇŰǽȅȄȇŮ ȇŬȆ ŬůűŬȈȗȎ ŬɸȌŰŮȈŮǿ ǽȊŬ ŮȋŬȆȍŮŰȆȇȕ ŮűŬȈŰǾȍȆȌ ȂȆŬ ȉŮȈȈȌȊŰȆȇǾ 

ǽȍŮȏȊŬ ůŰȌȊ ŰȌȉǽŬ ŰȄȎ ŬűŬȈǼŰȒůȄȎ ȊŮȍȌȖ ȉŮ ȐȍǾůȄ ŬȊŬȊŮȗůȆȉȒȊ ɸȄȂȗȊ 

ŮȊǽȍȂŮȆŬȎ. ǱȈȌȇȈȄȍȗȊȌȊŰŬȎ ŰȄȊ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ, ɸȍȌŰŮǿȊȌȊŰŬȆ ůȏůŰǼůŮȆȎ ȂȆŬ 

ȉŮȈȈȌȊŰȆȇǾ ǽȍŮȏȊŬ ȇŬȅȗȎ ȇŬȆ ɸȍȌŰǼůŮȆȎ ȂȆŬ ɸŮȍŬȆŰǽȍȒ ŮȊǿůȐȏůȄ ŰȄȎ ŬɸȌŭȌŰȆȇǾȎ 

ȈŮȆŰȌȏȍȂǿŬȎ ŮűŬȍȉȌȂȗȊ ȏȁȍȆŭȆȇȗȊ ůȏůŰȄȉǼŰȒȊ ŬűŬȈǼŰȒůȄȎ ȊŮȍȌȖ. 
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bƻƳŜƴŎƭŀǘǳǊŜ 
  

Ὤ  R245fa Condenser inlet enthalpy 

Ὤ  R245fa Condenser outlet enthalpy 

Ὤ  R245fa Evaporator inlet enthalpy 

Ὤ  R245fa Evaporator outlet enthalpy 

Ὤ  R245fa Pump outlet isentropic enthalpy  

Ὤ  R245fa Pump inlet enthalpy  

Ὤ  R245fa Pump outlet enthalpy  

Ὤ  First expander outlet isentropic enthalpy  

Ὤ  First expander inlet enthalpy  

Ὤ  First expander outlet enthalpy  

Ὤ  Second expander outlet isentropic enthal py  

Ὤ  Second expander inlet enthalpy  

Ὤ  Second expander outlet enthalpy  

Ὤ Specific enthalpy of each state  

Ὅ ȟὠ  The current and voltage of the hot water pump  

Ὅ ȟὠ  The current and voltage of the  condenser pump  

ὖ  The power consumption of the hot water pump  

ὖ  First expander's power production  

ὖ  Second expander's power production  

ὖ  Total theoretical expanders' power production  ὖ

ὖ ὖ  

ὖ  Pump power consumption  ὖ Ὤ Ὤ ᶻ

ά  

ὖ  Total expanders' power production  ὖ ὖ

ὖ  

ὖ  First expander theoretical power consumption  ὖ

Ὤ Ὤ άz  

ὖ  Second expander theoretical power consumption  

ὖ Ὤ Ὤ άz  
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ὖ  The power consumption of the hot water pump  

ὖ Pump power consumption  ὖ
ᶻᶻᶻ

       

ὗ  Condenser thermal load  ὗ Ὤ

Ὤ άz  

ὗ  Evaporator thermal load   ὗ Ὤ

Ὤ άz  

ὗ  The thermal load of the heat transfer fluid  ὗ

ά ᶻὬ ȟ Ὤ ȟ ά ὧz ᶻὝ ȟ Ὕ ȟ

ὗ ά ᶻὬ Ὤ  

ὗ  Thermal power at the evaporator  ὗ

ά ᶻὬ Ὤ  

ὗ  Measured brine flow rate  

ὗ  RO Feed water flow rate  ὗ  ὗ ὗ  

ὗ  Measured fresh water flow rate  

ὗ  Thermal Energy Input  

ὗ  Work output  

ὗ  Thermal power at the condenser  ὗ ά ᶻὬ

Ὤ  

Ὑὖὓ  ORC Pump's rotational speed  Ὑὖὓ   ωzφπ 

Ὑὖὓ  First expander's rotational speed  Ὑὖὓ   ςzωππ 

Ὑὖὓ  Second expander's rotational speed  Ὑὖὓ   ᶻ

ςωππ 

Ὓ  R245fa Pump outlet entropy  

Ὓ  First expander outlet entropy  

Ὓ  Second expander outlet entropy  

ὛὉὅ Total specific energy consumption ίὥὰὭὲὭὸώπȢφςχz
ᶻ ᶻ ᶻ

 

Ὕ  Electric heater inlet temperature  

Ὕ  Electric heater outlet temperature  

Ὕ  Condenser's inlet temperature  

Ὕ  Condenser's outlet temperature  

Ὕ  Evaporator's inlet temperature  
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Ὕ ȟ The temperature at the outlet and inlet of the heat 

source  

Ὕ Low Temperature  

Ὕ ȟ  the temperature of the evaporated organic fluid at 

the expander's inlet  

Ὗ  The typical uncertainty of a measurement  

Ὗ  The uncertainty in the calculated value  

ὠ  The condenser water volume flow rate  

ὠ Volumetric flow rate of the pump  ὠ ὧz ὶὴά   

 

ὠ ȟ  The volumetric flow rate of the expander as a 

function of its rotational speed  
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ὠ  The swept volume of the expander which is a 

geometric characteristic of the expander and 

remains constant during its operation  

ὡ  Expanders' total power production  ὡ ὡ ȟ
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ὡ  Expander ôs work  

ὡ  Pump power consumption  ὡ ά ᶻὬ Ὤ Ⱦὲȟ  

ὡ  Pumpôs work 

ὧ  Specific heat capacity  of the working fluid  

Ὢ  First expander's frequency  

Ὢ  Second expander's frequency  

Ὢ  Pump's frequency  
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ά  ORC Pump mass flow rate  ά ᶻ  

ά  The mass flow  rate of the condenser water circuit  

ά The ORC pump mass flow rate   

ά
ὠ

ὺ
 
ρπ ᶻὶὴά

ὺ
 

ά  The mass flow rate of the working fluid  

ά  The mass flow rate of the working fluid  

ὲ  
Pump isentropic efficiency  ὲ ᶻ

ρππ 

ὲ  First expander isentropic efficiency  ὲ

ρzππ 

ὲ  Second expander isentropic efficiency  ὲ

ρzππ 

ὲ  First expander actual efficiency  ὲ

ᶻ
ρzππ 

ὲ  Second expander  actual efficiency  ὲ

ᶻ
ρzππ 

ὲ  ORC engine's ideal thermal efficiency  ὲ

ρzππ 

ὲ  
Expander's efficiency  ὲ ρππ ρzππ 

ὲ  ORC engine's thermal efficiency  ὲ ᶻ

ρππ 

ὴ  Condenser's inlet pressure  

ὴ  Condenser's outlet pressure  

ὴ  Evaporator's inlet pressure  

ὴ  Evaporator's outlet pressure  

ὴ  Pump's inlet pressure  

ὴ  Pump's outlet pressure  

ὴ  First expander's inlet pressure  
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ὴ  First expander's outlet pressure  

ὴ  Second expander's inlet pressure  

ὴ  Second expander's outlet pressure  

ὴ ȟ  The pressure  

of the evaporated organic fluid at the expander's 

inlet ὴ ȟ ” ȟ ὙzᶻὝ ȟ ςχσȢρυ 

 

ὴ ȟ  I nlet pressure at the second expander  ὴ ȟ

ᶻ

ᶻ ᶻ
ὙzᶻὝ ȟ ςχσȢρυ 

 

ὶὴά Expanderôs rotational speed 

ίὥὰὭὲὭὸώ Total fresh water salinity   ίὥὰὭὲὭὸώπȢφςχz
ᶻ ᶻ ᶻ

, ὧέὲ measured conductivity  for 

each sub - unit, ὗ  measured fresh water flow rate  for each 

sub -  unit  

ὺ  The hot water volume flow rate  

ὺ  ORC Pump volume flow rate  ὺ πȢπςπυzὙὖὓ  

ὺ Specific volume  

–  Heat cycle thermal efficiency –   

– ͺ  Rankine cycle thermal efficiency  –ὸᾬὙὥὲὯὭὲὩρ
Ὤτ Ὤρ
Ὤσ Ὤς

 

– ͺ  Carnot cycle thermal efficiency  –ὸᾬὧὥὶὲέὸρ
Ὕὒ
ὝὌ

 

”  R245fa density  

” ȟ  The density of the evaporated organic fluid at the 

expander's inlet  ” ȟ
ȟ

ȟ
 

c Proportionality factor ~ 10 -6 m 3/s/rpm  

Cp Specific heat capacity  of the working fluid 

T819.42329cp +=  

g The gravitational acceleration (9.81 m/s 2)  

H The total head  

I 1, I 2, I 3  Measured current  
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k Thermal conductivity  of the working fluid 

T000771.03049.0k -=  

nex,is  Expanders' isentropic efficiency  

nex,m  Expanders' mechanical efficiency  

n IHE Internal heat exchanger efficiency  

np,is  Pump's isentropic efficiency  

np,m  Pump's mechanical efficiency  

PAPM The power recovered by the ERD  

PAPP The total power given to the seawater from the HP 

pump  

Pe The net power fed to the RO unit motor from the 

ORC engine  Pe +P APM =P APP 

R A quantity R calculated from a combination of 

measured quantities ὼ, Ὑ Ὑὼȟὼȟὼȟȣȟὼ ,  

Tfr  Fresh water temperature  

V Voltage measured  

ȉ Dynamic viscosity  of the working fluid  

2T

013.1

T

4502.0
001975.0 -+-=m  

ȍ Density  of the working fluid
2T000199.0T6755.01148 --=r  

Ὅ Current Input   Ὅ Ὅ Ὅ Ὅ 

ὖ Power Input  ὖ
ᶻ

 

ὖ Power consumed  by the RO ὖ
ᶻᶻ

 

ὖὶὩίίόὶὩ ὶὥὸὭέ 
First expander pressure ratio  ὖὶὩίίόὶὩ ὶὥὸὭέ  

ὖὶὩίίόὶὩ ὶὥὸὭέ Second expander pressure ratio  ὖὶὩίίόὶὩ ὶὥὸὭέ

 

Ὑ The specific gas constant ( Rspecific  is the ratio R/M, 

where R is the ideal gas constant equal to 8.314 

J/mol.K and M is the molecular mass where for 

R245fa is equal to 134.05 kg/kmol )  

ὛὉὅ RO Specific energy consumption  ὛὉὅ  

ὧέὲ Measured water conductivity  

ὧέί• Power factor  
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ὶὩὧέὺὩὶώ RO recovery rate ὶὩὧέὺὩὶώ  

ίὥὰὭὲὭὸώ Fresh water salinity  ίὥὰὭὲὭὸώπȢφςχzρȢππρρτὧzέὲ 
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/I!t¢9w м ς LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Problem description 
The worldôs freshwater resources are renewed through a continuous cycle 

of evaporation, precipitation and outflow ï known as the water cycle ï that dictates 

their distribution and availability over time and place. The growing demand on fresh 

water in the d eveloping countries has provoked an increase of global freshwater 

withdrawals of about 1% per year since 1980. Accelerated urbanization, rising 

living standards, increased demand for water, food and energy from an ever -

growing global population will inevit ably lead to significant variation of water 

availability, leaving countries ñwater scarceò for large periods, unless there is 

sufficient infrastructure to manage and store the water [1.1].   

In order to get an overall view of modern worldôs water distribution, several 

ways have been developed to define and measure water scarcity or water stress 

( i.e.  demand for  water  exceeds the available amount during a certain period or 

poor quality restricts its use ). The best -known indicator of national water scarcity 

is per capita renewable water per year, where threshold values are used to 

distinguish between different levels of water stress [1.2].  A region or country is 

under regular water stress when renewable water supplies drop below 1,700 m 3 

per capita per year.  Populations face chronic water scarcity when water supplies 

drop below 1,000 m 3 per capita per year and absolute scarcity below 500 m 3 per 

capita per year. Using these thresholds, significant disparities exist between 

countries. This rough approach to mea suring water scarcity was primarily based on 

estimates of the number of people that can reasonably live with a certain unit of 

water resources [1.3]. Although useful, it oversimplifies the water situation of 

specific countries, ignoring local factors deter mining access to water, as well as the 

feasibility of solutions in different locations, among others [1.4].  

Figure 1.1 Total renewable water resources (m 3/capita/year), 2014 [1.1]  

Public health relies on safe and instantly available water, concerning eit her 

potable water and domestic use, or even food production and other purposes. 

Moreover, worldôs economy can improve and poverty can decrease through better 

water supply and quality and better management of water resources.  

Freshwater consists a very sma ll part of the total of water on our planet. 

While nearly 70% of the world is covered by water, just 2.5% of it is fresh and the 
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rest is saline and ocean -based. From this 2.5% of fresh water, only 1% is easily 

accessible, while much of it is trapped in gla ciers and snowfields. Basically, only 

0.007% of the planet's water is available to fuel and feed its 6.8 billion people.  

The great inequalities of freshwater distribution around the world are mainly 

due to geography, climate, engineering, regulation and co mpetition for resources. 

In much of the developing world, clean water is either hard to come by or a 

commodity that requires laborious work or significant currency to obtain [1.5].  

 The United Nations World Water Development Report published forecasts in 

2015 noting that there will be 40% shortage of drinking water in the world by 2030 

[1.6]. A sustainable way to obtain fresh potable water, suitable for human 

consumption and use, is t o purify the highly saline ocean water that consist 97% 

of the total water present on earth [1.7] or even the medium -  salinity ground water 

that is not already clean and consumable due to its chemical consistence.   

1.2 Thesis delimitation 
 According to st atistics released by the International Desalination Association 

(IDA), in 2016, the international desalination market continues to grow following a 

slowdown in the mid -  2000s. The 29th Worldwide Desalting Inventory, published 

by GWI DesalData in associatio n with the IDA, indicates that desalination totals 

were up 14% in mid -2015 over the same time period in 2014, showing an increase 

in activity after a 13 -year low in the desalination market. From 2015 to 2016, an 

increase of 3.7 million cubic meters per day  (m 3/d) of desalination capacity added 

globally has been noticed, compared to 3.2 million m 3/d the previous year. The 

installed global capacity of the approximately 19,000 desalination plants considered 

to be online is 88.6 million m 3/d and it reached 95.6  million mį/d in June 2016. 

Much of this added capacity came from large -scale seawater projects, especially in 

the Gulf region, as 2016 marked the third yearly increase in seawater capacity 

added 1.6 million mį/d, surpassing 2015ôs total by 200,000 mį/d. The brackish 

desalination market held steady in 2016. A resurgence of interest in reuse projects 

is occurring both in North America and also in India and China,  according to the 

2016 ï 2017 IDA Desalination Yearbook, as the latter two markets experience 

continued industrialization and environmental control. Further global development 

of reuse solutions is expected as both industry and municipalities fully grasp the 

benefits of water reuse strategies. The 2016 ï 2017 IDA Desalination Yearbook 

also shows th at the largest gains in desalination capacity this year were in the 

Middle East and North Africa, driven by several new large projects and increased 

activity in Egypt and Oman. However, traditionally desalination -heavy Saudi Arabia 

saw mostly small project s this year as it deals with the maze of its national water 

policy and future desalination strategy as well as the effect of stubbornly low 

commodity prices. Commodity prices have also affected growth in Latin America 

but competition for resources and a pr edicted recovery in prices should spur activity 

in the region in the medium - term. New forays into desalination by the Philippines 

and Nigeria also demonstrate new opportunities in an expanding global market. 

The IDA Yearbook also explores a number of other  interesting trends in 2016. For 

example, the adoption of membrane technologies over thermal technologies 

continues globally, including in the traditionally thermal Middle East, aided in part 

by the reduced capital costs and versatility of reverse osmosis.  Private sector 

funding has also improved, surpassing 30% of total awarded capacity in 2015 for 

the first time in six years, and can also be attributed to the slew of new large -scale 

projects in the past year [1.8].  
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Figure 1.2 Top 15 country desalination  markets (in billion $ investment) [1.9]  

Figure 1.2 demonstrates a comparative analysis of investment in 

desalination technologies throughout the world for two different quinquennium: 

2007 -  2011 and 2012 -  2016. It is obvious that the investment has been mo re than 

doubled in most regions. In Figure 1.3 the new contracted capacity in million 

m 3/day since 1980 is presented, as well as a projection until 2030. According to 

this data, since 2000 when desalination plants started expanding, the installed 

capacity has almost tripled and until 2030 it will be four times more.  
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Figure 1.3 New contracted desalinated water capacity within 50 years.  

In order to separate salts from water two basic technologies have been 

widely applied: thermal evaporation and membrane s eparation. The last decade 

desalination using semi -permeable seawater or brackish water reverse osmosis 

(RO) membranes has come to dominate desalination markets worldwide.  

The cost of the produced fresh water has decreased throughout the last 

twenty years , thanks to RO desalination technology developments combined with 

a transition to large capacity plants, co - location with power plant generation and 

renewable energy sources exploitation. One of the key factors that contributed to 

the lower cost of water d esalination is the development of the RO membrane 

technology. High -productivity membrane elements are designed with features to 

yield more fresh water per membrane element with a higher surface area and 

denser membrane packing. Increasing active membrane s urface area allows for 

significant productivity gains using the same diameter membrane element. 

Advances in technology and equipment have resulted in a reduction of 80 percent 

of the energy used for water production over the last 20 years. Today, the energ y 

needed to produce fresh water from seawater for one household per year (~2,000 

kW/yr) is less than that used by the householdôs refrigerator. 

Conventional technologies for water purification such as sedimentation and 

filtration, have seen modest advances  since their initial use for water treatment 

several centuries ago; however new, more efficient desalination membranes, 

innovative thermal membranes or hybrid desalination technologies and equipment 

improvements are released every few years. It is not yet foreseen that major 

technology breakthroughs will dramatically lower the cost of water RO desalination 

in the next several years, however the steady reduction of production costs in 

combination with increasing costs of water treatment driven by more string ent 

regulatory requirements are expected to accelerate the current trend of increased 

reliance on the ocean as a water source. The trust in pure fresh water production 

from RO desalination systems will be increasing simultaneously. Technology 

progress is e xpected to reduce the cost of desalinated water by 20% in the next 
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five years and by up to 60% in the next 20 years making it a viable and cost -

effective competitor for potable water production (Table 1) [1.10]:  

 

Table 1 ï Forecast of Desalination Costs fo r Medium and Large Size Projects  

Parameter for Best - in Class 

Desalination Plants  

Year 

2 016  

Within  5 

Years  

Within 20 

Years  

 

Cost of Water (US$/m 3 )  0.8 ï 1.2  

 

0.6 ï 1.0  

 

0.3 ï 0.5  

Construction Cost  (US$/MLD)  

 

1.2 ï 2.2  

 

1.0 ï 1.8  

 

0.5 ï 0.9  

Electrical Energy Use (kWh/m 3 )  

 

3.5 ï 4.0  

 

2.8 ï 3.2  

 

2.1 ï 2.4  

Membrane Productivity 

(m 3 /membrane)  

 

28 -47  

 

35 -55  

 

95 -120  

  

1.3 Literature Review & State of the Art 
A literature review of the desalination technologies currently applied for 

fresh potable water production is presented. The reverse osmosis (RO) desalination 

technology that is chosen for the current test -  rig is extensively analyzed in order 

to present the advantages among other desalination methods. The combination 

with renewable and sustainable e nergy resources in order to decrease the carbon 

footprint and greenhouse emissions -  the main reason of global warming and 

climate change -  is also investigated for the potential of the RO technology to be 

integrated with renewable energy. Moreover, the engi nes based on the 

thermodynamic Organic Rankine Cycle for effective electricity production from a 

heat source and their several variations and applications are investigated. The 

review of the ORC engines will lead to the current ORC engine design which will  be 

combined and feed the RO units in the current test -  rig.  
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1.3.1 Water Desalination Technologies 
Desalination systems can be classified according to the energy source  they 

use  such as; thermal  systems , mechanical  systems , electrical  systems  and 

chemica l systems . Another classification depends on the process  followed for the 

desalination: evaporation -condensation, filtration  or  crystallization. Figure 1.4 (a) 

illustrates the main desalination techniques around the world  [1.11] .  

 

 

 

Figure 1.4 (a) the main desalination processes; (b) the contribution of 

each desalination process to the world water production.  

1.3.1.1 Thermal desalination systems 

 

The thermal desalination process uses energy to evaporate water and 

subsequently condense it again. When the re is waste heat or sufficient electricity 

available, as is often the case with refineries and  power  plants, thermal desalination 

is an efficient and viable solution.  The following thermal desalination technologies 

are the most prevailing nowadays;  

 

¶ Multi Effect Distillation (MED)  

Nowadays, MED technology obtains an increasing role in the desalination 

market. One major advantage of this technology is the use of low temperature 

heating steam between 60 and 90 ÁC. The absence of recirculation of brine masses 

reduces both pumping requi rements and scaling tendencies. Moreover, MED 

process has great potential for solar applications since it is proven to be effective 

in part load operation. It also offers the same advantages as other thermal 

technologies such as high reliability and produc t safety [1.12].  

MED process includes an asset of stages (called effects), a condenser, 

subsystems to feed the system with saline water and the heat source (usually hot 

liquid water or steam) and to collect and remove the distillate product and 

concentrat ed brine. An examp le of this  system is shown in Fig ure 1.5 [1.13] .  
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Figure 1.5 Schematics of an optimized conventional MED design (numbers for 65 

ÁC simulation). 

In the first effect, the heat transfer fluid (e.g. liquid water at 65 ÁC) is driven 

through the pump to the hot side of the evaporator, while saline feed water is 

pumped into the cold side. Due to the low pressure in the system, the feed water 

boils at 50.3 ÁC; the steam passes through a drainage and condenses on the hot 

side of the evaporator in  the second effect. The remaining liquid from the first effect 

is drained off as brine. On the hot side of the evaporator of the second effect, the 

condensing vapor from the first effect becomes the pure  distillate product; the heat 

lost from the distillat e due to condensation boils more feedwater in the second 

effect at a lower pressure than in the first effect and steam from the second effect 

passes to the third etc. This sequence is repeated until the steam from the last 

effect reaches the condenser, whi ch is usually cooled by the saline water source. 

The brine at the side product of each effect is collected and moved to the next step 

in disposal.  

Conventional steam -  driven MED systems are evaluated according to their 

production compared to the total hea t input to the system or in several cases by 

the total amount of thermal energy available to the system. For different heat 

source temperatures, the MED configuration can be optimized to achieve a 

maximum waste heat performance ratio. The number of effects  and the values 

given in Figure 1.5 are the result of such an optimization for a 65 ÁC heat source. 

Higher recovery ratio might give rise to scaling, while a lower figure would result 

in thermal inefficiency [1.13].  

 
¶ Thermal Vapor Compression (MED - TVC)  

 

The introduction of TVC makes MED more energy -efficient and competitive  

among desalination techniques. TVC is a kind of typical steam ejector which infuses  

low pressure steam using the force of supersonic flow , made by a small supersonic 

nozzle (maximum vel ocity in TVC reaches Mach 4 ï5) mounted in the center of a 

large converging -diverging duct  [1.14].  

The TVC plant  remains a MED process  which means it  consists of several effects, 

each of which is equipped with heat exchanger beam tube s. The first stage  is 

heated by steam from the thermo -compressor, where the  TVC recompresses part 
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of the vapor produced in the last effect. The steam produced in  each effect heats 

up the tubes in the next  effect , while t he condensate from the downstream effects 

and the fina l condenser is the source of the distillate  water. T he condensate from 

the first effect is recycled to the steam generation system. [1.15] .  

The m ain advantages  of t he MED -TVC process is that it operates at low 

temperatures with high thermal efficiency, whi ch results in:  

V small to large plant sizes  

V low investment costs  

V minimised corrosion risk  

V reduced scaling risk  

V lower thermal energy consumption  

V low operating costs  

V efficient use of plant volume  

In Figure 1.6 a schematic of MED -TVC plant is presented [1.14].  

 

Figure 1. 6 Schematics of MED plant with 3 evaporator effects and TVC sucking 

from 3rd effect.  

 

¶ Mechanical Vapor Compression (MED - MVC)  

The mechanical vapor compression (MVC) desalination system is another 

version of MED process and a very attractive and competitive solution for small and 

medium scale water production. The MVC process is one of the most promising, 

low temperature desalination methods due to advantages such as: compactness, 

efficient utilization of energy, easy integration with conventional  desalination 

systems such as MSF or MED and other renewable systems such as solar, 

geothermal and waste thermal system, moderate civil work and construction 

requirements, low capital cost, high produced water quality, ease of operation and 

transportabilit y. It is competitive for water production capacities less than 5000m 3 

/d. Figure 1. 7 presents a schematic of a single -effect MVC system which includes 

the basic equipment such as an evaporator/ condenser, a water - injected 

compressor, plate type feed prehea ters and a non -condensable gases ejector.  
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Figure 1. 7 Schematics of a single -  effect mechanical vapor compression system 

[1.16].  

In the MVC desalination process, the feed seawater is heated in the distillate 

and brine plate preheaters. Most of the sensible thermal energy in distillate and 

brine stream is recovered by the feed stream which is then sprayed over the 

evaporator tubes. The feed temperature is further increased to the brine boiling 

temperature and then evaporation starts. The formed vapor  flows through the 

demister into the water - injected compressor. A very small fraction of distillate is 

injected into the vapor during the compression process. The compressor increases 

the vapor saturation temperature to a higher pressure - temperature level.  Due to 

the deliberate water injection, vapor in the compression process is always cooled 

by the injected water hence the compression process closely approximates to the 

isothermal process. In this way, specific power input is minimized. Furthermore, 

the w ater injection ensures that the vapor at the compressor exit is close to its 

saturation point. The compressed high temperature and pressure vapor flows inside 

the evaporator tubes where it condenses and exchanges its latent heat to the feed 

spray on the ou ter surface of the evaporator tubes. The condensed water product 

is collected at the side of the evaporator and the brine is at the bottom of the 

evaporator. The distillate and brine streams are then pumped through two plate 

type preheaters where the intak e stream is pre -heated. It is worth noting that this 

system is solely operated by electricity, which is used to operate the twin screw 

compressor, pump, vacuum system and controllers. The MVC compressor 

represents the major component that consumes energy, and this is dependent 

upon the pressure difference. Industrial applications showed that operating the 

MVC at low temperatures is advisable, to minimize the formation of scaling and 

corrosion of materials. This is another motivation to use water - injected tw in screw 

compressor, because the exit vapor temperature is normally lower than that from 

centrifugal compressors at the same pressure ratio.  
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¶ Multi Stage Flash (MSF)  

 

In MSF desalination process the seawater is heated and allowed to evaporate 

in the so -  called flash  chambers and condense in the upper parts of these chambers, 

leaving the salts behind in the water component at the bottom of the chambers as 

concentrated brine. The feedwater needs to be heated rapidly in order to quickly 

reach the boiling poin t. The heated seawater is then fed to a cascade of chambers 

at pressure lower than the atmospheric so that boiling at pressure lower than the 

atmospheric pressure ï called flashing -  takes place in the flash chambers. In each 

stage, water vapor is collected  and condensed to give fresh water. The produced 

clean water is tapped for drinking, irrigation or industrial usage. In Figure 1. 8 the 

principle of MSF on a single flash stage is presented.  

 

Figure 1. 8 Schematics of a single -  flash stage operation principle [1.17].  

MSF desalination process is a major thermal desalination process since it 

represents around 90% of all thermal production and 42% of total world 

desalination production, thus it is among the most commonly used desalination 

technologies. It is robust and it can process water with a very high rate and 

relatively low maintenance. Moreover, it operates using a cascade of chambers, 

each with successively lower temperature and pressure in order to r apidly vaporize 

water which is condensed afterward from seawater. The number of chambers may 

be as high as 40. MSF operates at top brine temperatures (TBT) of 90 -  120 ÁC and 

the recovery reached in high temperature recyclable MSF plants is 25 -  50%. The 

pro duced fresh water reaches a quality of less than 50 ppm TDS and a minimal 

pretreatment of the feedwater is required. However, MSF desalination is an energy -  

intensive process, it requires a large capital investment and has a larger footprint 

in terms of la nd and materials. Moreover, its maintenance requires complete 

shutdown of the entire plant and it has slow start ups. Finally, high level technical 

knowledge is required and the recovery ratio is relatively low.  
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¶ Solar distillation desalination  

The use of solar heat in order to purify impure water through evaporation and 

condensation is called solar distillation process. Solar desalination process 

comprises of two categories; indirect systems , where the solar energy is collected 

in a separate sub system and produces fresh water in a conventional plant and 

direct systems where the heat collection and the solar purification take place in the 

same equipment, a solar still. Using the greenhouse effect, the still traps the solar 

radiation passing throug h the transparent cover and then it gets absorbed by the 

water and the absorber surface. This absorption results in a temperature and 

pressure increase to a point higher than that of the cover and the water evaporates. 

The lighter vapor rises to the upper part of the cover where it condenses and with 

gravity it gets collected into the collection tank.  

One common still is a greenhouse type solar still. It is easy to build and its main 

parts are:  

V The transparent cover , which may be symmetrical or asymmetrica l and acts 

like the condenser of the vapor on its inside surface while reducing the heat 

losses by keeping the wind away.  

V The basin  where the saline water is kept for distillation and allows the 

drainage of the concentrated brine . 

V The collection trough  from where the distillate water is collected . 

 

In Figure 1. 9 a common greenhouse solar still is presented.  

 

 
Figure 1. 9 Schematic of a symmetrical greenhouse solar still [1.18].  

 

Although solar distillation is an energy cost free and environmentally frie ndly 

desalination process, it presents high maintenance needs, since scaling and 

corrosion due to dissolved solids in raw water may occur. Moreover, if the still is 

left dry without water for a period of time it might suffer serious damage.  

 

¶ Freezing desa lination  

Freezing desalination process is based on the fact that ice crystals essentially 

consist of pure water. More specifically, in desalination by freezing dissolved salts 

are extracted through the formation of ice crystals resulting in a separation of  ice 

and brine. Although sea water ice is purer than seawater, it contains brine pockets 

therefore it is not pure fresh water. There are three main processes required in any 

freeze separation process: ice formation by heat removal, separation of ice from 

the brine and melting of the ice. In Figure 1. 10 , the basic components in freezing 

desalination process are presented.  
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Figure 1. 10  Schematic of basic freeze separation process [1.19].  

 A tank in which the ice crystals are formed is the freezer, the main part of 

the process which defines the type of the freezing process. This is the part of the 

process that defines its type. Once the ice crystals have been formed, the ice 

crystals and brine are separated in an ice separation unit. This unit might be a 

pres s, a gravity drainage, a centrifuge, a filter or a wash column and it usually acts 

as the wash unit as well, where clean water is used to wash the ice crystals and 

remove entrained brine. The melting unit is the final unit where the ice crystals are 

melted  and the product water is selected and it is the part where energy can be 

recovered. The major types of freeze -melting units are based on the freezing 

process used, and include: (a) direct contact freezing, (b) vacuum freezing, (c) 

indirect contact freezin g, and (d) eutectic separation.   
The freeze -melting process has a number of important advantages:  

V A very high separation factor .  

V High energy efficiency as the latent heat of freezing is low compared to the 

latent heat of evaporation ( lower energy requirement compared  to other 

processes ).   

V Low operating temperature ensures resistivity towards  biological fouling, 

scaling and corrosion problems , therefore  less use of chemicals  is required 

resulting in l ower operating costs.  

V No chemical pre - treatment is needed which means no discharge of toxic 

chemicals to the environment.  

V Low operating temperature  allows the use of i nexpensive materials of 

construction resulting  in lower capital cost.  

Despite the significant advantages that t he freezing desalination process 

presents (low energy and low temperature), it has only been used to a very limited 

point for fresh water production. This is mostly due to a very conservative approach 

to the adoption of new technology, the perception that such a process would be 

mechanically complex and the lack of appropriate test data. However, the recently 

rising urgent need for more effective solutions to water pollution problems and 

fresh water production, in combination to the development of simpler f reezing 

technology lead to a better perception towards this process [1.19].  
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1.3.1.2 Chemical desalination systems  

Chemical desalination processes are not widely used; however, they present 

a special interest as an alternative for different energy sour ce desalination 

methods. Among them, the liquid -  liquid extraction, the gas hydrate and the 

adsorption are the most common processes as presented below;  

¶ Liquid -  liquid extraction desalination  

The liquid -  liquid extraction desalination methodôs main parts are;  

V a deaerator, where the dissolved gasses are mechanically removed 

from the feedwater,  

V a heat transfer contractor, where the extraction takes place meaning 

that water and salt are transferred from the carrier to the solvent 

followed by a centrifugation  that forces the  mixture components of 

higher density to move  awa y from the axis of the centrifuge , 

resulting in potable water  

V a wash contractor, where the polymeric solvent is washed out in 

order to remove the dissolved salt  in it  and  

V heat exchangers, which are used for heat recovery.  

In Figure 1.1 1 the flowsheet of heat transfer contractor is presented where 

seawater (stream 5) mixes up with polymer solvent (stream 4) and through the 

extractor it leads to fresh water production [1.20] . 

 

Figure 1.1 1 Flowsheet of heat transfer contractor [1.20].  

 

¶ Gas hydrate desalination  

In the scope of developing innovative desalination processes in order to 

process seawater at a large scale, considering energy costs minimizing, water 

recovery maximizing and becoming more environmentally friendly, recent research 

has been dedicated to a novel method called hydrate -based desalination (HBD) 

process.  

Gas hydrates are nonstoichiometric crystalline ice - like compounds that are 

made of water (acting as  host) and a number of gas molecules (acting as guests) 

at specific temperature and pressure conditions, which depend on hydrate - forming 
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gases. The hydrate -based desalination process lays on the phase change of water 

from liquid to solid (i.e. freezing met hod). In HBD a physical reaction coupled with 

an exclusion of ions by the hydrogen bonding of water molecules during hydrate 

formation compose the main idea of the process. After hydrate formation it is 

important to separate the solids (hydrates) from the remaining liquid phase 

(brines). Research has shown that 1m 3 hydrate, when dissociated, is able to 

produce up to 164m 3 of gas and 0.8 m 3 of pure water at standard temperature and 

pressure, a fact that makes the HBD process seem very promising [1.21].  

Figur e 1.1 2 presents the procedure of seawater desalination through gas 

hydrate -based  technology. The heat content of seawater before entering the 

reactor is removed through the heat exchanger, in order to help the crystalline 

formation.  

 

Figure 1.1 2 Typical p rocess flowsheet of gas hydrate desalination system 

[1.22]  

Inside the reactor, the seawater and the gas are thoroughly mixed with a 

stirrer. The stirrer turns at a desired rotational speed in order to assist the required 

pressure and temperature conditions  by making a proper interface bonding 

between the water and gas molecules for the formation of gas hydrate. Low 

temperature and high -pressure conditions are desired in the reactor for given gas 

hydrate system. Gas is supplied to the reactor through a gas c hamber connected 

to the reactor. A makeup gas cylinder is also provided for overcoming the gas losses 

during process flow. Once the hydrate slurry is produced, it is transferred to the 

crystallizer with the help of a transfer pump (hydrate slurry pump). Th is hydrate 

slurry is converted into a crystalline solid structure along with the concentrated 

brine. The brine is rejected from the crystallizer, while the crystalline solid structure 

is transferred to a decomposer. In the decomposer, the gas hydrate decom poses 

again into gas and water by the addition of heat and the gas flows into the gas 

storage tank and the remaining purified water is collected at the bottom of the 

decomposer. The purified water can then be used for the industrial and domestic 

purposes f or daily routines [1.22].  

¶ Adsorption desalination  

Adsorption desalination (AD) is an energy efficient and environmentally 

friendly desalination method which produces high -quality potable water and at the 

same time it offers a cooling effect with just one heat source input. The process 

uses an adsorbent an d an adsorbate, usually silica gel and water. The fundamentals 

of an adsorption desalination cycle lay on the efficient water vapor uptake by the 

chemical potential of an unsaturated adsorbent (silica gel) in one half - cycle, where 
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the same adsorbent could be then regenerated in the next half - cycle by heating at 

low temperature heat source (~50 to 85  ÁC). 

During AD cycle the mesoporous surfaces of silica gel become polar and 

hydrophilic when they contain hydroxyl functional group (silanol group). However, 

at  higher temperatures, silica gel rejects almost all water vapor and gives 

hydrophobic phenomena while regenerated. These hydrophilic and hydrophobic 

phenomena make silica gel a suitable adsorbent for water refrigerant -based  cooling 

applications.  

The vapor  uptake by silica gel is realized with the help of the van der Waals 

forces and the electrostatic force between adsorbate molecules and the surface 

atoms. An adsorbent is always in contact with adsorbate. The adsorbent and 

adsorbate reach a maximum uptake at equilibrium state;  however,  the adsorbed 

phase depends on a given pressure and temperature as well as the pore surface 

diameter and area. The continuous production of vapor uptake is ensured through 

regeneration or reactivation of the adsorbent. The fir st is to restore the adsorption 

capacity of saturated adsorbent and the second is to recover valuable components 

present in the adsorbed phase [1.23].  

In Figure 1.1 3, the schematic of a pilot plant  of an AD system is presented.  

 
 

Figure 1.1 3 Schematic of  an adsorption desalination system [1.23]  

 

1.3.1.3 Electrical desalination systems  

 

¶ Electrodialysis desalination  

Electrodialysis (ED) is used to transport salt ions from one solution through 

ion -exchange membranes to another solution under the influence of an applied 

electric potential difference.  When combined with necessary additional pre -and 

post -water treatment, ED becomes a cost -competitive, high recovery and low 

energy consumption desalination and water treatment system, especially for 

groundwater salinity range water sources. An ED system consists of two electrodes, 

a cathode and an anode and between them a ser ies of anion (AEM) and cation 

exchange membranes (CEM) with spacers in between, that provide two isolated 

flow paths. The formed housing (stack) carries inlets and outlets for the feed, 
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desalinated and reject (concentrate) water.  A voltage potential is ap plied across 

the membranes, in order to separate the feed solution to concentrate and product 

water streams [1.24].  

 
Figure 1.1 4 Schematic of the electrodialysis process for water desalination 

[1.24]  

 

When a voltage potential is applied across the electro des, water molecules 

dissociate at the cathode to produce hydroxide (OH - ) ion and hydrogen gas (H 2). 

At the anode, hydrogen ions (H+), oxygen (O 2), and chlorine gas (Cl 2) are 

produced. Gas formation at the electrodes increases the electrical resistance of the 

stack and the acidic nature of the anode stream, which can produce scaling on that 

electrode. To prevent gas and Cl 2 formation on the electrodes that would increase 

the electrical resistance and would produce scaling phenomena on the electrode, a 

Na2SO4 solution is rinsed over the electrodes, which requires the use of an 

additional tank, pump and associated plumbing in order to be separated from the 

other streams.  

ED systems can be formed in two different architectures: batch system and 

continuous syste m. The batch process involves recirculation of both the product 

and concentrate streams until the salt concentration in the product tank decreases 

to the desired level. In the continuous process, system parameters such as voltage 

and flow rate are set to p roduce the desired salinity in the product stream within a 

single pass, based upon the feed water salinity available in feed water.  



CHAPTER 1 ς Introduction 
 

43 
 

 
Figure 1.1 5 Schematic of the two electrodialysis desalination system 

architectures: batch ED process(left) and continuou s ED process (right) [1.24]  

 

 

1.3.1.4 Mechanical desalination systems  

 

¶ Forward Osmosis desalination  

Osmosis is the phenomenon where water in a solution of higher water 

chemical potential (concentration), separated with a selectively permeable 

membrane from a solution of lower water chemical potential, passes through the 

membrane driven by a difference in solute concentrations across the membrane, 

which allows passage of water but rejects most solute molecules or ions. The 

pressure that if applied to the  solution of higher concentration, would prevent the 

transfer of water across the membrane is called osmotic pressure. FO uses the 

osmotic pressure differential across the membrane as the driving force for water 

transportation. The process results in the f ormation of a concentrated feed stream 

on one side of the membrane and a dilution of a highly concentrated stream 

(referred to as the draw solution) on the other side of the membrane. The driving 

force of the FO process comes from the concentrated solution  on the permeate 

side. The draw solution selection should ensure that it has a higher osmotic 

pressure than the feed solution, so that the re -  concentration of the feed solution 

after it has been diluted in the FO process is simple [1.25]. In Figure 1.1 6 a 

schematic diagram of FO desalination process is presented.  
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Figure 1.1 6 Schematic diagram of FO desalination process [1.26]  

 

The recovery of draw solutes makes a significant energy cost in FO 

technology implementation. As explained previously, the draw  solution is used to 

ñattractò water from feed solution by osmotic pressure difference through a semi-

permeable membrane, while most solutes are rejected by the FO membrane. Then, 

the diluted draw solution is being regenerated in order to produce clean wat er. 

Although some FO applications do not require draw solutes recovery (e.g. 

irrigation), most FO applications (e.g., desalination for drinking water, wastewater 

reclamation, etc.) do need draw solutes to separate water. The FO process 

efficiency and susta inability greatly depends on the selected draw solute. An ideal 

draw solute for water production through FO should be non -  toxic, suitable for FO 

membranes, easily separated from water, economically feasible, environmentally 

friendly and of high osmotic pr essure. The most used draw solutes may be generally 

classified into inorganic salts and organic compounds according to their properties. 

The inorganic salts have been proposed to reduce the energy cost for regeneration, 

however some inorganics may cause hi gh reverse solute flux. The organic 

compounds are expected to have minimal reverse solute flux and require low 

energy cost for recovery. Some usual recovery methods used in FO process are; 

thermal separation, membrane separation including reverse osmosis ( see below), 

Nano filtration, ultrafiltration, membrane distillation, electro dialysis, gas pressure, 

magnetic heating etc [1.27].  

Even though forward osmosis process has been registered as a low energy 

consumption desalination process, the draw solution regeneration requires further 

steps in order to produce fresh potable water. Therefore, more energy could be 

required to extract the pure water from the draw solution than it does to extract it 

from the feed water, depending on the regeneration method. Mor eover, there are 

a number of technical barriers that prevent forward osmosis from several 

applications. The most serious challenges to overcome are: the lack of an ideal 

draw solution of high osmotic pressure and easily regenerated to produce pure 

water an d the lack of an optimized membrane of high water flux, low salt 

transmission and anti - fouling properties. A suitable module design is necessary in 

order to maintain long - term system performance for specific applications [1.28].   
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¶ Ultra and nano -  filtration  

Ultrafiltration (UF) is a process  of membrane filtration where  pressure or 

concentration gradients provoke  separation through a semipermeable surface . 

Suspended solids and solutes ô high molecules are blocked  in the so -called 

retentate, while wat er and low molecular weight solutes pass through the 

membrane to  the permeate.  UF is usually used  for potable water production, to 

either replace existing secondary (coagulation, flocculation, sedimentation) and 

tertiary filtration (sand filtration and chl orination) in reverse osmosis (RO) pre -  

treatment, in waste water treatment systems or as standalone systems in 

isolated regions with growing populations . Ultrafiltration process  is preferred 

over traditional treatment methods as:  

 

1.  It requires n o chemicals  aside from cleaning  

 

2.  It provides c onstant product quality regardless of feed quality  

3.  The plant is compact  

4. It is c apable of exceeding regulatory standards of water quality, achieving 

90 -100% pathogen removal.  

 

Recycled water can also be used fo r a number of industrial purposes  such as  

boiler / cooling tower feed water, pH adjustment, washing equipment, fire 

extinguishing system , process rinse water or water for production lines in 

manufacturing industries  etc [1.29] .  UF membranes have originally been developed 

and tested  in a wide range of much more difficult liquid environments than 

seawater, such as highly polluted municipal and industrial wastewaters.  They are 

being increasingly considered for feed water pre -  treatm ent in new RO desalination 

installations, especially when treating surface seawater and for retrofit upgrades to 

existing conventional RO pretreatment systems .  

 1.3.2 Reverse Osmosis desalination and Renewable Energy Sources 
 

The Reverse Osmosis (RO) desa lination process is currently considered the 

most reliable technique for brackish water and seawater desalination. Whereas 

osmosis occurs naturally without energy required between two solutions of different 

concentration, separated with a semi -  permeable m embrane as discussed 

previously, in order to reverse the process, energy should be applied to the solution 

of higher concentration. The reverse osmosis membrane allows the passage of 

water molecules but not the majority of dissolved salts, organics, bacter ia etc. 

However, in order to desalinate water, it is necessary that pressure greater than 

the naturally occurring osmotic pressure is applied to feed water, allowing pure 

water through the membrane while holding back a majority of contaminants.  

In Figure 1 .1 7 the process of osmosis and Reverse Osmosis are 

schematically presented in order to clarify the difference between them. When 

pressure is applied to the concentrated solution, the water molecules are forced 

through the semi -permeable membrane and the co ntaminants are not allowed to 

pass through.  
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Figure 1.1 7 Schematic diagram of osmosis and reverse osmosis process 

[1.30]  

 

Compared to the other technologies, RO process reveals a number of 

advantages which make it an attractive technology for seawater and brackish water 

desalination. Some of them are its reliability, high water recovery rate (up to 85% 

for brackish water and up to 50% for seawater) and salt rejection rate, and its 

ability to treat a wide range of seawater qualities. Nowadays, more than 50% of 

the world's desalination water is produced by RO process. Moreover, apart from 

water desalination, the RO membranes are  being used in wastewater reuse and the 

production of ultra -pure water [1.31].  

A schematic diagram of a typical RO desalination treatment plant is 

presented in Figure 1.1 8. 

 
Figure 1.1 8 Schematic diagram of an RO desalination treatment plant 

[1.31]  

 

The typical RO desalination treatment system includes three main 

processes; the pretreatment that prepares the feed water to enter the RO 

membranes, the RO desalination membranes and the post -  treatment that makes 

the RO product water (permeate) suitable f or human use and consumption.  

By definition, the purpose of the pretreatment system is to remove foulants 

from the water source and to provide any chemical additives necessary to enable 

efficient desalination. Usually, the feed water (i.e. the water to be  treated) is 

collected in a tank (called feed tank) where it is chlorinated in order to eliminate 

any contaminants. Depending on the water flow rate, the feed tank has sufficient 

volume so that water remains at least half an hour in it for an efficient chl orination. 

In some cases, the addition of a chemical to prevent coagulation/ flocculation is 

also predicted along with chlorination. The water is pumped to the main process 
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via a feed pump of appropriate capacity and material that endures pressure and 

corr osion. The water is then driven to a turbidity filter that withholds the turbidity 

caused by any suspended solids. The filter is filled with appropriate layers of filling 

that can remove up to approximately 25 -micron size of solids. Moreover, the filter 

uses filtered water for its backwash with the help of the feed pump once or twice 

per day. After the turbidity filter(s) a de -  chlorination of the water that will enter 

the RO membranes is necessary in order to protect the membranes from possible 

scaling. Th ere are two ways to de -  chlorinate the water: either use an active carbon 

filter (similar to the turbidity filter apart from the fact that in its fillings a layer of 

active carbon is included, capable to remove any organic load in the water) or dose 

a chem ical called sodium metabisulphite (an inorganic compound of chemical 

formula Na 2S2O5 that reacts with Cl). The method chosen depends on several 

circumstances such as if the application is required to be free of chemicals (in this 

case an active carbon filt er is used). A redox meter is usually used in order to check 

the neutralization of chlorine in the water.  

The water is then dosed with antiscalant, a chemical added for the 

protection of the membranes from scaling and fouling (tendency of suspended 

solids  to coagulate and coat the membrane surface).  The pre -  treated water, after 

passing through some cartridge filters of 5 and 1 micron accordingly, is then driven 

through the RO membranes with the help of the high -  pressure pump (HPP) which 

increases the pr essure to a pressure higher than the osmotic. Depending on the 

flow rate and the application different designs can be applied. For example, in 

brackish water applications, in order to reduce the HPP consumption a recirculation 

loop can be designed, leading  the reject water back at the HPP inlet, exploiting its 

hydraulic energy in this way. In large seawater applications, an energy recovery 

device is usually applied, most commonly a pressure exchanger (PX) device. The 

philosophy of the PX is presented in Fig ure 1.1 9.  

 

 
Figure 1.1 9 Schematic diagram of pressure exchanger (PX) energy 

recovery device [1.32]  

 

 A portion of the feed water will flow to the high -pressure pump after passing 

through a second stage of cartridge filtration with 1 -micron porous size for the 

protection of the axial piston pump. The remaining feed water will be driven to the 

PX energy rec overy system to gain the necessary pressure from the pressure 

exchanger. This configuration essentially minimizes the size of the high -pressure 

pump by 50% and hence the energy consumption by 50%. The water passing the 

RO is then fed to the high rejection/  low consumption membranes for maximum 

removal of salts at minimum energy consumption. Each RO desalination unit carries 
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a so called Clean In Place (CIP)/ flushing system for the flushing of the membranes 

with permeate water every time the RO stops and for  the chemical cleaning when 

needed (usually once per year). Every time the plant stops operating, the cartridge 

filters, high pressure piping, high pressure pump as well as the membranes are 

flushed out with permeate water to remove any stagnant salt water  and replace it 

with fresh water protecting the membranes and the high -pressure piping from 

corrosion. When chemical cleaning is necessary, the water follows the same route. 

The CIP system is composed by a CIP tank and a CIP transfer (booster) pump.  

 Concerning the post -  treatment of the permeate and depending on the feed 

water quality, there are two main processes for potable water production; in 

brackish water, if the quality is acceptable (low TDS of the feed water) and if all of 

the important chemical parameters are within the potable waterôs limits, a mixing 

of the permeate with a portion of the feed water is possible. In heavy brackish and 

seawater, the most common way is to treat the permeate with a re -  hardening 

filter: this is a filter of open or c losed type that is able to enrich the permeate with 

calcium carbonate (CaCO 3), calcium and magnesium, ions that are necessary 

parameters of drinking water. Before the filter acid is added to the water in order 

to make the re -  hardening more efficient and a fter the filter caustic soda is added 

in order to correct the product waterôs pH.  A final chlorination of the class of 0.5 

ppm is added to the product water tank for the disinfection of the water in the tank. 

Depending on the application many components c ould have a redundancy such as 

the feed pump (one operating -  one stand by), the dosing pumps etc. Moreover, 

every RO plant has an electrical panel and a control panel of their own.  

 Besides the advantages that have promoted RO desalination process to the 

predominant water treatment process and the sustainable solution to the global 

fresh -water shortage, such as better control of produced water quality (for drinking 

water, irrigation, cooling towers, hemodialysis etc.), low cost of the produced fresh 

water (usually cents per euro), great ability to remove 95 to 99 percent of total 

dissolved solids (TDS) such as boron, chlorides and other impurities etc., there are 

some few disadvantages that the scientific and commercial community try to 

eliminate. Such disa dvantages are the rejection of a thorough amount of water 

(reject water) which means low recovery and the high energy demand from the RO 

unit high pressure pump.  

Concerning the energy consumption, energy is mostly supplied from 

conventional fuels which ma kes the installation of a desalination plant in developing 

countries challenging because of huge costs involved towards initial investments of 

operation and maintenance. It has been many years that fossil fuels such as coal, 

petroleum and natural gas have been used as the major sources of energy. 

However, the negative environmental impacts associated with the emission of the 

greenhouse gases from these sources forced to realize the importance of renewable 

energy sources. The Middle East countries that are r ich in conventional fuel 

resources, encourage desalination technology but the huge consumption of energy 

in desalination results in greater emission of greenhouse gases, raising 

environmental pollution concerns. An estimate notes that for the production of  1 

m 3 of fresh -water from sea water, the desalination plant consumes 3 ï10 kWh of 

energy, when a conventional drinking water plant consumes around 1 kWh/m 3 

[1.33]. The combination of RO desalination process with renewable energy sources 

in order to make it an overall advantageous technology is vital.  

 The interest in renewable energy desalination systems is increasing 

worldwide. Solar, wind, geothermal, wave and tidal energy are the main sources 

of renewable energy, with solar energy being the most applicabl e source to be 

integrated with the desalination technology while it can produce the heat and 

electricity required by all desalination processes. Photovoltaic (PV), linear Fresnel, 
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parabolic trough and central receiver are the main solar harvesting technolo gies. 

Nowadays almost 70% of renewable desalination systems run by solar energy. 

Wind energy is applied mostly in coastal areas installations as well as wave and 

tidal energy, where wind and water are available. It is mostly combined with RO 

desalination s ystems because they require electricity rather than heat. Geothermal 

energy exploits the earthôs underground high temperature to produce steam or to 

store the heat energy, however the underground temperature should be greater 

than 180 o C to be efficient fo r the drilling works. There are two configurations of 

coupling desalination plant with renewable energy sources; either directly by 

connecting the plant to the energy source or by adding the produced power to the 

electricity grid to overcome the intermitte ncy of the renewable energy [1.33].  

Figure 1. 20  presents an overview of the most common or promising RE -

desalination technologies, including their typical capacities, their energy demand, 

the estimated water generation cost and the development stage. Mos t of them are 

already tested and the water generation costs are estimated based on operational 

experience and real data [1.34];  

Figure 1. 20  Possible combinations of renewable energy with desalination 

technologies [1.34]  

A photovoltaic -  reverse osmosis (PV -RO) system includes a photovoltaic 

field which supplies electricity to a RO desalination unit through a DC / AC 

converter. For stand -alone operation, energy storage is accomplished with the use 

of a set of batteries. The refore, it increases the daily operating hours. This 

technology is widely applied to supply water in rural areas in developing countries 

such as Tunisia, Morocco and other Mediterranean countries [ 1.34]. For systems 

with high capacity, investment costs ar e relatively high resulting in specific cost of 

drinking water in the range of 3.5 ï7 ú/mį for brackish and 9 ï12 ú/mį for 

seawater RO plants. However, this solution is economically feasible in remote 
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locations where the alternatives are limited and also e xpensive. Moreover, both PV 

and RO are mature technologies, with many suppliers worldwide and there are 

intensive efforts to increase the PV and RO efficiency. Thus, it is expected that costs 

of PV -RO systems will be significantly reduced in the future.  

 Wind energy is mostly combined with reverse osmosis desalination 

systems. In a wind -  RO desalination system, a wind generator is coupled to a RO 

unit with a buffer and batteries as a back -up. The wind power is highly fluctuating;  

therefore,  it requires a co ntrol system that fits the available wind to the energy 

requirements and achieves a stable operation. Interesting experimental research 

of mechanical and hydraulic coupling of a wind energy system and a RO 

desalination unit have been carried out at the Can ary Islands Technological 

Institute, under the projects AERODESA I and AERODESA II. The first project 

concerns the mechanical connection of a wind turbine of 15 kW specifically designed 

for driving a reverse osmosis desalination plant of a capacity of 10 m 3/d of a 

minimum maintenance for remote areas and developing countries. The second 

project combines a wind turbine of 15 kW, specifically designed for driving a two -  

modules reverse osmosis desalination plant of a total capacity of 15 m 3/d. This 

system is hydraulically driven, which allows a very high automated system [1.35 -  

1.36].   

The geothermal energy sources are classified depending on the measured 

temperature as: 1) low (<100ÁC), 2) medium (100ÁCï150ÁC) and 3) high 

temperature (>150ÁC). Geothermal energy can be directly used with almost all 

thermal desalination processes. Moreove r, thermal energy conversion into shaft 

power or electricity would permit the coupling with other desalination systems like 

RO. The first desalination system powered by geothermal energy was built in 

Holtville, USA in 1972 by the United States Department o f the Interior, Bureau of 

Reclamation [1.34]. Loutatidou et al.  provided a preliminary techno -economic 

evaluation of coupling a low -enthalpy geothermal resource, commonly found in 

regions such as the Arabian Gulf countries, with an appropriate desalination 

technology. The multiple effect distillation (MED) and reverse  osmosis (RO) were 

chosen and designed as integrated energy ïwater systems. The two processes were 

compared in terms of their cost of water produced, taking into consideration some 

basic parameters including feed water quality, operational lifetime of both the 

geothermal and desalination systems, quality of the geothermal resource, cost of 

well -drilling etc. The results showed that geothermal RO could potentially be a more 

cost -effective option for seawater geothermal desalination in the Gulf countries 

[1.37 ].  

In conclusion, most renewable energy sources can be coupled with RO 

desalination plants in order to form an efficient and autonomous desalination 

system. High enthalpy sources can be utilized via steam power cycles (single flash, 

double flash or dry st eam) to generate the necessary electricity to feed the RO 

plant. Medium and low -enthalpy sources (i.e., hydrothermal fields of up to 150  ÁC) 

can also serve as a primary source of energy to produce electricity through an 

Organic Rankine Cycle (ORC) as an in direct utilization of any heat source, which 

can then be combined to a RO plant.  In the next paragraph, an introduction to the 

Organic Rankine Cycle and its applications is presented, in order to highlight the 

utility of its application in RO desalination.   
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1.3.3 Organic Rankine Cycle Engines and applications 

1.3.3.1 Heat engine definition 

The Rankine cycle is a thermodynamic representation of a high -pressure or 

expansion type of steam engine cycle. A heat engine is simply a device that 

converts the thermal en ergy into mechanical work. The energy conversion is driven 

by the temperature gradient between a reservoir at a high temperature and a 

reservoir at a low temperature. Initially, heat engines simply produced mechanical 

work that was used directly (e.g., in manufacturing) or else they were connected 

to other engines, such as pumping engines (pumps) to move the water and later 

to electrical engines (generators) to generate electricity. Most heat engines use 

either a vapor or a gas as the internal energy transf er medium. As an essential 

component of the heat engine the working medium, thanks to its thermophysical 

properties transfers the heat received from the heat source to the sink, while part 

of it is turned into mechanical work. The device that actually prod uces the heat 

engine's output work is called the prime mover. A prime mover can be a 

reciprocating piston -  cylinder steam engine, a steam turbine, an internal 

combustion engine and so forth [1.38]. In Figure 1.2 1 the basic concept of a heat 

engine operatio n is illustrated;  

Figure 1.2 1 Heat engine terminology  

 Heat engines are very important to the study of thermodynamics 

while the history of heat engine technology is essentially the history of the 

Industrial Revolution. The heat engine whose prime mover was the reciprocating 

piston steam was the first large -  scale source of portable mechanical power. It was 

a source of power that did not depend in wind or river and could therefore be 

located anywhere. The heat engine is still the primary source of power for travel 

and electricity today, and it is likely to remai n so for the foreseeable future [1.39].  

The power cycles on which the heat engines are based, are divided in two 

major categories based on the working medium: the vapor power cycles  and the 

gas power cycles .  

 The vapor power cycle technology was the mile stone of the Industrial 

Revolution that began in the mid18 th  century, which built the world as we know it 

today. The Carnot cycle, the Kalina cycle, the Maloney and Robertson cycle are 

some of the vapor power cycles examples.  

On the other hand, the gas pow er cycles were originally developed as an 

alternative to the dangerous vapor cycle engines. The gas power cycles are divided 

into two types: the external combustion cycles , where the combustion process 

takes place outside the prime mover (e.i. Stirling cyc le, Ericsson cycle, Brayton 

cycle etc) and the internal combustion cycles  with the combustion process taking 

place inside the engine itself (e.i. Lenoir cycle, Otto cycle, Diesel Cycle etc.). Gas 

power cycle technology has also had a profound impact on our  culture. Gas power 

have come to dominate portable power systems such as automobiles, ships, trains 

and airplanes [1.39].  
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1.3.3.2 The ideal Carnot cycle  

 The Carnot cycle is theoretically the power cycle with the highest thermal 

efficiency and sets the b arrier for the thermal efficiency of any heat engine that 

operates between a reservoir of high temperature T H and a low temperature 

reservoir T L. The cycle (named by the French military engineer and physicist ñfather 

of thermodynamicsò Sadi Carnot, 1796-  1832) is designed with the assumption 

that the reservoirs are large enough to accept and deliver heat without any change 

in their temperatures and all processes are completely reversible. The processes 

included are shown in the temperature -  entropy diagram in Figure 1.2 2. 

 

Figure 1.2 2 The Carnot cycle [1.40]  

The processes as shown in Figure 1.2 2 are:  

-  Process 1 -2: isothermal heating with heat addition to the working fluid 

from a heating medium on a boiler.  

-  Process 2 -3: isentropic expansion in a turbine producing work by the 

working fluid  

-  Process 3 -4: isothermal condensation with heat removal in a condenser 

from the working fluid to the cooling medium  

-  Process 4 -1: isentropic compression while energy is given  to the working 

fluid  

The temperature of the heating and cooling medium is identical during heating and 

condensation. As the working fluid changes from state 1 to state 4 the heating 

medium changes from state 4 to state 1 and while the working fluid change s from 

state 2 to state 3 the cooling medium changes backwards. The area 12341 in Figure 

1.2 2 represents the net useful work produced by the cycle (W net ). The cycle 

efficiency is defined as the proportion of the heat transformed to mechanical work, 

meaning  the ratio of the heat input minus the heat output differential to the heat 

input as follows:  

–  ρ   (1.1)  

Replacing Q in with T H*(s 1-s4) and Q in with T L*(s 2-s3) the Carnot efficiency can be 

expressed as follows:  

– ͺ ρ                   (1.2)  

where T H and T L are the absolute temperatures of the heat and cold reservoir 

accordingly. Therefore, as the temperature difference gets higher, the efficiency 

gets higher. The Carnot cycle is a theoretical c ycle and the practical application of 

this cycle is impossible. First and foremost, irriversibilities are always generated 
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during work production and two -  phase processes are not easy to manage during 

expansion or compression. Moreover, in order to succeed  an isothermal heat 

transfer, the maximum temperature of the cycle should be kept far below the 

critical temperature of the working fluid, a fact that lowers the efficiency. However, 

real cycles will always have lower efficiency than the ideal Carnot cycle  and the 

comparison provides how efficient a cycle is [1.38, 1.39].   

1.3.3.3 The Thermodynamic Rankine Cycle 

 For thirty years since 1850, the subject of thermodynamics was formally 

developed in order to provide a scientific foundation for the empirical s team 

technology that had by then grown to dominate the economy of the Western World. 

By 1850, it had been determined that heat was a form of energy, and by 1860 the 

first and second laws of thermodynamics had been accurately formulated by 

Clausius, Kelvin,  Joule and others. However, it was thanks to the Scottish engineer 

William John Macquorn Rankine (1820 -  1872) that the thermodynamic cycle for a 

steam engine with an external condenser was developed.  An adiabatic cylinder 

steam engine is any expansion engine or any atmospheric engine with an external 

condenser. The thermodynamic cycle for adiabatic cylinder engines is called the 

Rankine cycle  since Rankine was the first to understand how this type of s team 

engine worked thermodynamically.  

 The Rankine cycle  is the simplest vapor power cycle. It is composed of the 

four ideal processes shown on the temperature -  entropy ( T-s) diagram shown in 

Figure 1.2 3:  

 
Figure 1.2 3 Graphic representation of main proces ses and the T -s diagram 

of the Rankine cycle [1.40]  

1 -  2: Isentropic compression in a pump  

2 -  3: H eat addition in a boiler at constant -pressure  

3 -  4: Isentropic expansion in a turbine  

4 -  1:  Heat extraction in a condenser at constant -pressure  

An important  feature of this cycle is that the pump requires little work to 

deliver high -pressure water to the boiler. A possible disadvantage is that the 

expansion process in the turbine could result in the formation of liquid droplets 

which might damage the  turbine blades. The Rankine cycle is an idealized cycle 

where the working fluid passes through the various components without 

irreversibility, frictional pressure drops would be absent from the boiler and 

condenser, and the working fluid would flow throug h these components at constant 

pressure. Moreover, in the absence of irreversibility and heat transfer with the 

surroundings, the processes through the turbine and pump would be isentropic 

[1.40].  

The cycleôs thermal efficiency is the ratio of the produced work to the 

thermal power input:  



CHAPTER 1 ς Introduction 
 

54 
 

– ͺ ρ               (1.3)  

 

where h i is the specific enthalpy of each state.  

 

The efficiency of the Rankine cycle can be improved by increasing the boiler 

pressure  while maintaining the cycleôs maximum temperature and the minimum 

pressure. However, a raising of the boiler pressure could result in a very low quality 

of the steam exiting the turbine (less than 90 percent), causing severe water 

droplet damage to the tu rbine blades and lower turbine efficiency.   
An i ncrease of the maximum temperature  also results in an improvement in 

thermal efficiency of the Rankine cycle, however material issues could occur 

concerning the maximum temperature that can be attained in the  boiler. Moreover, 

the temperature raising at the boiler leads to an obviously increased quality of state 

4 and this reduces water droplet formation in the turbine.  

A decrease in condenser pressure  would also result in an increased Rankine 

cycle efficienc y. The net work would increase by a significant amount and the heat 

input would increase by a slight amount. The low pressure is limited by the heat 

transfer process that occurs in the condenser.  

 

In order to improve the efficiency of a steam Rankine cycle , regeneration 

could be applied by integration of super heaters, by reheating and by increasing 

the boiler pressure in transcritical or supercritical cycles:  

 

-  Superheating :  When transfer fluids with high boiling points such as water, 

methanol etc. are used in a Rankine cycle, the temperature at which heat is 

added to the cycle through the evaporator can be increased during the isobaric 

heating. The result is an increased net power output and a desirable decrease 

of moisture content of the working fluid after the expansion. In Figure 1.2 4 the 

effect of the superheating in the cycle efficiency is observed.  

 

 
Figure 1.2 4 The T -s diagram of the superheated Rankine cycle [1.38]  

The saturated vapor of state 3 is superheated to state 3ô and this 

results in an increase of the power output presented by the area 33ô4ô4, 

state 4ô being the end of the expansion process with less moisture. To 

prevent any droplet formation at the turbine du ring the expansion the 

saturated vapor fluid is superheated further to state 3ò. The superheating is 

a good method to increase the cycle efficiency when wet fluids (see Chapter 

2) are used as the working fluid. The case is different for dry fluids, since 
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their saturation vapor line in Mollier diagram is positive and the process 

takes place in the vapor region. For isentropic fluids on the other hand, the 

efficiency remains the same.  

-  Reheating:  The formation of liquid droplets at the low side of the turbine  is a 

major fear w hen operating a Rankine cycle with a high boiler  pressure or a low 

condenser pressure. Considering that m ost metals cannot withstand 

temperatures above about  600  ÁC, the reheat cycle is often used to prevent 

liquid droplet formation: the steam passing through  the turbine is reheated at 

some intermediate pressure, thereby raising the temperature to state 5 as 

presented in Figure 1.2 5.  

 

 
Figure 1.2 5 Graphic representation of main processes and the T -s diagram 

of the superheated Rankine cycle [1.40]  

The steam then passes through the low -pressure side of the turbine and 

enters the condenser at state 6. In this way , the moisture problem in the turbine 

is controlled. Often the turbine is separated into a high -pressure turbine and a low -

pressure turbine. The reheat cycle does not significantly influence the thermal 

efficiency of the cycle, but it does result in a significant additional work output, 

repres ented in the figure by area 4 -5-6-4' -4. However, the reheat cycle demands 

a significant investment in additional equipment, the use of which must be 

economically justified by the increased work output.  

-  Regeneration with open or close feedwater heater:  In t he conventional and the 

reheated Rankine cycle, a considerable amount of the total energy input is used 

to heat the water from T2 to its saturation temperature. A preheating of the 

water before it enters the boiler, with the help of some of the steam expan ding 

in the turbine and mixing it with the water as it exits the pump would reduce 

this energy. In addition, this would avoid the necessity of condensing all the 

amount of steam, therefore reducing the energy lost from the condenser. A 

cycle that uses this  type of heating is a regenerative cycle,  and the process is 

referred to as regeneration. A schematic representation of the main elements 

of this cycle is shown in Figure 1.2 6.  
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Figure 1.2 6 Graphic representation of main components of the 

regenerative Rankine cycle with open feedwater heater [1.40]  

The component used to mix the extracted steam and the condenser water is called 

a feedwater heater.  When the condensate is mixed directly with the steam, it is 

done so in an open feedwater heater . In order to define the amount of the extracted 

steam necessary for the preheating, the mass balance and energy balance 

equations in the open tank shall be appl ied as follows:  

Considering m 2 the mass flow rate of the condensate and m 5 the mass flow rate of 

the extracted steam, then the feedwater flow rate would be:  

 

m 6= m 5 + m 2     (1.3)  

 

Moreover, the energy balance assuming an insulated heater and ignoring kin etic 

and potential energy changes gives:  

m 6 h6= m 5 h5 + m 2 h2 Ą  

                  m 5 =[(h 6-h2)/( h 5-h2)]m 6             (1.4)  

Another possible design is the regeneration cycle with close feedwater 

heater . This is actually a heat exchanger where the water enters the tubes 

surrounded by the steam which condenses in the outer surfaces. The formed 

condensate is pumped with a small pump into the main feedwater line, as shown 

in Figure 1.2 7, or it passes through a device that permits only liquid to pass through 

and is fed back to the condenser or back to a lower -pressure feedwater heater. A 

mass and energy balance are also required when analyzing a closed feedwater 

heater; if pump energy requirement is neglected in the analysis, the same equation 

as (1.4)  results.  

 

Figure 1.2 7 Graphic representation of main components of the 

regenerative Rankine cycle with closed feedwater heater [1.40]  
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However, this design requires a more expensive equipment and its heat 

transfer characteristics are less desirable than th ose where the steam and water 

are simply mixed, like in the open heater. Moreover, the more the number of the 

heaters the higher the cycle efficiency, however, the cost of the system gets 

unjustifiably high compared to the efficiency improvement.  

-  Transcri tical and supercritical Rankine cycle:  The subcritical Rankine cycle is 

defined by the fact that the heating in the boiler happens at a pressure below the 

critical point (i.e. the end point of a phase equilibrium curve). In the effort of 

increasing the cycle efficiency, the boilerôs pressure can be set above the critical, 

creating transcritical and supercritical cycles, as shown in Figure 1.2 8. Transcritical 

cycle that uses steam presents high efficiency but requires special materials and 

high safety equipment due to very high pressure.  

In rec ent research, many attempts have been made in order to replace steam 

in the Rankine cycle and different fluids of low boiling point and low critical 

temperature have been tested, such as organic fluids. When an organic fluid is used 

as the Rankine cycle wo rking fluid, the Rankine cycle is called an Organic Rankine 

Cycle.  While investigating the potentials of organic Rankine  cycles, the supercritical 

cycles presented some interesting features since a better thermal match  existed 

between the heat sources and the organic fluids. The supercritical cycle presented 

a better efficiency;  however,  some restrictions have been raised to the components 

selection due to the high -pressure operation [1.41]. Several research works have 

resulted in a few conclusions such as:   

o The transcritical and subcritical organic Rankine cycles present similar 

efficiency.  

o The heat exchangers present a better performance in transcritical and 

supercritical cycles due to better matching with the heat source.  

o Trascritical and superciritcal cy cles require safety equipment due to higher 

pressures that increase the systemôs cost and slow down their implementation 

[1.38].  

 

 
Figure 1.2 8 The T -s diagram of the transcritical and supercritical Rankine 

cycle [1.38]  
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1.3.3.4 Why the Organic Rankine Cycle? 

According to their operating temperature the basic power cycles could be 

classified as shown in Figure 1.2 9. 

 
Figure 1.2 9 Basic power cycles classification according to the operating 

temperature [1.38]  

Concerning the vapor cycles for low temperature applications, apart from 

the ORC technology, the candidates are the Kalina cycle, the Maloney and 

Robertson cycle and the low temperature fuel cells.  

Maloney and Robertson used an ammonia -  water mixture as a  working fluid 

in an absorption power cycle in the early 1950s and integrated a flash tank in the 

usual Rankine cycle. In the Maloney and Robertson cycle, the heater delivers a 

vapor rich in ammonia which is then superheated. The expansion of the vapor 

produces the useful power and at the turbineôs outlet the rich in ammonia vapor 

meets the weak solution from the distillation unit in order to be enriched. The 

regenerated basic solution is then pumped to a high pressure and heated before 

entering a flash tan k to complete the cycle. Their thermodynamic analysis however, 

led them to the conclusion that the absorption power cycle in this configuration has 

no thermodynamic advantage over the Rankine cycle [1.42].  

Almost thirty years later than Maloney and Robert son developed their cycle, 

Alexander I. Kalina presented a sequel of their idea, using an ammonia mixture 

and implementing new components in a Rankine cycle such as a separator, a 

recuperator and an absorber. In the Kalina cycle the ammonia -  water mixture is 

heated in the evaporator and separated from the liquid phase in a separator, before 

entering the turbine. The rich -  in -  ammonia vapor enters the turbine producing 

useful work and then the vapor at the turbineôs outlet is mixed with the liquid phase 

of t he separator and condensed in the condenser. As the mixing ratio changes, the 

evaporation temperature increases continuously in the two -  phase region, while it 

decreases during condensation. The recuperator is used for heat control in the cycle 

[1.43]. Whe n first developed, there were several theoretical claims from 

researchers that the Kalina cycle presented a much better efficiency of around 30 

to 50% than the Organic Rankine Cycle, however, experimental investigations have 

proved that it was only about 3 % better than the ORC. On the contrary, the Kalina 

cycle required a very high maximum pressure in order to obtain high 

thermodynamic performance of the class of 100 bar when the corresponding ORC 

required only 10 bar. Moreover, experimental investigation h as also shown that the 

adoption of Kalina cycle, at least for low power level and medium -high temperature 

thermal sources, is not justified, as the gain in performance with respect to a 
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properly optimized ORC is very small and must be obtained with a compl icated 

plant scheme, large surface heat exchangers and particular high pressure resistant 

and non -corrosion materials [1.44].   

Finally, besides conventional power generating cycles which depend on the 

thermal expansion of vapor/ gases to operate electro -me chanical generators, fuel 

cells lack moving parts, apart from controllers and blowers and form a different 

kind of electricity production technology. Due to the direct conversion, mechanical 

frictional losses are eliminated and an increased fuel conversion  efficiency is 

obtained. Moreover, fuel cells are not limited by the thermodynamic barriers 

imposed by Carnot efficiency. The basic configuration of a low temperature fuel cell 

is presented in Figure 1. 30 . 

 
Figure 1. 30  Schematic diagram of a fuel cell [1. 45]  

A fuel cell is basically a device that produces electricity through a chemical 

reaction. It has two electrodes, the anode and cathode. The reactions that produce 

electricity take place at the electrodes. It also carries an electrolyte, which drives 

electrically charged particles from one electrode to the other, and a catalyst, which 

speeds up the reactions. Hydrogen is the basic fuel, but oxygen is also required. A 

fuel cell is used to produce an electric current which can be directed outside the 

cell t o produce work, such as powering an electric motor. Based on how electricity 

behaves, the current returns to the fuel cell completing an electrical circuit. In 

general, hydrogen enters a fuel cell at the anode where a chemical reaction 

separates the atoms of their electrons, ionizing the hydrogen atoms which now 

carry a positive electrical charge. The negatively charged electrons provide the 

current through wires to produce work. The current produced is direct current (DC). 

Oxygen atoms enter the fuel cell at the cathode and they combine with electrons 

returning from the electrical circuit as well as hydrogen ions that have traveled 

through the electrolyte from the anode. In some cell types the oxygen picks up 

electrons and then travels through the electroly te to the anode, where it combines 

with hydrogen ions. The electrolyte permits only the appropriate ions to pass 

between the anode and cathode, since if free electrons travelled through the 

electrolyte, they would disrupt the chemical reaction. As long as a fuel cell is 

supplied with hydrogen and oxygen, it will generate electricity. Even if the low 

temperature fuel cells technology is a promising and a developing one, there are 

many obstacles yet to be overcome such as: their high cost due to expensive 

mat erials, the request of fuel and the fact that hydrogen fuel is not readily available, 

their controversial reliability and durability especially at high temperatures, their 

sensitivity in temperature and contamination etc. [1.46].  

 In conclusion, due to the nature of their operation, Rankine cycles and 

especially Organic Rankine cycles are the most efficient, cost -  effective solution for 

low and medium temperature heat sources to transform thermal energy into 

mechanical work or elect rical power.  
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1.3.3.5 ORC applications 

As mentioned before, Organic Rankine Cycle (ORC) is a technology able to 

transform thermal energy to electricity at relatively low temperatures, in the range 

of 80 to 350 ÁC. The organic fluids that can be used in temperatures below 400 ÁC 

do not need to be superheated, a fact that leads to higher cycle efficiency. This 

makes it possible to exploit low -grade heat sources that otherwise would be 

wasted. It can play an important role to improve the energy efficiency of  new or 

existing energy - intensive applications.  

Nowadays, the ORC technology meets great development and has inserted 

in many applications, the most important being presented below.  

1.3.3.5.1 ORC & concentrated solar power 

 Solar thermal electricity genera tion systems combine some kind of solar 

technology (i.e. solar collectors of parabolic trough design, linear Freshnel 

collectors, evacuated tube collectors etc.) with a thermal cycle for electricity 

production. Nowadays, the combination of ORC systems with  solar technology is 

rapidly developing and widely investigated, since small scale ORC systems 

integrated to solar power systems, present a very good performance in cooperation 

with low and medium temperature collectors, producing clean water and clean 

electricity. The most applied solar technology in solar thermal ORC systems tends 

to be the concentrated solar power systems (CSP). Concentrated Solar Power 

systems are based on the concept of collecting solar radiation to produce steam or 

hot air that can be  used for electricity generation using conventional power cycles. 

The collector collects the solar radiation rays and direct them to the absorber tubes 

where the fluid is heated, producing superheated steam. The steam thermal energy 

is then converted to el ectricity in a conventional steam power cycle or integrated 

into a combined steam and gas turbine cycle. [1.38, 1.47]. The basic principle is 

presented in Figure 1.3 1. 

 

Figure 1.3 1 Schematic diagram of an ORC engine integrated to a 

concentrated solar power system [1.47]  

 

A common heat exchanger exploits the heat from the concentrated solar 

collectorsô system working fluid to heat the ORC organic fluid, in order to keep the 

cycle goi ng.  

There are several literature examples that prove the efficiency of such a 

combined technology; a small scale CSP of 630 kW plant coupled with an ORC 

system of a capacity of 629 kW with an efficiency of 20% installed in Ottana Solar 

facility (Sardinia,  Italy) showed a sufficient performance even at partial load 

operation [1.48]. Recent research of a small - scale ORC system, operating at 
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supercritical conditions with a specially modified turbine, that operated in 

combination with a photovoltaic (PV) / the rmal collectors field for the exploitation 

waste heat of the PVs and thus the improvement of their performance has shown 

that the ORC engine operated with good performance even at unsteady conditions, 

increasing the productivity of such a hybrid system dur ing both a winter and a 

summer day [1.49]. Moreover, the on -site experimental evaluation of the 

performance of a low -temperature (around 80 ÁC) solar organic Rankine cycle 

system that uses evacuated tube solar collectors of a thermal capacity of 100 kW th 

has resulted in an ORC thermal efficiency of around 4.3 % [1.50]. Even though it 

seems to be low, it bespeaks a promising technology, since the thermal efficiency 

is better than previous research at the same temperature range. Therefore, the 

combination of ORC technology with solar power systems is a promising technology 

at least for small and medium scale design and low to medium temperature.  

 

1.3.3.5.2 ORC & biomass 

 In ORC systems combined to biomass combustion systems, the heat from 

biomass is transferr ed to the ORC working fluid by means of intermediate circuit. 

The media is usually thermal oil, saturated steam, pressurized water or directly the 

ORC working fluid. In a typical biomass -  ORC cogeneration system the biomass fuel 

is burned in the boiler and  the heat carried by the thermal oil is transferred to the 

ORC and converted to electricity. The basic idea is presented in Figure 1.3 2 [1.50].  

 

Figure 1.3 2 Schematic of a ORC biomass to energy co -  generation plant 

[1.50]  

 

According to recent statistics analysis, biomass power plants contribute to 

almost 12 % of all ORC installed capacity in the world. Germany and Italy are the 

most significant for biomass, mainly due to favorable policies, followed by Canada 

and Austria.  Biomass development continues in Italy, Russia, Canada and the 

United Kingdom. However, the average size of biomass ORC installed in Italy is 

below 1 MWel, while new plants in Canada and Russia have an average power 

output above 4 MWel, mostly for saw mills [1.52].  

Biomass -  ORC integrated plants are a very promising technology for high 

temperature cycles. In February 2001, at Lienz, Austria, an ORC system with a 

nominal electric capacity of 1,000 kW was implemented in the biomass combined 

heat and power plan t (CHP), in the framework of an EU demonstration project. The 

biomass CHP plant supplies the town of Lienz with district heat (about 60,000 

MWh/a) and feeds the electricity produced (about 7,200 MWh/a) into the public 

grid. According to operational data, t he net electrical efficiency of the ORC plant 

combined to the biomass CHP plant reached 18% at nominal load and about 16.5% 

at 50% partial load at feed water temperatures of 85ÁC. This result highlighted the 

excellent partial load behavior of this technolo gy and its suitability for heat -  
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controlled operation. Moreover, taking under consideration the difference between 

the gross and the net electric power output of the plant and the fact that the internal 

electric power demand of the ORC for the feed pumps s ums up to about 60 kW at 

nominal load, the gross electric efficiency of the ORC is about 19% at nominal load. 

The continuous operation experience of the integrated plant has concluded that the 

new biomass CHP technology based on the ORC process is an econo mically and 

technologically interesting solution for decentralized applications [1.53].  

On the other hand, the biomass -  ORC technology seems to be promising 

even at small -  scale systems. A domestic CHP/ ORC prototype has been developed 

in 2014 in Poland, in order to investigate the operation in transient operating 

conditions, aiming to use it on single -  family houses. The electric power of the 

system was 2.5 kW e and the thermal power 25kW th . The three -  year operation of 

the prototype resulted that the syst em functions properly, while further laboratory 

tests conducted in 2017 showed that the ORC system operated under transient 

conditions with a maximum gross and net electric efficiency of 6.5 % and 4.5 % 

respectively. Even though these values seem to be low , the most important result 

has been the possibility to adjust the system settings to changing conditions as 

well as to maintain operational continuity of the machine.  The system in question 

can function properly under broad changes in flow rate, temperatu re and pressure 

of the working medium and could serve as a basis for the development of a 

commercial domestic micro -CHP ORC power plant [1.54].  

The biomass -  ORC CHP systems are a very promising upcoming technology 

for both small and large -scale systems and  research is recently being invested in 

the scope of efficiency increase.  

 

1.3.3.5.3 ORC & geothermal 

 As mentioned above, the ORC technology is particularly suitable for the 

exploitation of medium - to - low enthalpy sources. It is a cost -effective solution with 

power outputs that can reach up to 40 MWe per single generator for sources with 

water temperature of 100ÁC to 200ÁC or higher. Heat from the earth is an excellent 

energy source since it is inexhaustible and renewable. Geothermal heat can be 

found in m any regions especially at tectonic plate boundaries or at places where 

the crust is thin enough to let the heat through. The most common way of capturing 

the energy from geothermal resources is to tap into naturally occurring 

hydrothermal convection system s, where cooler water seeps into earthôs crust and 

is heated up within a reservoir of water and/or steam. An ORC system, where a 

secondary fluid is heated up and vaporized by means of heat exchange with the 

geothermal fluid in order to drive a turbine and produce electricity while delivering 

wasted heat to a thermal user, is a very efficient way to exploit this kind of heat 

source.  

The main idea of a geothermal ï ORC integrated system is presented in 

Figure 1.3 3. 
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Figure 1.3 3 Schematic of a geothermal ORC to energy generation plant 

[1.55]  

 

Usually a wet or dry cooling tower is used to condense the vapor after it 

leaves the turbine to maximize the temperature drop between the incoming and 

outgoing vapor and thus increase the ef ficiency of the operation.   
Electric power has been produced from geothermal energy in 27 countries; 

however, Greece, Taiwan and Argentina have shut down their plants, due to 

environmental and economic reasons. Since 2000, additional plants have been 

insta lled in Costa Rica, France on Guadeloupe in the Caribbean, Iceland, Indonesia, 

Kenya, Mexico, and the Philippines. In 2004, Germany installed a 210 -kWe binary 

plant at Neustadt Glewe and a 6 -MWe plant has been installed on Papua New 

Guinea to generate elec tricity for a remote mine. Power generation from 

geothermal brines is the main field of application with 74.8% of all ORC installed 

capacity in the world; however, the total number of plant is relatively low with 337 

installations as these applications req uire large investment and multi -MW plants. 

Figure 1.3 4 present in a schematic way the total installed capacity of ORC plants 

worldwide as formed in December 2016, where it becomes obvious that the 

geothermal exploitation has a dominant role [1.55,1.56].  

 

Figure 1.3 4 Schematic of total installed ORC capacity per application [1.56]  
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The latest update upon the use of geothermal technology in Greece has 

been in 2016. This update bespeaks some first steps in the utilization of geothermal 

sources. More specifical ly, geothermal energy in Greece is still being used only for 

direct uses, mainly in the agricultural, healing and recreation sectors (spa facilities, 

greenhouses, soil heating, aquaculture, and fish farming). In 2014, a new 

hydroponic geothermal greenhouse  unit in Neo Erasmio (Xanthi, Northern Greece) 

became the most important investment in geothermal energy in the country, 

currently covering 8.2ha. Further exploitation of the low enthalpy geothermal 

potential is developing in the geothermal fields of Erati no-Chrysoupolis and Aristino 

in Northern Greece. Other regions such as Milos and Nisyros islands (>30 MWe 

confirmed through drilling, >200 MWe estimated) and other certain Aegean islands 

(e.g. Chios, Lesvos, Samothrace, Lemnos) but also Sidirokastro and Ea stern 

Thessaly in Northern Greece have strong indications for the existence of medium 

enthalpy reservoirs. The planned geothermal power production includes at the 

moment the construction of small units (5 -8 MWe) in six allocated concessions. 

However, the i nstallation of the CHP plants in Greece has increased with 

approximately 3000 units in the last few years.  

 

Heat recovery technology with ORC application, which is the second trend 

in Figure 1.3 4 will be discussed right below.  

1.3.3.5.4 ORC & waste heat recovery 

ORC units can produce electricity by recovering heat from industrial 

processes and in combined cycles with reciprocating engines and gas turbines. 

According to their temperature range , the waste heat sources can be divided into 

three main categori es: high temperature (>650  ÁC), medium temperature (230ï

650  ÁC) and low temperature (<230 ÁC). Nevertheless , it has been noticed  that 

more than 50% of industrial waste heat lays  within the low -grade range. The use 

of appropriate thermodynamic power cycles such as ORC is a  highly recommended 

strategy for recovering low -grade waste heat for power generation . The industrial 

sector accounts for  one third  of the total energy consumption  in society. Of the 

energy consumed, almost 20 to 50% is rejected as a heat l oss. However,  this loss 

of energy could be exploited and u sefully reused for "clean" power generation , by  

employing  waste heat recovery systems . Waste heat recovery is a continuously 

growing  concern of the industry in order to reduce  energy 

consumption , operational costs  and  carbon emissions  [1.57, 1.58] .  

Organic Rankine Cycle  (ORC) is a n ideal  technology  for  industrial process 

heat recovery , since it operates with good  efficiency for lower temperature 

applications . In Figure 1.3 5, the main concept of the  use of ORC with an industrial 

waste heat source is presented.  
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Figure 1.3 5 Schematic of an industrial waste heat -  ORC to energy 

generation plant [1.58]  

 An experimental study of an ORC for low grade waste heat recovery in a 

ceramic industry in 2015 resulted in a gross ORC electrical efficiency of 12.47 %. 

The thermal power input ranged from 128.19  kW th  to 179.87  kW th . The maximum 

gross and net electrical powers achieved were 21.79  kW and 18.51  kW, 

respectively, with maximum cycle gross electrical eff iciency of 12.47% and a net 

electrical efficiency of 10.94% [1.59].  

 A comparative analysis of the waste heat exploitation among three different 

configurations (i.e. steam Rankine Cycle, ORC and solar ORC power generation) in 

medium -  low heat source tempe rature has shown that under the condition of 150 ï

210  ÁC heat source, ORC had the highest thermal efficiency of 9.60 %, exergy 

efficiency and power generation; while at 210 ï350  ÁC, the performance of the solar 

ORC had a distinct advantage [1.60].  

Waste hea t recovery is an emerging field for ORC with an interesting 

potential for all unit sizes: all the big players are active on that market with medium 

ï large size plants recovering heat from gas turbines, internal combustion engines 

or industrial processes. Most of the other manufacturers are focused on small waste 

heat recovery applications with products ranging from 10 to 150 kW el. Waste Heat 

recovery applications cover 13.9% of the total market with a relevant number of 

operating plants [1.57].  

The ORC tec hnology shows a great potential combined to other forms of 

heat sources such as the heat exploitation from the hot streams that can be found 

in the oil & gas downstream, midstream and upstream sectors, natural gas 

compression stations, steam & power CHP sy stems, wave power etc. However, 

these applications are in their infancy and in a primary research for the time being. 

The most important fact that derives from all the above -mentioned examples is 

that ORC technology is a very promising and widely applied t echnology for the 

conversion of low and medium temperature heat sources to electrical power.  
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1.3.3.5.5 ORC & RO application- prequel of thesis 

 Recently, an extended theoretical and experimental research has been 

carried out concerning the combined ORC -  reverse osmosis (RO) desalination 

systems. Back in 2007, the Agricultural University of Athens simulated, designed, 

constructed and experimentally evaluated for operation in variable thermal input, 

an autonomous low -  temperature solar ORC system for rever se osmosis 

desalination [1.50, 1.61 -  1.65]. An evacuated solar collectorsô field of a thermal 

capacity of 100 kW th  was coupled to a small -  scale ORC cycle in order to produce 

mechanical power to the scroll expander of the ORC engine. Then, the ORC engine, 

mechanically coupled directly with the high -pressure pump of a RO unit (through a 

belt pulley), gave the RO unit the necessary energy to produce fresh desalinated 

water from feed sea -  water. The specific system was chosen to be investigated due 

to some inn ovative advantages such as: low temperature thermal sources can be 

exploited efficiently for fresh water production; solar energy is used indirectly and 

does not heat seawater; the RO unit is driven by direct mechanical work produced 

from the process; such  a system can be an alternative to PV -RO systems, while 

low temperature energy sources like thermal wastes may be used for RO 

desalination. Based on the design results, a prototype installation was built and 

evaluated, and the results concluded to an effic ient solar ORC -  RO plant with a 

production of 2.1 m 3/d of fresh water and an ORC thermal efficiency of 7%, for 

operation at a temperature range between 70 and 80 ÁC. The system was also 

evaluated for partial load operation with an efficiency of 5% and a mi nimum 

mechanical energy consumption of 2 kWh/m 3. An investigation of the operation 

with the ORC engine in transcritical and supercritical conditions has proven a better 

overall efficiency that could possibly reach 14%.  

 ǫn the effort of increasing the ORC efficiency and the RO unit flexibility, a 

new ORC -  RO configuration, based on the same heat source, has been designed 

and analyzed in the current thesis. The new configuration includes a two -  stage 

ORC engine (meaning the  expansion happens in two expanders) and a three 

identical RO units plant, in order to produce electricity and fresh desalinated water 

in a wide thermal input range and under variable input load. The temperature range 

that the new asset is tested lays betw een 80 and 130 ÁC [1.66-  1.69].  

1.4 Objective of the thesis 
 

In the scope of the above, in order to contribute to the ongoing effort for 

promoting research in the area of RO desalination combined to renewable energy 

sources, an investigation that addresses  all the main aspects related to design, 

manufacturing and operation of a hybrid RO desalination system is conducted in 

the present thesis. The investigated system is an integrated system that consists 

of three identical seawater RO desalination units that  operate with energy from a 

designed, developed, installed and tested in the scope of the present thesis two -  

stage Organic Rankine Cycle (ORC) engine. The main target of the present thesis 

is to simulate and investigate experimentally the operation of the  RO units in 

variable power input, as the one deriving from solar collectors. The developed two -  

stage ORC engine uses heat to produce electrical power based on the 

thermodynamic Rankine cycle and this electricity feeds the RO units.  

The present work is t he sequel of another research of the design and 

experimental investigation of an autonomous RO desalination system with solar 
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ORC engine operating at a temperature range of 60 to 80 ÁC [1.50, 1.61 -  1.65]. 

The present system intents to bring the research a s tep forward by increasing the 

operation temperature range up to 130 ÁC, using a two -  stage ORC engine, in order 

to investigate the efficiency amelioration and with the use of three RO desalination 

units, in order to operate at a wide load range and produce fresh water even at low 

power input. The three main components of the integrated test - rig are: the 

electrical heater of a capacity of 100 kWth  used  as the thermal source simulating 

the solar collectorsô field (variable heat load), the designed and built two-  stage 

ORC engine that convert the heat into electricity through the expansion of a 

previously compressed organic fluid and finally the three identical seawater RO 

desalination units that receive the electric power from the ORC engine and produce 

fresh p otable water from sea water in a wide operational range. The main objectives 

of the current work are the following:  

¶ Simulation, design and construction of a two -  stage ORC engine in order to 

investigate the operation in a wide load range up to 130 ÁC and the 

efficiency improvement in comparison to the single -  stage one  

¶ Sizing of the engine and selection of the appropriate consisting components 

(i.e. the pressure pump, the expanders, the evaporator, the condenser etc.)  

¶ Selection of the appropriate organic fl uid for the best ORC engine 

performance under the design conditions  

¶ Expandersô modification in order to fulfill the research requirements  

¶ Simulation, selection of the equipment and experimental test of a multi -  

skid desalination RO system in order to inve stigate the operation at a wide 

salinity (brackish to seawater) and temperature range  

¶ Investigation on a case study of a multi -  skid RO system connected to a 

Photovoltaic (PV) field in comparison to one conventional RO unit for a 

typical winter and a typic al summer day, in order to ensure the flexibility of 

the selected asset for the current research  

¶ Evaluation of the integrated system of the ORC engine with the multi -  skid 

RO system  

As will be thoroughly presented in the next chapters, the issues raised ab ove 

are properly addressed within the framework of the current thesis. A prototype 

autonomous multi - skid RO desalination system connected to a two -  stage ORC 

engine has been designed and experimentally tested and the results will be 

extensively discussed.  

1.5 Thesis structure 

The present work has been divided into seven  chapters. Next to this 

introduction, where sovereign water desalination technologies and especially the 

reverse osmosis process are presented, along with a thorough presentation of the 

state  of the art on the ORC technology, a simulation model development analysis 

of the ORC engine, the RO skid and the integrated system is analytically discussed 

in Chapter 2.  

In  Chapter 3 the prototype design and construction of the integrated 

system is presented. The careful selection of every component based on the overall 

best efficiency of each sub -  system and of the integrated system is discussed in 

detail. Special attention is paid on  the scroll expandersô modification from market 

available scroll compressors in order to meet the current research requirements.  
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The experimental performance evaluation of the multi -  skid RO unit is 

described in Chapter 4 . The system is tested for operati on in low, medium 

(brackish) and high (sea water) salinity, as well as in different water temperatures 

for high salinity. Moreover, a case study of a multi -  skid RO unit operation in 

combination to PV fields of different capacities for three different area s on a typical 

winter and a typical summer day and a comparison to a single conventional RO unit 

is discussed in the same chapter in order to ensure the soundness of the multi -  

skid asset selection.  

The experimental investigation and evaluation of the two -  stage ORC engine 

is presented in Chapter 5 , where the ORC engine is being tested for operation at 

several operation temperatures form 70 up to 130 ÁC. For each temperature, the 

system is being teste d for single and two -  stage operation in order to compare the 

two different configurations in aspects of efficiency and net produced power, 

according to the available heat load. Since the scroll expanders are modified scroll 

compressors in reverse operatio n and also the most important parameter of the 

ORC engine, a separate paragraph is dedicated to the scroll expanders operation 

evaluation at single and two -  stage operation based on the test results.  

Chapter 6  presents the evaluation of the integrated syst em based on the 

results of the separate investigation of the two main sub -  systems; the multi -  stage 

RO skid and the ORC engine.  The two sub -  systems have not finally been directly 

electrically connected due to the lack of time of the corresponding progra m, 

however the previous detailed investigation permits a safe forecast of the RO unit 

performance fed by the power of the ORC engine.  

Overall conclusions and crucial comments on the parameters that could be 

optimized on the current work are being discusse d in Chapter 7 , among with future 

work that derives from the current research. The related publications that have 

already been published are also presented.  
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2.1 Introduction 
 In the current chapter the modeling of the system is presented. The major 

scope is the connection of all three sub -  systems (heat source -  ORC engine and RO 

unit) to one integrated system and the evalu ation of its operation. Each sub -  

system is optimized and simulated separately.  

Since the heat source simulates renewable energy sources which depend on 

current conditions and provide variable and fluctuating thermal load, the ORC 

engine is designed to operate efficiently at a variable power input. First, the 

optimum two -  stage ORC co nfiguration is examined in order to ameliorate the 

engine efficiency. Meanwhile, the optimum refrigerant in terms of environmental 

criteria and thermodynamic properties is selected. The ORC engine is designed 

based on the thermodynamic characteristics of t he theoretical organic Rankine 

cycle in order to determine the engine operation characteristics for efficiency and 

net power production maximization throughout the whole operation load range (0 -

100%).  

The RO unit is to  be electrically connected to the ORC  engine; therefore, it 

should be able to follow the power input fluctuation. Since flexibility is the most 

important feature required from the RO unit, it is designed in order to maximize 

the fresh water production as a function of the power input. Even at  low thermal 

load, the RO unit should be able to produce water of acceptable quality and 

quantity.  

The simulation model of the integrated system is realized with the use of 

appropriate commercial software which will be presented in this chapter, and it is 

constructed for unsteady conditions. Moreover, in order to better understand the 

design parameters especially for the ORC engine, a series of parametric analysis 

takes place to combine the efficiency to each component of the engine (i.e. heat 

exchanger).  

2.2 The Organic Rankine Cycle engine model 
 

2.2.1 Organic fluid selection criteria and two- stages ORC configurations 

candidates 
 

 The main scope of the current section is the selection of the most 

appropriate working fluid for the ORC engine, based on environmental and energy 

parameters. Simultaneously , the selection of the most efficient configuration of the 

ORC engine is examined. Both research tasks (the selection of the most appropriate 

working fluid and two -  stages configuration) focus on the operation at partial and 

full load (nominal operation/ design point), since the current engine is supposed to 

operate with thermal load from renewable energy sources, where the power input 

often strongly fluctuates. The main goal of the research is the maximization of the 

ORC engine efficiency and net power production [kW], throughout the whole 

operation load range  (0 -  100%).  
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 2.2.1.1 Organic fluid selection criteria  

 All processes of the ORC engine  and  important operation factors such as the 

thermal efficiency, the net power production etc., strongly depend on the properties 

of the organic working fluid of the OR C engine.  For the current engine, the organic 

fluid must possess some physical properties , of which the most important are 

presented below [ 2.1, 2.2]:  

V Appropriate high critical temperature and pressure, in order to remain in 

subcritical conditions through out the whole cycle, otherwise a larger and 

more expensive heat exchanger would be needed and the thermal efficiency 

would decrease (note: critical point is the temperature and pressure above 

which the gaseous and liquid phase of a pure substance no longer  have 

distinguishable  limits and s hare similar properties)  

V Low specific volume [m 3/kg] at the expander's inlet, as well as small specific 

volume ratio at the inlet and outlet of the expander, in order to use an 

expander of lower size and cost  

V High thermal conductivity, in order to transfer an important amount of 

thermal energy to the heat exchangers, reducing their heat exchange area 

at the same time  

V High adiabatic enthalpy drop at the expander for obtaining large power 

output  

V High specific heat (c p) for en larging heat capacity  

V High chemical and thermal stability, especially at high temperature  

V Low viscosity for lowering the pressure losses due to the fluid friction in the 

return pipe and for increasing the heat exchange at the heat exchangers  

V Low cost and e asy purchasing  

V Nonflammable and non - toxic  

V Compatibility with engineering material, which means that it should be non -

corrosive, nontoxic and compatible with both materials and lubricating oil 

(if used)  

V Self - lubricity for the smooth rotation of the turbine  

V A near -vertical saturated vapor line is desirable so that, on one hand, little 

moisture occurs  during expansion and, on the other, it is unnecessary to 

condense a superheated gas  

V Acceptable according to the environmental limitations set for the 

refrigerants. More specifically, it should have a zero ODP (Ozone 

Deployment Potential) and a low GWP (Global Warming Potential) and also, 

it should not be under a withdrawal regime (phase o ut), according to 

Montreal and Kyoto protocols [ 2.3 ] and EU directive No. 2006/4/EC.  

The decision parameters that were mentioned before include thermal efficiency, 

which is one of the most important and reliable criteria that can be used. It depends 

on th e specific temperature limits that have been set, as well the lower/higher 

operational pressure. It also depends on and is limited by the irreversibility due to 

the entropy changes of the working fluid during various stages of the cycle. All the 

above cond itions affect each other, and it is a difficult task to optimize a 

thermodynamic system and maximize the thermal efficiency, even in operation of 

a system at constant conditions and at full load. Another crucial parameter is the 

specific range of applicabi lity of each organic fluid, meaning that there is a 

temperature range, in which the fluid is stable and does not suffer any significant 

decomposition. For this range there is an upper limit, which is the critical 



CHAPTER 2 ς Simulation model development analysis 
 

77 
 

temperature. The behavior that a fluid can have while it is being saturated is 

another criterion that working fluids should meet and significantly affects their 

behavior. Fluids show three different types of slope on their saturation vapor curves 

(ds/dT) and can be categorized into three groups, ac cording to their temperature -  

entropy (T -s) diagrams [ 2.4, 2.5]:  

¶ Dry fluids : they have a positive slope and are  ( in general )  of high 

molecular numbers  

¶ Wet fluids:  they have a negative slope and are  ( in ge neral)  of low 

molecular numbers  

¶ Ise ntropic fluids: t hey  have nearly vertical saturated vapor curves  

In Figure 2.1 the schematic presentation of the three categories in T -s diagrams is 

observed:  

 

Figure 2.1 Characteristic T ïs charts for wet (a), dry (b) and isentropic (c) fluids.  

In the ORC it is preferred to use dry or isentropic fluids. This is because 

these fluids do not become saturated once they produce work in the turbine after 

a large enthalpy drop, so the fear of coming under the two -  phase area during 

expansion is limited.  This leads to the increase of the thermal efficiency and leaves 

the possibility of a partial condensation heat recovery open.  

The organic fluids ô pre -  screening is mainly based on their environmental 

characteristics, their critical temperature and the ex perience that derives from their 

use. More specifically, this pre -  screening is based on the criteria presented below:  

¶ As mentioned before, their ODP factor must be equal to zero. Therefore, all 

CFC's (chlorofluorocarbons) are excluded, such as CFC -  11 (R1 1) which may 

present good efficiency for similar applications, however it is rejected due 

to environmental reasons . 
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¶ These fluids must not subject to any international protocol on EU directive 

for future phase out, such as HCFC -  123 (hydro -chlorofluorocarbo n) which 

has almost zero ODP, however its use has been limited in order to 

completely phase out in the near future, therefore its cost is significantly 

high . 

¶ The examined organic fluids must have a high critical temperature, close to 

the maximum operation temperature (110 -  130 ÁC). There are several 

organic fluids with a critical temperature close to 50 and 70 ÁC, however, 

for operation at high temperature they present low thermal efficiency (such 

as hydrofluorocarbon HFC -  143a). Therefore, these fluids are  not further 

examined, since there are others of similar thermal properties and better 

efficiency . 

¶ The experience of their use and their cost are two major selection factors. 

For example, the HFC -  245ca presents good efficiency under conditions of 

the curr ent application and fulfills all the environmental barriers, however 

its cost is prohibitive . 

According to the above discussed criteria and with the help of the REFPROP 

software [ 2.6] for the organic fluids properties, the organic fluid candidates that 

wil l be further examined are presented in Table 2.1, where their critical 

temperature, critical pressure and some environmental information can be 

observed.  

Table 2.1 Organic fluids candidates  

Organic fluid  

Properties  Environmental data  

Molecular 

weight  

(kg/kmol)  

Critical 

temperature  

( oC) 

Critical 

pressure  

(bar)  

ALT1 

GWP2 

(100 

years )  

ODP3 

Propane (R -290)  44.10  96.68  42.47  0.04  ~20  0 

HFC-134a  102.03  101.06  40.59  14  1430  0 

HFC-227ea  170.03  101.65  29.26  42  3220  0 

HFC-236ea  152.04  139.29  35.02  8 710  0 

HFC-245fa  134.05  154.05  36.40  7.6  1030  0 

Butane  (R-600)  58.12  151 .98  37.96  0.02  ~20  0 

1ALT: Atmospheric life time  

2GWP: Global Warming Potential  

3ODP: Ozone deployment Potential  

 The organic Rankine cycle on which the designed engine is based, is a two -  

stage cycle and the nominal thermal load varies between 110Á and 130ÁC. The heat 

source simulates any renewable energy source of this temperature range;  thus,  

the thermal load fluct uates and the organic Rankine cycle performance shall be 

examined throughout the whole range (0 -100%). These characteristics are directly 

related to the organic fluid selection, therefore a detailed research before this 

selection is considered desirable.  
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  2.2.1.2 Two- stage ORC engine configurations candidates 

 The use of a two -  stage  ORC grounds on the fact that when the maximum 

operation temperature is high (such as the current application, where the operation 

temperature varies around 120 ÁC), the pressure ratio (pressure ratio=Pin/P out ) 

during the expansion results to be high (arou nd 10). High pressure ratios during 

the expansion cannot be supported by existing scroll type expanders,  thus  the type 

selected to be used in the current system and present high efficiency for pressure 

ratios of 3 to 4. Therefore, the separation of the exp ansion in several steps, where 

the pressure ratio of each step will be around 3, is necessary. The advantages of 

such a system are several:  

¶ Thermal efficiency increase at each expansion stage  

¶ Thermodynamic optimization of the cycle with potential use of di fferent 

working fluids  

¶ Increased thermal efficiency in partial load operation, due to the expanders' 

operation near the nominal pressure ratio  

¶ Possible use of a by -  pass branch, in order to operate only one expander in 

low load  

¶ Better control of the organi c fluid condition at the expander's outlet in order 

to avoid an expansion at the two -  phase area which would lead to a net 

power production decrease.  

However, there are some disadvantages from the two -  stages configuration cycle:  

¶ Installation cost increase  due to several sub -  systems  

¶ Higher monitor complexity, since the operation control (practically the 

rotational speed control) is applied upon two expanders  

¶ In case that two organic fluid pumps are used, the monitoring is even more 

complicated, since the c ontrol of both pumps would be necessary.  

According to literature, there are two basic two -  stages ORC configurations. In 

the first one, two separate thermodynamic cycles called the (high temperature) 

"upper stage" and the (low temperature)  "lower stage" ar e used (cascade system). 

The heat is provided to the upper stage where the expander produ ces the desired 

mechanical work. D uring the condensation of the organic fluid at this stage, the 

condensation heat is transferred to the lower stage in order to evapor ate the 

compressed organic fluid of this stage [ 2.7 -2.10]. In this configuration, two 

different organic fluids are used, in order to increase the total cycle efficiency. What 

is also observed for this configuration is the fact that thermal losses take plac e at 

the intermediate heat exchanger  and also  because of the use of two fluid pumps. 

In partial load (indicatively: lower than 50%) the first stage is by -  passed and only 

the second (lower) stage operates (at low temperature and low thermal load input).  

Such a configuration is presented in Figure 2.2 below:  
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Figure 2.2 Cascade ORC system  

 Crucial design and control parameters in such a system are:  

¶ Condensation temperature of the upper stage which depends on the 

evaporation temperature of the lower stage  

¶ Evaporation temperature of the upper stage  

¶ Mass flow rates at both stages, as well as the ratio of the mass flow rates 

of the two stages which strongly determines the participation of each stage 

in the power production  

¶ Maximum pressure of each stage  

¶ Conde nsation temperature of the lower stage  

The second possible two -  stages ORC configuration resembles the configuration 

of several conventional power production systems which are based on the typical 

vapor "Clausius -  Rankine" cycle. This configuration include s a single 

thermodynamic cycle, while the expansion is divided in two expanders connected 

in series [ 2.11, 2.12]. The application of such a configuration can result to the 

increase of the maximum temperature of the cycle, as well as to the total pressure 

ratio increase. The expa nsion is divided into two steps  with an intermediate 

expansion pressure. In this way,  the control in low thermal load is easy and the 

expanders  operate with high efficiency throughout a wide load range. For operation 

at a thermal loa d lower than 50 -  60% of the nominal one, the first expander is 

completely by -  passed with the use of one electro -  valve (by -  pass valve), thus the 

evaporated organic fluid's expansion is realized only in the second expander. In 

this way, the pressure ratio fluctuation is kept low throughout the whole thermal 

load range. The expander's efficiency is widely depende nt  upo n this ratio [ 2.13, 

2.14].  
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Such a configuration is depicted in Figure 2.3 below:  

 

 

Figure 2.3 Two -  stages se ries expander ORC system  

 The crucial design and control parameters for this configuration are:  

¶ The organic fluid evaporation temperature  

¶ The thermodynamic cycle high pressure  

¶ The intermediate expansion pressure of the two expanders  

¶ The organic fluid mas s flow rate  

¶ The condensation temperature  

The selected configuration is the second one,  with one single thermodynamic 

cycle and two expanders connected in series . According to an extended analysis 

that has been carried out within the scope of the corresponding project (see 

Acknowledgements) , it  presents  great advantage in terms of efficiency throughout 

the whole load range  [2.32] . The efficiency was proved to be even 1% higher than 

the one of the first configuration and at medium and low thermal lo ad the increase 

of the efficiency is even more intense. Counting in the use of le ss sub -  systems 

(lack of second pump and heat exchanger) which reduces the total building cost, 

as well as the application of a much simpler control system (mass flow rate, 

ro tational speed and pressure monitoring in one cycle than in two), it is obvious 

that the use of the second configuration with two expanders connected in series is 

more appropriate than the first one.  

2.2.2 Selected configuration investigation and organic fluid selection 
In the current section, the selected ORC engine configuration with two 

expanders connected in series is investigated. More specifically, the cycle efficiency 

and some crucial operational parameters are examined, as well as some additional 

characteristics such as:  

¶ The organic fluid mass flow rate and its control  

¶ The appropriate organic fluid selection  
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¶ The recovery of a part of the condensation heat for use either for 

seawater preheating (RO unit recovery increase) or for ORC engine 

efficiency  increase (organic fluid preheating after compression)  

 The current investigation is carried out for both full and partial load 

operation, thus another parameter is added, that of the thermal load variation. The 

operation at partial load is dictated by the  variation of heat input (heat source: any 

kind of low temperature renewable energy source such as solar thermal energy) 

and it influences both the operation temperature and the organic fluid mass flow 

rate [ 2.15]. In table 2.2, all the coefficients used f or the expanders and the pump, 

as they derived from experimental research and from manufacturers' manuals are 

presented [ 2.13, 2.15 -2.17]:  

Table 2.2  Component coefficients  

Expanders' isentropic efficiency (n ex,is )  85 %  

Pump's isentropic efficiency (n p,is )  85 %  

Expanders' mechanical efficiency (n ex,m )  85 %  

Pump's mechanical efficiency (n p,m )  75 %  

Internal heat exchanger efficiency  (n IHE)  60 %  

 

In order to better understand the process taking place in the ORC engine, 

the thermodynamic diagrams of the selected cycle (Mollier diagram and 

temperature/entropy diagram) are presented below (Figures 2.4 and 2.5), where 

the conditions of the organic flui d in each point can be observed:  

 

Figure 2.4 Pressure -  enthalpy diagram of two -  stages ORC with two expanders in 

series  
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Figure 2.5 Temperature -  entropy diagram of two -  stages ORC with two expanders 

in series  

During process 2 -3, heat is transferred to the organic fluid from the heat 

cycle (through the evaporator) in order to preheat and evaporate the organic fluid. 

At point 3, the organic fluid is saturated vapor, or even slightly superheated vapor 

(almost for 5 K, as it will be explained later on). Then, the organic fluid enters the 

first expander in order to produce mechanical work and exits in condition 4, where 

for dry organic fluids this condition is the superheated area and for the isentropic 

fluids it is almost on the saturation line. However, for the wet organic fluids, this 

area corresponds to two -  phases area and this is the reason that wet organic fluids 

are avoided in such an engine. The organic fluid then enters the second expander 

and exits at point  5 where it enters the condenser, loses more heat and results at 

the pump input (point 1) as a subcooled liquid. Then the pump compresses the 

fluid up to the maximum cycle pressure and the cycle goes on.  

The equations that govern the efficiency and power of each component of the 

engine are:  

Expanders' total power production:  

ὡ ὡ ȟ ὡ ȟ ά ᶻὬ Ὤ ὲz ȟ ά ᶻὬ Ὤ ὲz ȟ   (2.1 )  

Pump power consumption:  

ὡ ά ᶻὬ Ὤ Ⱦὲȟ        (2.2 )  

Thermal power at the evaporator:  

ὗ ά ᶻὬ Ὤ         (2.3 )  

Thermal power at the condenser:  
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ὗ ά ᶻὬ Ὤ         (2.4 )  

Thermal efficiency:  

ὲ          (2.5 )  

where m ORC the mass flow rate of the working fluid and h i the enthalpy at each 

point.  

In case that condensation heat recovery is included (from point 5 of superheated 

vapor in diagrams 2.4 and 2.5, to the point of saturated vapor) for the preheating 

of the subcooled compressed liquid organic fluid (point 2 of the Figures) with the 

use of a n internal heat exchanger (recuperator), one more coefficient of 

exploitation of this heat is inserted, the coefficient n IHE  equal to 0.60. Then, the 

equations 2.3 and 2.4  are alternated as:  

ὗ ά ᶻὬ Ὤ    and  

ὗ ά ᶻὬ Ὤ   

Where h2a and  h5a are the enthalpy values at the inlet (second expander's outlet) 

and outlet (pump's inlet) of the preheater.  

 In order to investigate the cycle and select the most appropriate organic 

fluid, the ORC engine is modeled with the use of the EE S software [ 2.18]. Apart 

from the above -mentioned equations for the engine's components, another 

parameter shall be considered; the heat source cycle which simulates the heat 

source of any low temperature renewable energy and provides the ORC engine with 

heat. The mass flow rate of the working fluid in the heat cycle which controls the 

temperature at this side can change, simulating the thermal input fluctuation that 

would occur of any variable renewable energy source. At this point, for the 

investigation o f the ORC engine it is assumed that the mass flow rate of the working 

fluid on the heat cycle is kept constant and the variation of the heat load (variation 

of the available thermal input) implies uniquely variation of the working fluid 

temperature, theref ore a direct change in the evaporation temperature of the 

organic fluid. The equation that couples the two sides (heat cycle and ORC engine) 

and expresses the thermal load is the following:  

ὗ ά ᶻὬ ȟ Ὤ ȟ ά ὧz ᶻὝ ȟ Ὕ ȟ ὗ ά ᶻὬ Ὤ

 (2.6 )  

where QHTF the thermal load of the heat transfer fluid, m HTF the mass flow rate of 

the working fluid and THTF,I   the temperature at the outlet and inlet of the heat 

source (in the current experiment of an elec tric heater). The specific heat capacity 

(cHTF) can be used since the working fluid at the heat cycle remains at the liquid 

phase and the temperature difference (from THTF,1 to THTF,2 ) is relatively small.  

   Concerning the heat transfer fluid of the heat  cycle, the parameters that 

determine its selection are the operation temperature and pressure. The operation 

temperature of the current engine, as it was mentioned before, is around 110Á-  

130ÁC. For safety reasons and in order to simulate heating systems that operate 

at such temperatures (like evacuated tube solar collectors) the maximum operation 

pressure of the heat cycle has been set to 5 bar [ 2.8]. In case that the heat transfer 

working fluid was water under pressure, in order to avoid its vaporization  at such 

high temperature (110Á-  130ÁC), the requested pressure would be greater of 

around 3 bar. This pressure barrier drastically increases with a temperature 

increase, since at 150ÁC it already becomes almost 5 bar. Therefore, for security 
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reasons, the use of water as a heat transfer working fluid on the heat source side 

is avoided. On the contrary, the use of a working fluid which would remain at the 

liquid phase for high temperature values and low pressure (close to the 

atmospheric) while maintaining g ood thermal properties (similar to those of water) 

is encouraged. In chemistry, glycols are proven to be good candidates since they 

present high boiling points (over 190ÁC). Between them, two are the most 

prevalent: monoethylene glycol -  MEG and propylene g lycol -  PEG. Finally, the 

working fluid that has been chosen is MEG [ 2.11], which has lower cost, better 

thermal properties (which leads to a smaller heat exchanger surface) and lower 

viscosity (fewer pressure losses at the heat cycle, therefore lower power  

consumption from the heat cycle pump). MEG's boiling point is at around 197ÁC 

and its thermal properties as a function of the temperature (ÁC) are briefly reported 

below:  

Dynamic viscosity [kg/m/s]:  
2T

013.1

T

4502.0
001975.0 -+-=m  

Density [kg/m 3]:  2T000199.0T6755.01148 --=r  

Specific heat capacity [J/kg/K]:  T819.42329cp +=  

Thermal conductivity [W/m/K]:  T000771.03049.0k -=  

 When the thermal load decreases the temperature at the heat cycle 

decreases as well. Since there is a temperature difference  between the heat 

transfer working fluid at the heat cycle and the evaporation temperature of the 

organic fluid at the ORC engine (of around 5 -  15K/ pinch point), the load variation 

causes a change of the evaporation temperature (T 3). In the current study , the 

heat cycle represents a thermal source of 110 Á to 130 ÁC that gives a thermal 

capacity of around  100 kW th  (i.e. solar thermal collectors, geothermal heat source 

etc) . The ORC engine design is therefore based on a heat cycle of a capacity of 100 

kW th . The investigation  starts for operation at full load and then the operation at 

partial load will also be presented (20 and 60 kW th ). For t he organic fluids' 

properties, the commercial software REFPROP is used, mostly due to its 

connectivity to the EES softw are [ 2.6]. For the design of the organic Rankine cycle 

a slight sub -  cooling (equal to 5 K) of the working fluid at the pump's inlet is 

considered, in order to avoid cavitation phenomena. For similar reasons, a slight 

superheating of the organic fluid is c onsidered before the entrance at the expander 

(equal to 5 K) , in order to avoid the expansion within the two -  phase area (which 

would endanger the expander's condition and would decrease the power 

production). In all cases the condensation temperature is c onsidered equal to 40ÁC 

(condensation temperature almost equal to the evaporation temperature of the 

organic fluid).   

 In the organic fluid selection process, all the possible candidates of Table 

2.1 are examined. With the use of the aforementioned equatio ns ( 2.1 -2.6) in the 

EES software, the organic fluids are tested in terms of mass flow rate, ORC thermal 

efficiency, thermal efficiency with heat recovery and specific volume ratio. The 

intermediate pressure of the two expanders is calculated as follows: a ccording to 

the literature, in a two -  stages expansion the maximum power production is 

realized when each expansion step has the same pressure ratio and this criterion 

was selected to the current configuration [ 2.8]. Based on that and from Figure 2.4, 

the intermediate pressure ( P4) is given: ᵼὖ ὖ ὖz (2.7 ).  

In case of full load operation (100kW th ) the evaporation temperature is 

considered at 115ÁC and with 5 K superheating the maximum temperature of the 

organic fluid is 120 ÁC (a linear interpolation of the evaporation temperature with 
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the heat power input is assumed). For thermal load 60kW th , the  evaporation 

temperature is 90ÁC and for 20 kWth  the evaporation temperature is 60ÁC.  

The results of the organic fluids investigation for operation at full and partial 

load are presented in Tables 2.3 -2.5 below. It should be noticed that in  the  cases 

of p ropane, R134a and R227ea , whose critical temperature is lower than 120ÁC, 

the organic fluid is superheated up to that temperature with pressure lower than 

the critical one. This explains the great difference in specific volume ratios.  

Table 2.3 Organic fl uid results for operation at 100 kW th  

 

Organic fluid  
Mass flow 

rate (kg/s)  

Total specific 

volume ratio of the 

two expanders ( - )  

ORC thermal 

efficiency  (%)  

ORC thermal efficiency 

with heat recovery 

(%)  

Propane  0.23  2.96  7.71  8.58  

R-134a  0.44  3.41  7.85  8.71  

R-227ea  0.59  3.72  6.89  8.33  

R-236ea  0. 51  7. 89  9. 91  10.77  

R-245fa  0.4 3 7. 93  10. 50  11. 34  

Butane -R600  0.2 3 5.75  10.4 4 11.28  

 

Table 2.4 Organic fluid results for operation at 60 kW th  

Organic fluid  
Mass flow 

rate (kg/s)  

Total specific 

volume ratio of the 

two expanders ( - )  

ORC thermal 

efficiency  (%)  

ORC thermal efficiency 

with heat recovery 

(%)  

Propane  0.17  2.91  6.69  6.70  

R-134a  0.32  3.31  6.87  6.91  

R-227ea  0.44  3.68  6.45  6.94  

R-236ea  0. 36  3.62  7.17  8.10  

R-245fa  0.30  3.72  7.50  8.44  

Butane -R600  0.16  3.12  7.45  8.38  
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Table 2.5 Organic fluid results for operation at 20 kW th  

Organic fluid  
Mass flow 

rate (kg/s)  

Total specific 

volume ratio of the 

two expanders ( - )  

ORC thermal 

efficiency  (%)  

ORC thermal efficiency 

with heat recovery 

(%)  

Propane  0.06  1.43  2.85  2.90  

R-134a  0.11  1.50  2.89  2.95  

R-227ea  0.16  1.56  2.77  2.90  

R-236ea  0. 20  1.58  2.93  3.50  

R-245fa  0.16  1.60  3.00  3.59  

Butane -R600  0.08  1.50  2.99  3.57  

 

 One of the criteria for the organic fluid selection is the mass flow rate. The 

mass flow rate is preferably small in order to use smaller pump and expanders for 

lower installation cost. In terms of the mass flow rate, in all cases of Tables 2.3 -  

2.5, it is  obvious that the propane and the butane present the lowest values. 

However, the propane presents low thermal efficiency (with or without heat 

recovery) in all cases. In terms of thermal efficiency, in all cases the best thermal 

efficiency presents the R24 5fa and right after that the butane -  R600. In Table 2.3, 

it is also observed that the three refrigerants whose critical temperature is below 

120ÁC (i.e. propane, R134a and R227ea) present significantly low thermal 

efficiency, compared to the other three or ganic fluids, due to their extended 

superheating. However, the condensation heat recovery provides better thermal 

efficiency in these cases. Among the two more adequate organic fluids (Butane 

R600 and R245fa), it should be underlined that butane R600 is a flammable fluid 

and even though its ignition temperature is high (at around 420ÁC), special safety 

measures should be taken during its use. On the contrary, R245fa is not flammable 

and its cost is much lower than that of Butane R600. Therefore, from the ex amined 

and presented above organic fluids, R245fa  is the most suitable for the current 

application.  

 The thermodynamic properties of the selected organic fluid throughout the 

ORC engine cycle, as well as the state in each point are presented in Table 2.6 

below:  
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Table 2.6 Thermodynamic properties of R245fa throughout the  Organic Rankine 

cycle  

Point  State  
Temperature  

(ȌC) 

Pressure  

(bar)  

Enthalpy  

(kJ/kg)  

Entropy  

(kJ/kg/K)  

Specific 

volume  

(m 3/kg)  

1 
Subcooled 

liquid  
35. 00  2.49  245.80  1.157  0.000762  

2 
Subcooled 

liquid  
35.43  17.4 5 246.80  1.157  0.000760  

3 
Superheat 

vapor  
120.00  17.45  489.60  1.817  0.009937  

4 
Superheat 

vapor  
88.11  6.59  474.30  1.8 24  0.02955  

5 
Superheat 

vapor  
64.29  2. 49  458.10  1.1 83  0.07879  

 

2.2.3 Components design and ORC engine modeling  

 

 The most important control and design parameters of the ORC engine are:  

¶ The evaporation temperature of the organic fluid HFC -  R245fa, which 

depends on the organic fluid pump's monitoring (change of the rotational 

speed), on the available thermal load input and on the mass flow rate of the 

working fluid on the heat cycle  

¶ The high pressure of the thermodynamic cycle (points 2 and 3)  

¶ The intermediate expansion pressure of the two expanders (related to the 

efficiency of each expander) at point 4  

¶ The conden sation temperature (related to the cooling system operation)  

 

The result of these parameters ' research is the optimized design of the organic 

cycle and the quantification of their influence. As mentioned in the previous 

paragraph, for the sake of design, i n this research the mass flow rate of the working 

fluid on the heat cycle (MEG) is considered to remain constant and the thermal 

power input at the ORC engine is equal to the capacity of the electric heater (i.e. 

100 kW th ). Therefore, for the current analy sis, the variation of the thermal input is 

a linear function of the heat cycle's working fluid temperature, thus the organic 

fluid's evaporation temperature. The ORC engine investigation starts with the 

operation at full load (100kW th ) and consequently the  operation at partial load is 

also examined.    
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2.2.3.1 ORC organic fluid pump 

The organic fluid pump increases the pressure and controls the mass flow 

rate of the organic fluid. Indicative suction pressure values are 2 -5 bar and 

discharge values are 10 -35  bar (also see Table 2.6), depending on the organic fluid 

selected  and the evaporation temperature [ 2.7, 2.8, 2.11, 2.15, 2.19 -  2.24]. 

Therefore, the organic fluid pump must be able to transport the fluid through high 

pressures, while providing the require d mass flow rate (~0.5 -1 kg/s) [ 2.1, 2.2, 2.7, 

2.19]. Moreover, the organic fluids have low viscosity, thus lubrication issues with 

the pump's moving parts occur. A possible solution is the adding of lubricating oil 

to the system alongside with the organic  fluid, which amplifies the heat transfer in 

the heat exchanger [ 2.16]. The lubrication oil may separate before the expander's 

entrance in order to increase the efficiency of this component, even though it would 

help its lubrication as well as the possible  leakage decrease from its clearances, 

which would decrease the produced power. However, the use of lubricant oils 

separator in such small - scale ORC systems ï as the one currently developed -  is 

avoided, therefore the selection of a special pump, which can operate efficiently 

under these conditions and with the lowest possible number of components that 

would increase the system's and the monitoring's complexity, is required.  

 In such systems, a piston -  diaphragm pump is usually selected , which is 

suitable for all applications [ 2.1, 2.2, 2.7, 2.19]. These pumps are industrial 

positive replacement pumps. They consist of a diaphragm and a vessel, as well as 

of suction and depression valves in order to block the organic fluid's return to the 

vessel. The pistons may be directly connected to the diaphragm or impel hydraulic 

oil ,  which pulsate the diaphragm. The diaphragm pumps are very credible since 

they do not include internal moving parts which would cause friction between them. 

There are two  types: with one or two diaphragms. Moreover, there are no internal 

leakages during their operation that would cause a decrease at the system's 

efficiency. The diaphragm pumps have high mechanical efficiency throughout a 

wide operation range (rotational sp eed, mass flow rate, pressure), while they can 

operate under high pressure (of 30 bar) with low volume flow rate (of 100 l/min). 

The ORC engine operation conditions lay within those limits.  

Another possible candidate would be a centrifugal pump, similar t o those 

used for water transportation [ 2.19]. These pumps decrease the pressure at the 

depression line with the increase of the mass flow rate. They are suitable for the 

transport of liquids with very high mass flow rates (of several m 3/min), however 

with low pressure (of several bar).  

The final selection of the most adequate type of pump will be presented in 

the next chapter, where the prototype design and construction will be observed. 

The monitor of this pump in the current application is realized with control of the 

rotational speed, thus change of the power consumption. The variation of the 

rotational speed provokes a change of the mass flow rate of the organic fluid, which 

strongly influences the evaporation temperature when the thermal power input is  

constant. As presented before, the available thermal input provided to the organic 

Rankine cycle in any moment is equal to:  

ὗ ά ᶻὬ Ὤ   (2. 3)  

Therefore, by alternating the mass flow rate m ORC, the enthalpy h 3-  which is 

the maximum enthalpy of the organic fluid during its evaporation (assuming steady 

state of the organic fluid at the pump inlet)  is influenced .  

With the assumption that the thermal power input corresponds to the 

electric heater's thermal capacity  (100 kW th ), that the expanders' rotational speed 

is constant in order to alternate the maximum cycle pressure and that the slight 

sub cooling and superheating are maintained as explained previously, Figure 2.6  
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below presents the maximum temperature of the  ORC engine and the power 

consumption change during mass flow rate variation at maximum load:  

 

 

Figure 2.6  Organic fluid maximum temperature and pump's power consumption 

variation during the mass flow rate change at 100kW th  power input  

As it is observed i n Figure 2.6 , for a small mass flow rate variation of less 

than 20% which is caused by a change of the pump's rotational speed, the 

maximum temperature of the cycle shows an important decrease (from 120 ÁC to 

50ÁC) alongside with a change of the maximum pressure (from 17.5 to 3.5 bar). 

This strongly affects the cycle's efficiency which drastically decreases, as well as 

the produced power from the expanders, even though the mass flow rate increases. 

The pump's power consumption decreases since the organic fluid is compr essed to 

a lower evaporation temperature. Figure 2.6  shows the great importance of the 

pump's rotational speed control in order to result in the desirable mass flow rate of 

the organic fluid for the increase of the operating temperature which influences th e 

ORC engine efficiency.  

 In Figure 2.7,  the same diagram is presented for operation at partial load 

(60 and 20 kW th ):  
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Figure 2.7  Organic fluid maximum temperature and pump's power consumption 

variation durin g the mass flow rate change at 2 0 kW th  and 6 0 kW th  power input 

respectively  

In Figure 2.7 , it is obvious that in partial load operation a more detailed 

control of the mass flow rate is required in order for the ORC engine to operate 

close to the optimized operation point each time. During the thermal load variation 

throughout the whole operation range (0 -100%) the operation points that 

maximize the thermal efficiency of the ORC engine and depend on the mass flow 

rate of the organic fluid were calculated. These points correspond to the design 

po ints of the thermodynamic cycle which has been prev iously presented. In Figure 

2.8  the optimized mass flow rate and the optimized pump power consumption with 

the thermal load variation are presented:  
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Figure 2.8  Optimum organic fluid mass flow rate and pu mp power during 

the thermal load change  

 The detailed control of the mass flow rate is presented in the next chapter 

of the prototype construction. A way to control the pump is to assume that the 

volumetric flow rate of the pump (V p [m 3/s]) changes linearly with the pump's 

rotational speed (rpm) through a proportionality factor "c", as follows:  

 ὠ ὧz ὶὴά      (2.8 ).  

 

A common value for factor "c" and for the kind of pumps examined here, is around 

10 -6 m 3/s/rpm [ 2.25].  The mass flow rate is re lated to the specific volume (v p 

[m 3/kg]) of the working fluid by the relation:  

 ά  
ᶻ

        (2.9 ).  

 

For the selected organic fluid R245fa , the change of the specific volume inside the 

pump is neglected, since the fluid remains in  the liquid phase and its optimum value 

is slightly influenced by the thermal load. As derived from the previous analysis, 

for each load tested, the specific volume of the fluid at the pump inlet is around 

0.000763 m 3/kg and at the outlet 0.000760 m 3/kg fo r high thermal load and 

0.000763 m 3/h for low thermal load. The optimum  regulation of the  pump rotational 

speed during the thermal load varia tion is presented in Figure 2.9  below.  
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Figure 2.9  Optimum pump speed during thermal load variation  

The maximum value of the rotational spe ed that derives from Figure 2.9  remains 

within the operation limits of most of the pumps that can be used in the current 

application.  

2.2.3.2 ORC expanders 

 As mentioned before during the system  simulation in EES, from the 

liter ature it is known that the maximum p ower production in a two -  stage  expansion 

is realized when the two expansions have the same pressure ratio [ 2.8]. Based on 

this criterion, in the current application two expanders have been selected in order 

to increase the system ôs flexibility (operation at low thermal load). The 

intermediate pressure is given from equation ( 2.7):  ᵼὖ ὖ ὖz. With the 

thermal load decrease, the maximum temperature of the ORC cycle decreases as 

well, therefore the total pr essure ratio of the expanders (P 3/P 5) decreases. With the 

further increase of this ratio, a range of values occurs, where the isentropic 

efficiency of these components is significantly low [ 2.21, 2.16, 2.26]. Therefore, 

from a crucial thermal load and belo w, it is more efficient to completely by -  pass 

the first expander and operate only one expander with higher pressure ratio and 

higher isentropic efficiency. In this way, those volumetric machines operate with 

high efficiency (of 60%) throughout the most of  the thermal load, increasing 

simultaneously almost proportionally the total efficiency of the integrated system 

[ 2.14, 2.22, 2.23,  2.27]. The first expander by -  pass is realized with the use of an 

electro -  valve , as presented in Figure 2.10 :  
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Figure 2.1 0 Organic Rankine cycle configuration with first expander by -  pass in low 

thermal load operation  

 During the thermal load variation, the mass flow rate of the organic fluid -  

thus the pump's rotational speed, should be monitored in order  to increase  the ORC 

engine efficiency. Therefore, the rotational speed of the expanders should be 

simultaneously controlled in order to control the evaporation temperature, thus the 

expanders' inlet pressure [ 2.28, 2.29]. At the same time, a slight superheating is 

set (5 K). The optimum evaporation pressure  for the best ORC efficiency,  

throughout the whole operation range, as well as the intermediate pressure of the 

expand ers are presented in Figure 2.11  below:  

 

Figure 2.11  Optimum  evaporation and  expanders ' inlet pressures a nd expanders' 

pressure ratio for ORC efficiency optimization  

 In Figure 2.11 , it is observed that the optimum inlet pressure at the first 

expander drastically decreases with the thermal load decrease. At full load 
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operation, it is close to 17 bar , while at the 50% of the thermal load this value 

decreases to almost 7.5 bar. The inlet pressure at the second expander depends 

less on the thermal load and its total variation is from almost 6 bar to 2.5 bar. 

Moreover, the pressure ratio of each expander widely varies with the decrease of 

the thermal load and it reaches the value 1 when the thermal load is less than 5 

kW th  and the system operation stops.  

 At this point, a n initial  detection of the monitoring of the ORC engine can be 

discussed. T he pressur e ratio in Figure 2.11  at full load operation is near  3, when 

for operation at 60% of the thermal load it decreases to 2. Most of the expanders  

that can operate at  the power range examined for the current application , present 

efficient operation  at pressur e ratio from around 2 to 4 [ 2.13]. Therefore, when the 

pressure ratio is less than 2, the two expanders will present an efficiency decrease, 

since their isentropic efficiency drops. When the pressure ratio falls to less than 1.5 

(almost 30% of the thermal load input), both expanders will start to present 

problems during their operation [ 2.13, 2.21], such as instability and high cyclic 

dispersion. Therefore, the by -  pass of the first expander is then required and only 

the second one operates in higher pressu re ratio.  

 An optimization factor deals with the appropriate operation point where the 

first expander shou ld be by -  passed. In Figure 2.12  below, the characteristic curves 

with the by -  pass of the first expander are presented, for two extreme pressure 

rat io values. In the first case, the by -  pass of the first expander is realized for high 

pressure ratio and in the second case for low pressure ratio.  

It should be noted that the pressure ratio which appears when the first 

expander has been by -  passed (for pr essure ratio equal to 2.2 or 1.5 in each case) 

is the pressure ratio that corresponds only to the second expander, since the first 

one does not operate.  

 

 
 

0

2

4

6

0

4

8

12

16

20

0 20 40 60 80 100

E
x
p

a
n
d

e
r'
s
 p

re
ss

u
re

 r
a
tio

 [-]

E
va

p
o
ra

tio
n
 p

re
s
su

re
 [

b
a

r]

Thermal load [kWth]

Optimum evaporation pressure Optimum 2nd stage inlet pressure

Optimum expander's pressure ratio

HFC- R245fa

By- pass pressureratio: 2.2



CHAPTER 2 ς Simulation model development analysis 
 

96 
 

  

  Figure 2.12  Optimum inlet pressure and pressure ratio of each expander during 

the by -  pass of the first expander with two different strategies (by -  pass pressure 

ratio 2.2 and 1.5)  

  

 As mentioned previously, the control of the pump's rotational speed changes 

the mas s flow rate of the organic fluid, as well as the pump's power consumption. 

This mass flow rate is provided to the expander -  after evaporation at the 

evaporator -  and the expander as any volumetric machine can support a specific 

volumetric rate. Since the ma ss flow rate is controlled by the pump and the 

volumetric flow rate from the expander, the organic fluid's pressure at the 

expander's inlet will change with the change of the rotational speed of the 

expander, according to the equation:  

ὴ ȟ ” ȟ ὙzᶻὝ ȟ ςχσȢρυ  (2.1 0),  

where pex,in , ȍex,in and Tex,in  are the pressure, the density and the temperature of 

the evaporated organic fluid at the expander's inlet and R is the  specific gas 

constant ( Rspecific  is the ratio R/M, where R is the ideal gas constant equal to 8.314 

J/mol.K and M is the molecular mass where for R245fa is equal to 134.05 kg/kmol, 

[ 2.31]). The density is directly related to the mass flow rate (pump control) and 

the volumetric flow rate of the expander (expander control) . The volumetric flow 

rate of the expander as a function of its rotational speed (in [rpm]) is given as:  

ὠȟ ὠ ὊzὊz  (2.1 1),  

where Vswept  is the swept volume of the expander which is a geometric characteristic 

of the expander and remains constant during its operation. Typical values for this 

volume for expanders of low power production (several kW) are around 100 -  150 

cm 3. The filling facto r FF has an almost constant value throughout the whole 

operation range of the expander which relates to its characteristics. Usual values 

for the FF factor are 0.6 -  1.0 [ 2.15, 2.21], and it also relates to the volumetric 

efficiency of the expander during i ts operation in a scroll compressor mode.  

 In Figure 2.13  below, the volumetric flow rate of the expander during its 

rotational speed variation within a typical limit of 500 to 5000 rpm for several swept 

volumes (100 and 150 cm 3) and filling factors (0.6 and 1.0) is presented:  
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Figure 2.13  Expander flow rate variation with the rotational speed for two filling 

factors and two swept volumes  

The density is calculated by the equation:  ” ȟ
ȟ

ȟ
  (2.1 2)  

With the use of equations (2.1 0, 2.1 2 and 2.5 ), the relation between the pressure 

of the organic fluid with the rotational speed of the expander and the pump (since 

ά ȟ ά ) occurs:  

ὴ ȟ ” ȟ ὙzᶻὝ ȟ ςχσȢρυᵼ ὴ ȟ

ᶻ

ᶻ ᶻ
ὙzᶻὝ ȟ ςχσȢρυ    (2.1 3)  

In case the pump rotational speed is kept steady for steady thermal load, the 

expander's rotational speed determines the evaporation pressure. Little influence 

does it have in the evaporation temperature, whic h mainly depends on the thermal 

load. The correlation of the pressure with the rotational speed is presented in Figure 

2.16, where the expander's characteristics have been chosen based on 

representative values and the optimum rotational speed of the pump i s assumed 

to be 1000 rpm (load equal to 30% based on Figure 2.11):  

 
Figure 2.1 4 Evaporation pressure during the first expander's rotational speed 

variation  
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 In Figure 2.1 4, it is observed that in low rotational speed the pressure 

increases dramatically. However, throughout the most of the whole expander's 

operation range the values of the evaporation pressure lay within acceptable limits 

[ 2.30], for 1500 rpm and above.  

 The organic fluid conditions (temperature and pressure) at the inlet of the 

second exp ander greatly depend on the expansion at the first expander. The 

isentropic efficiency of the expansion plays a major role at the condition of the 

organic fluid at the first expander's outlet (which is the second expander's inlet 

since they are connected i n series). The inlet pressure at the second expander also 

influences the efficiency of the first expander. Therefore, a careful control of the 

rotational speed of the second expander is required since it is related to the first 

expander's efficiency. Using  the expander's operation curves, the organic fluid 

conditions can be determined at the first expander's outlet (since the outlet 

temperature is know n). Therefore, the equation (2.1 3) can be used for the 

calculation of the inlet pressure at the second expa nder:  

ὴ ȟ

ρπᶻὶὴά
ὺ

ὠ ὊzὊz
ὶὴά
φπ

ὙzᶻὝ ȟ ςχσȢρυ 

The second expander's inlet pressure varia tion is presented in Figure 2.15  below. 

This expander should have a larger swept volume than the first one, since it de als 

with greater volumetric flow rate, due to lower pressure and the volumetric flow 

rate at the inlet.  

 

Figure 2.15  Inlet pressure at the second expander during the second expander's 

rotational speed variation  

 The pump's rotational speed varies as a function of the thermal load input 

according to Figure 2.9. In this case, for the optimum operation of the ORC engine, 

the rotational speed of the two expanders should va ry simultaneously. In Figure 

2.16 , such a vari ation is presented for the whole operation range ( 0-100 kW th ). The 

results presented in Figure 2.1 6 take under consideration the thermal load, the 

mass flow rate variation and the operation temperature of the HFC -  R245fa. It 

should also be noticed that for  the calculations, the first expander's by -  pass at low 

load has not been considered.  
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Figure 2.16  Optimum rotational speed of the pump and the two expanders during 

the thermal load variation  

 In Figure 2.16 , it is observed that in low thermal load the r otational speed 

of the first expander is higher than the one of the second expander. The opposite 

seems to happen in higher thermal load operation. The second expander's swept 

volume is significantly higher than the first one (360 cm 3 rather than 180 cm 3 of 

the first expander) in order to avoid an excess increase of the rotational speed that 

would consequently cause a radical increase of the mechanical losses [ 2.11]. 

However, the rotational speed of the second expander shows significantly high 

values espe cially in high thermal load input.  

 A crucial result of the above expanders investigation is that the rotational 

speed can hardly relate to the rest of the properties that have been taken under 

consideration during the optimization of the ORC engine. More over, the expanders 

used in the current application are scroll expanders which are practically scroll 

compressors in reverse operation. Therefore, their characteristic curves are not 

available from their manufacturer and they need to be approached through the 

experimental investigation that will be presented in Chapter 5.  

 According to manufacturers of scroll compressors, each expander is capable 

to operate through a wide range of rotational speed which is related to the electric 

current frequency of their  asynchronous generator, and it varies between 500 and 

5000rpm [ 2.32]. However, the operation at such a wide range should be avoided 

in order for the expanders to operate more efficiently. Since the current designed 

system will operate in a fluctuated powe r input the expanders should alternate their 

rotational speed according to their operation point in order to optimize their 

operation. This variation should happen within the manufacturers limits, avoiding 

possible operation problems such as metal friction , poor lubrication etc. With low 

swept volumes the rotational speed of the expanders increases, since the same 

expander is supposed to manage the same volumetric flow rate, therefore it 

increases the rotational speed in order to keep the evaporation pressu re at the 

optimum value. Moreover, the rotational speed of the one expander does not 

depend on the swept volume of the other expander. Therefore, the selection of the 

appropriate first expander can be realized separately of the selection of the second 

expa nder, which facilitates the final system design.  

 Finally, in Figure 2.1 7, the optimum power production of each expander 

during the power input variation is presented:  
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Figure 2.1 7 Optimum power production of the two expanders during the thermal 

load input variation  

 The mass flow rate of the two expanders is the same, since they are 

connected in series, however an important observation of Figure 2.1 7 is that the 

power production of  the second expander is slightly higher than the one of the first 

expander especially for high thermal load, due to the difference of the specific 

volume of the organic fluid at the inlet of each expander. Moreover, with the 

thermal load input increase, th e total power production of both expanders 

drastically and non -  linearly increases, while at the maximum thermal load input it 

gets the value of almost 11 kW.  

2.2.3.3 Heat exchangers of the ORC engine (evaporator & condenser) 

 As previously mentioned, the  organic fluid, should be slightly superheated 

at the expander's inlet and slightly subcooled at the pumps inlet, in order to avoid 

a two -  phase condition in those components.  

 The heat exchangers that are used in the current application are counter -  

flow  plate heat exchangers, since they present the optimum heat exchange 

properties and have a higher total heat exchange coefficient in comparison to other 

shell and tube exchangers [ 2.33 -  2.36]. This means that a smaller total heat 

exchange area is used, a f act that significantly decreases the system cost. Since 

the maximum operation pressure is kept within low values (lower than 20 bar), the 

use of these heat exchangers is permitted, since they have maximum pressure limit 

equal to almost 35 bar.  

 At the beg inning, the superheating (temperature difference from the 

temperature of the saturated vapor: dT sh)  of the organic fluid at the evaporator's 

outlet is investigated, as well as its sub cooling (temperature difference from the 

saturated liquid: dT sc) at the condenser outlet. This investigation relies on the 

thermal efficiency of the cycle.  

 The superheating of the organic fluid depends on the evaporator's operation, 

since in low grade ORC engines there is no super -  heater and all the heat exchange 

is realize d within the evaporator [ 2.22]. In the current application the superheating 

variation results in thermal efficiency variation. In general, the more the 

superheating (for constant thermal input) the less the thermal efficiency [ 2.37], in 

case that there is no heat recovery [ 2.38]. Therefore, the thermal efficiency during 

the superheating temperature is investigated. In order to do that, all the other 
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properties are assumed to remain constant. The investigation takes place for three 

different values of thermal load input that correspond to high load (100 kW th ), to 

medium load (60 kW th ) and low load (20 kW th ). During the superheating 

temperature variation, the maximum organic fluid temperature in any load remains 

constant, therefore in each case the evapo ration pressure and temperature vary. 

In Figure 2.18 , the influence of the superheating at the thermal efficiency of the 

ORC engine for the three different values of the thermal load input is presented:  

 
Figure 2.18  Thermal efficiency during the superheat  temperature variation for three 

thermal load operation points  

  

As observed in Figure 2.18 , in case that no superheating is applied, the 

thermal efficiency is increased. Moreover, during the thermal load increase, the 

superheating seems to affect less the  thermal efficiency. However, a slight 

superheating is necessary in order to avoid a two -  phase mixture of the organic 

fluid at the inlet and outlet of the expander. The expander's operation at the two -  

phase area significantly decreases the capacity of th e expander to produce power, 

since the liquid part of the mixture does not participate in the power production. 

Therefore, a slight superheating of 5 K (as it has been assumed in the previous 

system simulation) is considered necessary for the efficient ope ration of the ORC 

engine throughout the whole operation range, as well as during its sudden change.  

The evaporation pressure variation with the superheat temperature for 

several thermal load inputs is presented in Figure 2.19 :  
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Figure 2.19  Evaporating pressure during the superheat temperature variation for 

three thermal load operation points  

 

As the superheat temperature increases, the evaporating pressure 

significantly decreases. Therefore, the organic fluid pump power consumption 

decrease s as well. This fact though, does not provoke a thermal efficiency increase 

since simultaneously the power production from the expanders also decreases.  

 

The influence of the subcooling of the organic fluid at the thermal efficiency 

is examined next. The subcooling depends on the condensation temperature and 

on the organic fluid total mass in the closed system [ 2.16]. The minimum 

temperature of the organic fluid is assumed to be constant (constant condenser 

efficiency and temperature difference), therefore  the sub -  cooling variation 

provokes condensation pressure and temperature variation as well. In Figure 2.20  

below, the effect of the sub -  cooling in the thermal efficiency is presented and in 

Figure 2.2 1 the effect on the condensation pressure is shown. Once again, the 

investigation takes place for three different thermal load input values (100, 60 and 

20 kW th ).  
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Figure 2.2 0 Thermal efficiency during the subcooling temperature variation for 

three thermal load operation points  

 

Figure 2.2 1 Saturation pressure during the subcooling temperature variation for 

three thermal load operation points  

 The saturation pressure in Figure 2.2 1 is the same for all three thermal load 

input values and  is only influenced by the subcooling temperature. During the 

subcooling temperature increase, the saturation pressure increases as well and this 

provokes the fol lowing consequences:  

¶ Pump power consumption decrease, since the maximum pressure 

(evaporation pressure) is kept constant  

¶ Expanders' power production decrease, due to the operation in lower 

pressure ratio, since the organic fluid outlet from the second expa nder is 

under high pressure and temperature.  
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Especially the second consequence plays a major role from a thermodynamic 

point of view, since with the subcooling temperature increase the thermal 

efficiency decreases (as presented in Figure 2.22) and more int ensively in 

comparison to the superheating temperature (see Figure 2.21). Therefore, from 

a thermodynamic point of view, the conservation of the subcooling temperature 

in low values is desirable. The slight subcooling is necessary in order to avoid 

the cav itation phenomena inside the pump, especially in high load operation 

where the pressure ratio of the pump is high (around 8~9). Moreover, the pump 

does not pump -  off organic fluid that remains in the gas phase (two -  phase 

mixture) during the thermal load variation. Therefore, a slight subcooling of 5 

K, as selected during the simulation, is necessary [ 2.38] and this value will be 

used for the ORC engine design.  

2.2.3.4 Heat cycle pump (MEG pump) 

 For the heat cycle pump's consumption estimation, the power calculation 

equation is used as shown below:  

ὖ
ᶻᶻᶻ

      (2.15 )  

where ȍ is the MEG density, g the gravitational acceleration (9.81 m/s 2), H the total 

head (with maximum value equal to around 10 m, proportional to the square power 

of the mass flow rate: H~Q 2), Q the mass flow rate in [m 3/s] (and  a maximum  

value equal to around 7 m 3/h )  and np the pump efficiency equal to 75% (see Table 

2.2) [ 2.26]. The equation ( 2.15 ) results in a maximum power of the pump of 

around 0.3 kW. During the mass flow rate variation (and volume), the power 

variation is presented in Figure 2.2 2 below, keeping the efficiency value constant 

(equal to 75%):  

 

Figure 2.2 2 Heat cycle pump's power with the MEG mass flow rate variation  

 This pump will operate under varying rotational speed, in order for the mass 

flow rate to vary in every operation point, according to the thermal load input 

variation simulation. The final sel ection of this pump will be realized in the next 

chapter.  

According to the previous analysis for the organic fluid selection, in full and 

partial load, the thermal efficiency of the ORC engine during the thermal load 

fluctuation is presented in Figure 2.23:  

 



CHAPTER 2 ς Simulation model development analysis 
 

105 
 

 

Figure 2.23 ORC engine thermal efficiency during thermal load fluctuation (0 -100 

kW th )  

 

Figure 2.24 ORC engine thermal efficiency during the variation of the maximum 

temperature of the organic fluid (50 -  120ÁC) for 100 kWth  

In Figure 2.24, the ORC engine thermal efficiency as a function of the maximum 

temperature of the organic fluid is presented . Once the thermal load input falls 

under the critical value of 5 kW th , it is assumed that the system stops operating 

since it is not able to cover its own -  consumptions (pump consumptions) and 

especially the required power consumption of the pump on the heat cycle. This 

operation point corresponds to the organic fluid's temperature of 50 ÁC (at the 

evaporator).  
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2.3 The Reverse Osmosis Unit model 
 

The reverse osmosis process, as mentioned before, is a consequence of the 

application of an external pressure (P) greater than the osmotic pressure ( ǲ) on a 

high -density liquid mixture which is separated from a low -density liquid mixture 

with semipermeable barrier or membrane. In case that no pressure is applied in 

any of the mixtures, diffusion of solvent (water) is observed from the low -density 

mixture to the high -density pressure until the concentrations of the two mixtures 

become equal. Consequently, the two mixtur es in equilibrium state will have a 

different surface level. However, if an external pressure higher than the osmotic 

pressure is applied on the high -density mixture surface, the flow is reversed and 

water molecules are diffused from the high -density mixtu re (e.g. seawater) to the 

low -density mixture (e.g. permeate). In the end of the process, the result is a high -

density mixture (drain) and a low -density mixture (processed/ desalinated water). 

The flow rate velocity of the water through the membrane is pro portional of the 

difference of the applied pressure ǧP on the high -density mixture and of the 

osmotic pressure ǧǲ.  

There are four membrane types that are used in reverse osmosis process:  

¶ Spiral wound  

¶ Hollow fiber  

¶ Tubular  

¶ Plate and frame  

The main component s of a RO desalination unit are presented below:  

V Feed tank and feed pump  

V Pretreatment  system  

V High -  pressure pump  

V Membranes and membrane vessels  

V Energy recovery device (ERD)  (if applied)  

V After -  treatment system  

V Piping  & fittings  

V Pump and  rinsing container  of the Clean In Place system (CIP)  

V Control panel and instrumentation  (e.g. switch board, flowmeters , pH 

meters etc. )  

 

In Figure 2.2 5 a typical low capacity RO desalination unit is presented:  
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Figure 2.2 5 Commercial RO desalination unit of a capacity of 2.4 m 3/d desalinated 

water, of a nominal power  of  1.8 kW, company TEMAK S.A. (type TSW03 MARINE)  

[2.40]  

 Lately, almost all RO seawater desalination units  have a n ERD system. 

These systems take advantage of  the hydraulic energy of the drain flow (in the 

range of 40 -  80 bar), producing power through a turbine or a pressure exchanger. 

The produced power is driven to the high -pressure pump of the RO unit and part 

of the power demand that is necessary for the RO  process (i.e. practically the high -

pressure pump) is offered by the ERD, decreasing the specific mechanical energy 

consumption to values of 3 kWh/m 3. There are several ERD systems and their use 

depends on the RO unit capacity [ 2.39].  

 For the RO desalination unit efficiency calculation and performance during 

the load input variation, the commercial software ROSA 7.2.7 (Reverse Osmosis 

System Analysis) has been used [ 2.41 ]. The RO power input is equal to the net 

power production of the ORC engine, meaning the power produced by the 

expanders minus the pump power consumption and the heat cycle pump power 

consumption  of the ORC engine . The net power production from the ORC engine is 

presented in Figure 2.2 6:  

 
Figure 2.2 6 Net power production driven to the RO desalination unit  
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 As observed in Figure 2.2 6, there is a strong fluctuation of the available 

power. At maximum load operation (100 kW th ) around 10 kW are available, when 

at 50% of the load (around 50 kW th ) the availa ble power decreases to around 6 

kW. The RO unit design starts with the assumption of operation at full load (100 

kW th ) where the available power input is 10 kW. This power feeds mostly the high -

pressure pump, in order for the RO unit to operate, and a smal l part of it is 

consumed in the feed pumps as presented below.  

2.3.1 ORC engine and RO desalination unit coupling 
 There are two possible ways to connect the expanders of the ORC engine 

with the RO desalination unit: the mechanical way and the electric al  way. The first 

one is more direct, since a system of pulley -  belt can be used and a direct 

engagement of the expanders and the high -pressure pump can be realized [ 2.8, 

2.14]. The disadvantage of this method is that the high -pressure pump will rotate 

with t he same rotational speed as the expanders, therefore at some operation 

points it may have a very small rotational speed which decreases the volumetric 

efficiency of the pump. Moreover, this solution should foresee the power feed of 

the other pumps and cons umptions of the system (heat cycle pump, organic fluid 

pump, etc.) which makes its selection practically inevitable. In addition , the 

expanders used in the current application are sealed scroll compressors in reverse 

osmosis and the direct mechanical conne ction is practically unattainable.  

 The electric al  coupling, on the other hand, presents the disadvantage of the 

losses due to the transformation of the mechanical power on the expanders' shafts 

to electric al  power through the small generator (transformat ion efficiency around 

90 -  95%) and a similar loss due to the consequent transformation of the electric al  

power to mechanical power with the use of a motor (transformation efficiency 

around 90 -  95%) for the pumps' operation. The total power loss of these 

tr ansformations is around 15%, which can decrease when all the RO unit pumps 

operate at their optimum operation point during the load variation (thermal load 

variation).  

 In the current system, the second solution has been selected, since it offers 

greater f lexibility at every sub -  system operation and higher RO efficiency. All the 

aforementioned power values are expressed in electric al  power.  

 

2.3.2 Desalinated water production 
 A typical composition of the seawater is presented in Table 2.7 where the 

feed water temperature is 25 ÁC: 
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Table 2.7 Typical seawater composition  

 

Water type: Seawater (Open Intake) SDI<5  

Ions  mg/l  ppm CaCO 3 meq/l  Total Conc. (mg/l)  

Ammonium (NH 4)  0 0 0 0 

Potassium (K)  32.01  40.93 1 0.819  32.01  

Sodium (Na)  12850.82  27948.7 2 558.974  12850.82  

Magnesium (Mg)  1506.49  6196. 487  123.930  1506.49  

Calcium (Ca)  383.1 3 955.9 13 19.118  383.13  

Strontium (Sr)  0 0 0 0 

Barium (Ba)  0 0 0 0 

Carbonate (CO 3)  7.472  12.452  0. 249  7.47  

Bicarbonate (HCO 3)  129.9 3 106.4 91  2.130  129.93  

Nitrate (NO 3)  0 0 0 0 

Chloride (Cl)  20 404 .05 2877 6.20 0 575. 524  20 404 .05 

Fluoride (F)  0 0 0 0 

Sulfate (SO 4)  5997.0 5 6246.92 7 124.939  5997.05  

Silica (SiO 2)  0.2  n.a.  n.a.  0.2  

Boron (B)  0 n.a.  n.a.  n.a.  

Total dissolved solids: 4131 1.2 mg/l  

Cations: 702.84 , Anions: 702.84 , pH: 7.6  

 

 Due to the great variation of the available power, the feed mass flow rate 

with seawater and the desalinated water production also present a great variation. 

Therefore, flexibility in terms of RO unit operation is necessary in order to efficiently 

operate on any level and also the fresh water (permeate) quality to be sufficient 

(low salinity). The RO unit flexibility has some similar characteristics with the ORC 

engine, since several stages are used according to the available load. More 

specifically, the RO unit consists of three identical RO sub -  units, each of them 

consisting of the following equipment:  

 

¶ Feed pump  

¶ Cartridge  filters  

¶ High pressure pump (APP -  axial piston pump)  

¶ Energy recovery device (APM -  axial piston motor)  

¶ Four RO membranes FILMTEC SW30 -4040 (operation at the load range of 

the current application)  (Appendix I)  

¶ Two membrane vessels place d in series  (each one includes two membranes 

places in series)  

 

This configuration is used in order to offer flexibility during the load variation. 

The three sub -  units, which constitute the RO unit, pump the seawater from the 
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same water tank through a small feed pump as shown in the flow diagram of Figure 

2.2 7. The seawater is then driven through the cartridge  filters and ends up in t he 

high -pressure pump (APP), where it is compressed to a pressure higher than the 

osmotic in order to pass through the membranes. Part of the feed water is 

desalinated and the rest (drain) which remains in high pressure, is driven to the 

ERD system (APM) f or the specific consumption decrease (kWh/m 3).  

 

 
Figure 2.2 7 Flow diagram of the RO unit  

  

 The available power for the RO unit feeding depends on the thermal power 

input (driven to the ORC engine) almost linearly as presented in Figure 2.2 6, 

previously. For the RO unit control a variable should be connected to the operation 

point of the three sub -  units. This variable could be for example the expanders' 

rotational speed.  

Since the high -pressure pumps' motors of each sub -  unit are controlled  by an 

inverter, each sub -  unit can operate producing fresh water of 0.5 to 0.7 m 3/h, 

depending on the available power. The operation at variable operation point is 

realized with high efficiency. Since the RO unit consists of three identical, 

independent s ub -  units, which start up and stop are set from the available power, 

the total fresh water production will vary from 0.5 up to 2.1 m 3/h, depending on 

the number of operating sub -  units. In case that only one sub -  unit operates (when 

the thermal load, thus the available power is low) the system production is the 

minimum (0.5 m 3/h )  and the basic flow characteristics are presented in Table 2.8, 

for seawater temperature of 20ÁC, as resulted from ROSA software: 
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Table 2.8 Water properties at every inlet and outlet of every sub -  unit component 

in low load  

Flow string  
Flow rate  

(m 3 /h)  

Pressure  

(bar)  
TDS (mg/l)  

HP pump inlet pressure (feed)  1.56  2 41309  

Membranes  inlet (feed)  1.56  51.94  42710  

Concentrate (drain)  1.06  51.04  62655  

Desalinated water  (permeate)  0.5  -  325  

 At full load operation, t he maximum feed seawater flow rate is equal to 6.6 

m 3/h and the water recovery equal to 32% (permeate to feed seawater ratio), 

which is kept constant throughout the load variation. Therefore, the maximum 

fresh water production is almost 2.1 m 3/h.  

With the help of the previously presented data and the typical configuration of 

the number of membranes in every membrane vessel (two membranes connected 

in series in each vessel) the ROSA software is used once again to dete rmine the 

basic design characteristics of the whole RO unit. The maximum inlet flow rate, 

equal to 6.6 m 3/h, results from the introduction of the specific energy consumption 

in case that an ERD is used, therefore in the current case it is more than 3~ 4 

kWh/m 3 especially if the feed pump consumption is added. Moreover, the water 

recovery has been assumed constant and equal to 32%. Consequently, the 

maximum permeate flow rate (operation at full load of all the three sub -  units) is 

equal to 2.1 m 3/h (maximum feed power from the ORC engine equal to almost 10 

kW). The water properties in this case are presented in Table 2.9:  

Table 2.9 I nlet/ outlet water properties  

Flow string  
Flow rate  

(mį/h) 

Pressure  

(bar)  

TDS  

(mg/l)  

Inlet (before the HP pump)  6.6  2 41309  

Inlet (after the HP pump)  6.6  56 .60  427 10  

Concentrate (drain)  4.5  55 .55  62697  

Permeate  2.1  -  235  

 % Recovery  32  

 

The basic characteristics of the RO unit and its operation properties are 

presented In Table 2.10 . In case that no ERD is included, the specific energy 

consumption is equal to 6.64 kWh/m 3.  
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Table 2.10  RO unit details  

Feed Flow, mį/h 6.6  

Raw Water Flow to System, mį/h 6.6  

Feed Pressure, bar  56. 60  

Fouling Factor  0.85  

Chem. Dose  None  

Total Active Area, m 2 3 x 44.03  

Water Classification  
Seawater (Open Intake) SDI < 

5 

Permeate Flow, mį/h 2.1  

Recovery, %  32  

Feed Temperature, ȌC 20  

Feed TDS, mg/l  427 10  

Number of Elements  3 x 4  

Average Flux, lmh  3 x 23.98  

Osmotic Feed Pressure, bar  29.88  

Osmotic Concentrate Pressure, 

bar  
44.74  

Osmotic Average Pressure, bar  37 .31  

Average NDP, bar  18 .85  

Power, kW  3 x 3.84  

Specific Energy, kWh/m 3 5. 46  

 

Each RO sub -  unit and membranes characteristics are presented in Table 2.1 1:  

Table 2.1 1 Flow characteristics in the membranes  

Membrane 

vessel  
Membrane  Recovery  

Permeate  

(mį/h) 

Conductivity  

(mg/l)  

Feed flow  

(mį/h) 

Seawater 

conductivity  

(mg/l)  

Seawater 

pressure  

(bar)  

1 1 0.14  0.15  165.59  1.10  42710.43  56.26  

2 0.12  0.11  248.87  0.95  49655.58  56.19  

2 1 0.06  0.09  304.23  1.67  56318.28  55.79  

2 0.05  0.08  391.37  1.57  59685.69  55.67  

It is observed that the permeate exiting the first membrane vessel has the 

lowest salinity, since the inlet pressure is the highest one. The permeate at the 

outlet of  the other membranes shows higher salinity, however within the acceptable 

limits, in such a way that the sum of the fresh water of the RO unit is potable 

(TDS<500 mg/l).  
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In Table 2.1 2, the chemical consistence (quality) of the water flows is 

presented . The product water quality occurs equal to almost 235 mg/l, which 

indicates produced fresh potable water of a good quality.  

Table 2.1 2 Chemical composition of the water flow  

Pass Streams  (mg/l as Ion)  

Name  Feed  Adjusted Feed  Concentrate  Permeate  

NH4 0.00  0.00  0.00  0.00  

K 32.01  32.01  46 .82  0. 18  

Na 12850.82  16139.39  23691 .91  65 .93  

Mg 1506.49  0.00  0.00  0.00  

Ca 383.13  0.10  0.1 5 0.00  

Sr  0.00  0.00  0.00  0.00  

Ba 0.00  0.00  0.00  0.00  

CO3 7.47  7.47  10 .17 0.00  

HCO3 129.93  129.93  187 .65  1.78  

NO3 0.00  0.00  0.00  0.00  

Cl 20404.05  20404.05  29962 .26  97 .78  

F 0.00  0.00  0.00  0.00  

SO4 5997.05  5997.05  8816 .51  5.68  

SiO2 0.20  0.20  0.2 5 0.00  

Boron  0.00  0.00  0.00  0.00  

CO2 1. 78  1. 79  2.58  1. 84  

TDS 41309  42710  62697  172  

pH 7.60  7.60  7.6 2 6.17  

 

Throughout  the load variation, the permeate flow rate can relate to the thermal 

load input at the ORC engine as presented in Figure 2.28 :  

 

Figure 2.28  Fresh water flow rate during the load variation and operation of the 

three sub -  systems  
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As expected, the desalinated water curve follows the shape of the net produced 

power curve from the ORC engine, since it has been assumed that the RO unit 

operates with constant efficiency. For operation at a load lower than 50 kW th , the 

desalinated water flow rate signifi cantly decreases, getting values lower than 1 

m 3/h. It is obvious that the RO unit should operate efficiently throughout the whole 

operation range (even at low load levels) in order to obtain a sufficient fresh water 

production throughout a day or year. Mo reover, in Figure 2.28, it is observed that 

in low load operation (up to 50 kW th ) only the first sub -  unit operates, from 50 up 

to almost 65 kW th  the two sub -  units operate and for load over than 65 kW th  all 

three sub -  units operate.  

2.3.3 Pump and ERD selection 
 The basic characteristics of the pump and the ERD are presented 

subsequently. The basic sub -  systems of a RO unit are the motor, the high -pressure 

pump and the ERD, which are connected on the same shaft. The motor converts 

the available electric  power to hydraulic power on the high -pressure pump (APP), 

which is then driven to the seawater and increases its pressure. The seawater is 

then fed to the membranes, where a part is desalinated and the rest (concentrate), 

remaining at high pressure, is dr iven to a similar but smaller piston pump in reverse 

operation (APM -  operation like a turbine), for mechanical work production. Such a 

system is presented in Figure 2.29 below. The motor can be observed in the middle, 

on the right the high -pressure pump an d on the left the piston pump in reverse 

operation. It should be noted that the motor obtains an inverter for operation 

frequency variation, thus rotational speed variation. This configuration's coupling 

is presented in Figure 2.29  and 2.3 0 [2.44] .  

 

Figur e 2.29  Coupled HP pump with motor and ERD system (APP -APM) 
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Figure 2.3 0 Motor/ HP pump/ ERD coupling  

 Since the three sub -  systems are coupled on the same shaft, they share the 

same rotational speed. The power balance is given:  

Pe +P APM =P APP  (2.16)  

where P e is the net power fed to the RO unit motor from the ORC engine (maximum 

value around 10 kW), P APM the power recovered by the ERD and P APP the total power 

given to the seawater from the HP pump.  

The specific energy consumption [kWh/m 3] is a factor of great interest, since 

it indicates the RO unit efficiency and expresses the power that should be consumed 

on the motor in order to desalinate one cubic meter of water. In large -  scale RO 

units which operate at constant conditions, the specific energy co nsumption gets 

values of around 2 to 3 kWh/m 3. However, in small -  scale systems which operate 

at variable conditions, this value increases to 4 to 5 kWh/m 3 [ 2.42 ]. It should be 

high lightened that in these values , the required power for the feed pump is al so 

included, which however is very low and usually neglected. Since the RO unit 

obtains an ERD, only a part of the required total power is covered by the ORC 

engine (around 50 %). This fact does not affect the operation point (membranes' 

pressure/ volumetr ic flow rate), however it influences the specific energy 

consumption.  

 

2.3.4 Operation at variable load 
 Until now, focus has been given to the relation of the available power with 

the fresh water production, without operation details of the pumps and mem branes 

operation. Therefore, there has been no discussion over the effect of the operation 

at partial load on the permeate salinity. Indeed, with the decrease of the available 

power, the membrane pressure decreases, as well as the seawater mass flow rate. 

This causes the increase of fresh water salinity and the decrease of the specific 

energy consumption.  

 In order to investigate the RO unit operation at partial load, the operation 

characteristic curves of the pumps, the ERD and the membranes are necessary.  

With the combination of the aforementioned variables, the operation point can be 

determined and other ways of coupling could be investigated, in order to make the 

system more flexible in the load variation and switch it on at the first available 

excess po wer.  
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 In Figure 2.3 1 the inlet seawater volumetric flow rate in relation to the 

pressure and the salinity of the permeate in presented.  

 

 
 

Figure 2.3 1 Membrane pressure and permeate salinity as a function of the seawater 

volumetric rate  

 

 As it is observed in Figure 2.3 1, the membrane pressure is related almost 

linearly with the seawater volumetric flow rate. On the contrary, the permeate 

salinity is reversely proportional of the volumetric flow rate [ 2.26]. For seawater 

volumetric flow rat e greater than 0.9 m 3/h, acceptable values of permeate salinity 

occur.  

 The high -pressure pump and ERD operation characteristic curve in partial 

load present more complexity since it depends on the volumetric efficiencies of 

each of those volumetric machin es in non -  stable conditions. These data are not 

available from the pump manufacturers. Therefore, at this point, they can only be 

approximately estimated and they will be further examined during the experimental 

investigation.  

 In a typical APP -  APM-  ERD configuration, the rotational speed of the system 

(since all three components are connected on the same shaft) and the volumetric 

flow rate of the seawater can be related, as well as the motor power consumption, 

which depends on the operation pressure [ 2.39]. These data are presented in 

Figure 2.3 2:  



CHAPTER 2 ς Simulation model development analysis 
 

117 
 

 
 

Figure 2.3 2 Seawater flow rate and power consumption for several pressure values 

as a function of the HP pump rotational speed  

 The HP pump power for several pressure values presents a linear relation 

to the rotational speed, therefore with the volumetric flow rate as well, and it 

increases with the pressure increase.  The specific energy consumption and the 

power demand in relatio n to the seawater pressure at the HP pump outlet are 

presented in Figure 2.3 3:  

 
Figure 2.3 3 Specific energy consumption and HP pump power as a function of the 

seawater pressure at the HP pump outlet (membrane inlet)  

 

 It should be noticed that in low oper ation pressure, regardless the 

volumetric flow rate the energy consumption significantly decreases as well as the 

power demand. However, under those conditions, the fresh water salinity is 

increased and, in some cases,  it might be higher than the maximum acceptable 

value (500 mg/l) as presented in Figure 2.3 1. Therefore, the HP pump operation 

optimization is related to the desired quality of the fresh water. For permeate of a 

salinity close to the acceptable limits, the  RO unit can efficiently operate and with 

low specific energy consumption (around 3.5 kWh/m 3), however if the desired 
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quality is higher and the salinity lower than 200 mg/l, the specific energy 

consumption increases to values around 4~5 kWh/m 3.  

  

2.3.5 HP pump and membranes cooperation 
 The power produced from the ORC engine is driven to the RO unit. 

Therefore, its value is pre -  determined and based on this value, the rest of the 

variables can be determined. In order to calculate the volumetric flow rate an d the 

membranes' pressure, a system of two equations and two unknown variables 

should be solved. Once these two variables are determined, the rest of variables 

can easily be determined as well.  

 The current analysis is based on the graphic method since bas ic values of 

efficiency and the characteristic curves are unknown. For a specific value of 

available power (2 and 4 kW accordingly, in Figure 2.3 4) the diagrams of Figure 

2.3 4 present the relation between the operation pressure, the volumetric flow rate 

and the power. This characteristic curve corresponds to only one of the three sub -  

units of the RO unit.  

  

 

Figure 2.3 4 Characteristic curves of membranes and HP pump for two values of 

available power on the HP pump (2 and 4 kW)  

 The membranes characteristic curve does not change with the power 

availability, as it was expected. Therefore, from the cross section of these two 

curves, the desired values occur as presented in Table 2.1 3:  

Table 2.1 3 Operation characteristics for two available power values (2 and 4 kW)  

HP pump power  (kW)  2  4  

Power input from ORC engine (kW)  ~ 2 ~ 4 

Membranes' pressure  (bar)  52  62  

Seawater volumetric flow rate (m 3/h)  1.6  2.9  

Permeate volumetric flow rate (m 3/h)  0.51  0.93  

Salinity  (mg/l)  317  180  

Specific energy consumption (kWh/m 3)  5.04  5.9  
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 According to Table 2.1 3, when the ORC engine operates at high load and 

the net power production is increased, the RO unit will operate at high membranes' 

pressure, producing desalinated water of low salinity and high quality. However, 

the specific energy consumption will be incr eased due to the high membranes' 

pressure.  

2.4 Conclusions 
 

 In the current chapter, a detailed analysis of the simulation model 

development, both for the ORC engine and the RO unit, has been presented. The 

organic fluid selection has been extensively jus tified as well as the chosen two -  

stage ORC configuration.  

 All the components of the ORC engine have then been outlined in order to 

specify their properties and conclude to a specific design that will help their 

selection in the next step.  

 The RO unit and its three sub -  units have also been carefully designed, 

based on the power available from the ORC engine that will feed this system. Both 

ORC and RO systems have been tested as per their design in partial and full load 

operation, where full load is the  barrier set as the maximum heat power input to 

the system from a low temperature heat source (equal to 100 kW th ).  

 Based on the detailed design of this chapter, the next step is the selection 

of the components that will be combined to construct the proto type of the thesis, 

which will be experimentally evaluated in order to validate or cancel the accuracy 

of the current design.  

 

  



CHAPTER 2 ς Simulation model development analysis 
 

120 
 

References:  

2.1 Kosmadakis G, Manolakos D, Kyritsis S, Papadakis G. Comparative 

thermodynamic study of refrigerants to select the best for use in the high -

temperature stage of a two stage organic Rankine cycle for RO desalination. 

Desalination 243 (1 -3), (2009), pp. 74 ï94.  

2.2 Tchanche BF, Papadakis G, Lambrinos G, Frangoudakis A. Fluid selection for a 

low temperature solar organic Rankine cycle. Appl Thermal Engin 29(11 -12), 

(2009), pp. 2468 ï 76.  

2.3 Montreal Protocol on substances that deplete the Ozone layer. Report of the 

Refrigeration, Air -Conditioning and Heat Pumps Technical Options Committee, 

2010.  

2.4 Badr O., Prober t S.D. and OôCallaghan P.W. Selecting a working fluid for a 

Rankine -cycle engine. Appl. Energy, 21(1) (1985), pp. 1 ï42.  

2.5 Morrison G. The shape of the temperature -entropy saturation boundary. Inter. 

J. Refrig., 17(7) (1994), pp. 494 ï504.  

2.6 Lemmon EW, H uber ML, McLinden MO. NIST Standard Reference Database 23: 

Reference Fluid Thermodynamic and Transport Properties -REFPROP, Version 8.0, 

National Institute of Standards and Technology, Standard Reference Data Program, 

Gaithersburg, 2007 ( http://www.nist.gov/srd/nist23.cfm ).  

2.7 Kosmadakis G, Manolakos D, Kyritsis S, Papadakis G. Design of an autonomous, 

two  stage solar organic Rankine cycle system for reverse osmosis desalination. 

Desalination and Water Trea tment, 1(1 -3), (2009), pp. 114 ï27.  

2.8 Kosmadakis G, Manolakos D, Papadakis G. Parametric theoretical study of a 

two -stage  solar organic Rankine cycle for RO desalination. Renewable Energy 

35(5), (2009), pp. 989 ï 96.  

2.9 Kane M, Larrain D, Favrat D, Allani  Y. Small hybrid solar power system. Energy 

28(14), (2003), pp. 1427 ï43.  

2.10 Delgado -Torres AM, Garc²a-Rodr²guez L. Double cascade organic Rankine 

cycle for solar -driven reverse osmosis desalination. Desalination 216(1 -3), (2007), 

pp. 306 ï13.  

2.11 Quoilin  S, Orosz M, Hemond H, Lemort V. Performance and design 

optimization of a low -cost solar organic Rankine cycle for remote power generation. 

Solar Energy 85(5), (2011), pp. 955 ï66.  

2.12 Hung TC, Shai TY, Wang SK. A review of organic Rankine cycle (ORCs) for  the 

recovery of low grade waste heat. Energy 22(7), (1997), pp. 661 ï67.  

2.13 Manolakos D, Kosmadakis G, Kyritsis S, Papadakis G. Identification of 

behavior and evaluation of performance of small scale, low - temperature Organic 

Rankine Cycle system coupled with a RO desalination unit. Energy 34(6), (2009), 

pp. 767 ï74.  

2.14 Manolakos D, Kosmadakis G, Kyritsis S, Papadakis G. On site experimental 

evaluation of a low - temperature solar organic Rankine cycle system for RO 

desalination. Solar Energy 83(5), (2009),  pp. 646 ï56.  

2.15 Quoilin S, Aumann R, Grill A, Schuster A, Lemort V, Spliethoff H. Dynamic 

modeling and optimal control strategy of waste heat recovery Organic Rankine 

Cycles. Appl Energy ,88(6), (2011), pp.2183 ï90.  

2.16 Quoilin S, Lemort V, Lebrun J. Exp erimental study and modeling of an Organic 

Rankine  

Cycle using scroll expander. Appl Energy, 87(4), (2010), pp.1260 ï68.  

2.17 Manolakos D, Papadakis G, Kyritsis S, Bouzianas K. Experimental evaluation 

of an autonomous low - temperature solar Rankine cycle sys tem for reverse osmosis 

desalination. Desalination, 203(1 -3), (2007), pp.366 ï74.  

http://www.nist.gov/srd/nist23.cfm


CHAPTER 2 ς Simulation model development analysis 
 

121 
 

2.18 Klein SA. Engineering Equation Solver (EES), Academic Professional version; 

2010.  

2.19 Pei G, Li J, Li Y, Wang D, Ji J. Construction and dynamic test of a small - scale 

organic rankine cycle. Energy 36(5), (2011), pp.3215 ï23.  

2.20 Wang XD, Zhao L, Wang JL, Zhang WZ, Zhao XZ, Wu W. Performance 

evaluation of a low - temperature solar Rankine cycle system utilizing R245fa. Solar 

Energy 84(3), (2010), pp.353 ï64.  

2.21 Lemort V, Quoilin S, Cuevas C, Lebrun J. Testing and modeling a scroll 

expander integrated into an Organic Rankine Cycle. Appl Thermal Engin, 29(14 -

15), (2009), pp.3094 ï102.  

2.22 Schuster A, Karellas S, Aumann R. Efficiency optimization potential in 

supercritical Or ganic Rankine Cycles. Energy, 35(2), (2010), pp.1033 ï39.  

2.23 Saleh B, Koglbauer G, Wendland M, Fischer J. Working fluids for low -

temperature organic Rankine cycles. Energy, 32(7), (2007), pp.1210 ï21.  

2.24 Manolakos M, Papadakis G, Mohamed Essam Sh, Kyrits is S, Bouzianas K. 

Design of an autonomous low - temperature solar Rankine cycle system for reverse 

osmosis desalination. Desalination, 183(1 -3), (2005), pp.73 ï80.  

2.25 Naunheimer H., Bertsche B., Ryborz J., Novak W. Automotive transmissions, 

Fundamentals, S election, Design and Application. Second  edition , Springer , 1994, 

2011.  

2.26  ǮŬȊȒȈǼȇȌȎ ǧ. ǥȊǼɸŰȏȋȄ ŬȏŰȕȊȌȉȌȏ ȄȈȆŬȇȌȖ ȌȍȂŬȊȆȇȌȖ ȇȖȇȈȌȏ Rankine 

ȐŬȉȄȈǾȎ ȅŮȍȉȌȇȍŬůǿŬȎ ȂȆŬ ŬűŬȈǼŰȒůȄ ȊŮȍȌȖ ȉŮ ŬȊŰǿůŰȍȌűȄ ȕůȉȒůȄ. ǧȆŭŬȇŰȌȍȆȇǾ 

ǧȆŬŰȍȆȁǾ, ũŮȒɸȌȊȆȇȕ ǲŬȊŮɸȆůŰǾȉȆȌ ǥȅȄȊȗȊ, 2006.  

2.27 Schuster A, Karellas S, Kakaras E, Spliethoff H. Energetic and economic 

investigation of Organic Rankine Cycle applications. Appl Thermal Engin, 29(8 -9), 

(2009), pp. 1809 ï17.  

2.28 Zanelli R, Favrat D. Experimental Investigation of a Hermetic Scroll Expander -

Generator. In: Proceedings of the International Compressor Engineering 

Conference at Purdue, USA, 1994, pp. 459 ï64.  

2.29 Kane M, Larrain D, Favrat Dm Allani Y. Small hybrid solar power system. 

Energy 28(14), (2003), pp. 1427 ï43.  

2.30 Guangbin L, Yuanyang Z, Yunxia L, Liansheng L. Simulation of the dynamic 

processes in a scroll expander ïgenerator used for small - scale organic Rankine cycle 

system. Proc Inst Mech Engrs, Part A, J Power Energy, 225(1), (2011), pp. 141 ï

49.  

2.31 Musbaudeen O .B. Modeling and performance evaluation of an Organic Rankine 

Cycle (ORC) with R245fa as working fluid. A thesis submitted to the board of 

Campus graduate programs of middle east technical university, Northern Cyprus 

Campus, May 2012.  

2.32 Lemort V, Declay e S, Quoilin, S. Experimental characterization of a hermetic 

scroll expander for use in a micro -scale Rankine cycle.  Proc of Instit of Mech 

Eng, Part A: J Power Energy;226(1), (2012), pp. 126 ï36.  

2.33 Hettiarachchi HDM, Golubovic M, Worek WM, Ikegami Y. Optimum design 

criteria for an Organic Rankine cycle using low - temperature geothermal heat 

sources. Energy, 32(9), (2007), pp. 1698 ï706.  

2.34 Guo T, Wang HX, Zhang SJ. Fluids and parameters optimization for a novel 

cogeneration system driven by low - tempera ture geothermal sources. Energy, 

36(5), (2011), pp. 2639 ï49.  

2.35 Nakaoka T, Uehara H. Performance test of a shell -and -plate - type condenser 

for OTEC. Exp Thermal Fluid Sci, 1(3), (1988), pp. 275 ï81.  

2.36 Nakaoka T, Uehara H. Performance test of a shell -and -plate - type evaporator 

for OTEC. Exp Thermal Fluid Sci, 1(3), (1988), pp. 283 ï91.  



CHAPTER 2 ς Simulation model development analysis 
 

122 
 

2.37 Roy JP, Mishra MK, Misra A. Performance analysis of an Organic Rankine Cycle 

with superheating under different heat source temperature conditions. Appl Energy, 

88(9), (2 011), pp. 2995 ï3004.  

2.38 Delgado -Torres AM, Garc²a-Rodr²guez L. Analysis and optimization of the low-

temperature solar organic Rankine cycle (ORC). Energy Convers Management, 

51(12), (2010), pp. 2846 ï56.  

2.39 Valbjorn A. ERD for small SWRO plants. Desalin ation, 248, (2009), pp. 636 -  

641.  

2.40 http://www.temak.gr/site/   

2.41  http://www.dow.com/en -us/water -and -process -solutions/resources/design -

software/rosa -software  

2.42  Mohamed ES, Papadakis G, Mathioulakis E, Belessiotis V. The effect of 

hydraulic energy recovery in a small sea water reverse osmosis desalination 

system; experimental and economical evaluation . Desalination, 184(1 ï3), (2005), 

pp. 241 ï6.  

2.43 Kosmadakis G, Manolakos D, Papadakis G. An investigation of design concepts 

and control strategies of a double -stage expansion solar organic Rankine cycle . 

International Journal of Sustainable Energy , 34 (7) , (2015 ), pp.446 -  467  

2.44 http://files.danfoss.com/documents/521B0889_DKCFN.PD.010.GA2.02_Sea

%20Water%20Pump%20with% 20Energy%20Recovery%20SWPE_GB.pdf   

 

 

http://www.temak.gr/site/
http://www.dow.com/en-us/water-and-process-solutions/resources/design-software/rosa-software
http://www.dow.com/en-us/water-and-process-solutions/resources/design-software/rosa-software
http://files.danfoss.com/documents/521B0889_DKCFN.PD.010.GA2.02_Sea%20Water%20Pump%20with%20Energy%20Recovery%20SWPE_GB.pdf
http://files.danfoss.com/documents/521B0889_DKCFN.PD.010.GA2.02_Sea%20Water%20Pump%20with%20Energy%20Recovery%20SWPE_GB.pdf


 

123 
 

/I!t¢9w о ς tǊƻǘƻǘȅǇŜ ŘŜǎƛƎƴ ŀƴŘ ŎƻƴǎǘǊǳŎǘƛƻƴ 
 

3.1 Introduction 
 In Chapter 3, the design and construction of the integrated system that is 

installed and tested in the laboratory is being presented. The appropriate 

measurement instrumentation as well as the locations of measurement on the 

system are determined. The heat source cycle with  the electric heater and MEG as 

working fluid and the ORC engine design and component selection are subsequently 

presented. A special paragraph is devoted to the construction of the scroll 

expanders, since they are the most important components of the ORC engine. They 

are commercial scroll compressors which have been modified in order to be used 

in reverse operation. Then the RO unit of a capacity of 2.1 m 3/d of seawater 

desalination is presented as it has been assembled and installed in the laboratory. 

Finally, the step -by -step construction and installation of the integrated system in 

the laboratory is presented.   

3.2 The integrated system and measurement instrumentation 
 The installation of the integrated system at the laboratory is hereby 

presented, base d on the design analysis presented in Chapter 2. In Figure 3.1, a 

schematic diagram of the ORC engine connected to the heat source is presented. 

In the same diagram, the appropriate instrumentation that will be used in the 

experimental evaluation of the sy stem is being shown [3.1 -  3.3].  

 

Figure 3.1 ORC engine and heat source cycle diagram with appropriate 

instrumentation  



CHAPTER 3 ς Prototype design and construction 
 

124 
 

3.2.1 Measurement locations 
 The measurement points have been selected in order to systematically 

measure the characteristic operation values, necessary for the system evaluation. 

The measurement instrumentation of the ORC engine as well as their measurement 

range is presented in Tabl e 3.1;  

Table 3.1 ORC engine instrumentation, location and measurement range  

Temperature sensor  Pt 100  
Measurement 

range  

Accuracy  (%)  

1 After the pump  0-80 oC Ñ0.05  

2 After the evaporator  0-200  oC Ñ0.05  

3 
Between the scroll 

expanders  
0-200  oC 

Ñ0.05  

4 After the second expander  0-150  oC Ñ0.05  

5 After the condenser  0-80 oC Ñ0.05  

Pressure sensors    

1 After the pump  0-35 bar  Ñ1.6  

2 After the evaporator  0-35 bar  Ñ1.6  

3 
Between the scroll 

expanders  
0-35 bar  

Ñ1.6  

4 After the second expander  0-35 bar  Ñ1.6  

5 After the condenser  0-35 bar  Ñ1.6  

 

On the heat source side only two Pt100 thermometer sensors are being used 

in order to measure the working fluid temperature at the inlet and the outlet of the 

electric heater.  

    Resistance thermometers (also called resistance temperature detectors -  RTDs) 

are sensors used to measure temperature by correlating the resistance of the RTD 

element with temperature. Most RTD elements consist of a length of fine coiled 

wire wrapped ar ound a ceramic or glass core. The element is usually quite fragile, 

so it is often placed inside a sheathed probe to protect it. The RTD element is made 

of a pure material, typically platinum, nickel or copper. The material has a 

predictable change in resi stance as the temperature changes and it is this 

predictable change that is used to determine temperature.  They are slowly 

replacing the use of thermocouples in many industrial applications below 600 ÁC, 

due to higher accuracy and repeatability. By far the  most common devices used in 

industry have a nominal resistance of 100 ohms at 0 ÁC and are called Pt100 

sensors ('Pt' is the symbol for platinum, 100 for the resistance in ohm at 0 ÁC.). 

Furthermore, platinum resistance thermometers (PRTs) offer excellent  accuracy 

over a wide temperature range (from ï200 to +850 ÁC). Standard sensors are 

available from many manufacturers with various accuracy specifications and 

numerous packaging options to suit most applications. Unlike thermocouples, it is 

not necessary to use special cables to connect to the sensor. The principle of 

operation is to measure the resistance of a platinum element. The relationship 

between temperature and resistance is approximately linear over a small 

temperature range [3.5].  

 

 In Figure 3.2 , a schematic diagram of the RO desalination unit with the three 

identical sub -  units is presented;  
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Figure 3.2 RO desalination unit with three identical sub -  units  

In Table 3.2 the measurement instrumentation of each sub -  unit is 

presented. Each sub -  unit is separately tested in order to evaluate the efficient 

operation of each one and of the RO desalination unit as a whole [3.4].  

Table 3.2 RO sub -unit instrumentation and location and measurement range  

Temperature thermometers  
Measurement 

range  

Accuracy 

( %) 

1 After the membranes  0-60 oC Ñ0.15 

Pressure gauges    

1 After the feed pump and before the filters  0-10 bar  Ñ0.1 

2 Between the two filters  0-10 bar  Ñ0.1 

3 
After the filters and before the high -

pressure pump  
0-10 bar  

 

4 
After the high -pressure pump and before 

the membranes  
0-100 bar  

Ñ1.0 

5 At the brineôs membranes outlet 0-100 bar  Ñ1.0 

Pressure switches    

1 

Low -  pressure switch after the filters and 

before the high -pressure pump (protects 

the high -pressure pump from no water 

operation)  

2 bar  

Җ ҕмΦл ҈ ƻŦ 

ǎǇŀƴ ҕ м 

digit 

2 

High -pressure switch after the high -

pressure pump and before the membranes 

(protects the membranes and membrane 

vessels under high pressure)  

70 bar  

Җ ҕмΦл ҈ ƻŦ 

ǎǇŀƴ ҕ м 

digit 

Water flow rate (mechanical flow meter)    



CHAPTER 3 ς Prototype design and construction 
 

126 
 

1 
At the membranesô outlet on the fresh water 

side (on each sub -  unit)  
0.1 ï 1 m 3/h  

Ñ0.05 

2 At membranesô outlet on the brineôs side 
0.25 ï 2.5 

m 3/h  

Ñ0.125 

Water conductivity    

1 
At the membranesô outlet on the fresh water 

side (digital indication)  
0-2000 mS/cm  

Ñ2 

 

High pressure pump rotational speed is monitored at each sub -  unit by a 

frequency inverter, while current and voltage of the motors are also measured in 

order to calculate their power consumption.  

3.3 The Organic Rankine Cycle Engine and the heat source cycle 

3.3.1 The heat source cycle 
 The heat source cycle simulates any heat source of low/ medium 

temperature (up to 120~ 130ÁC) with thermal load variation and maximum 

capacity 100 kW th  (e.i. renewable energy sources). In the laboratory, the heat cycle 

consists of an electric heater and a circulation pump.  

 The electric heater provides heat to a working fluid (in current application 

monoethylene glycol -  MEG, see chapter 2) by increasing its temperature up to 130 

ÁC and this heat is then provided to the organic fluid of the ORC engine through 

the evaporator. The electric heater selected for the current application is 

commercially available from the company CIAT [3.6], its maximum operation  

pressure is 6 bar and it is presented in Figure 3.3:  

   
Figure 3.3 The electric heater of the heat cycle  

The circulation pump provides the heat transfer fluid with the necessary 

hydraulic power. The maximum power of this pump is around 0.3 kW (see Chapt er 

2). The circulation pump operates in constant speed. The MEG operating conditions 

are shown below:  

Mass flow rate (kg/s): s/kg2m0 c ¢¢#  

Cold string temperature ( oC): CT o

in 12030 ¢¢  

Hot string temperature ( oC): CT o

out 15040 ¢¢  
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Viscosity (kg/m/s): smkggl //0119.000098.0 ¢¢m  

 Especially in low operation temperature, there might be some difficulty in 

the pump's start due to low viscosity which leads to higher friction and pump's 

power consumption. Therefore, this fact should be taken u nder consideration 

during the pump's selection. Another characteristic of the feed pump is the high 

maximum temperature, which dictates the use of stainless steel and special 

materials for the pump shaft sealing with tolerance to such temperatures. This 

leads to a cost increase. Moreover, the presence of glycol affects the performance 

of a pump; it reduces the flow, decreases the head capability, and increases the 

horsepower requirements. Therefore, the simple centrifugal pumps used in water 

applications ar e not suitable, since their guaranteed temperature limits vary 

between 80 and 90 ÁC. The use of a gear pump on the other hand is suitable, 

however with some cost increase, since these pumps are destined for special 

applications (industrial applications). F or the heat source cycle, an industrial 

centrifugal pump that can circulate fluid of high temperature, commercially 

available by Packo company has been selected. Its type is ICP2. These pumps are 

sufficiently robust and can circulate high temperature fluid s, as well as light 

chemical fluids like MEG. It should be noted that this kind of pumps are also 

commercially available by Salmson company, however Packo has been preferred, 

since the cost is almost half the one of Salmson, with similar tolerance and 

reli ability. In Figure 3.4, the selected circulation pump for the heat cycle is 

presented.  

  

Figure 3.4 Centrifugal circulation pump of the heat cycle, Packo company, ICP2  

  

The technical characteristics of the selected circulation pump of the heat cycle and 

its motor are presented in Table 3.3:  
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Table 3.3 Circulation pump and motor characteristics, Packo ICP2/32 -125/112 

(O-05)  

Pump ' s general  features  

Company  Packo  

Type  ICP2  

Series  ICP2/32 -125/112(O -05)  

Maximum volumetric flow rate 

(@2900 rpm)  
7 m 3/h  

Maximum operation temperature  130 oC 

Pump shell  Stainless steel  316L  

Elastomers  Viton  

Impeller  Stainless steel  316L  

Sealing  Mechanical ring SHJ SIC/SIC/VITON  

Nozzles dimensions  
Nozzle  DN50 X DN32 Flanges loose, EN1092 -

1/02  

Maximum power demand  ~0.7 kW  

Motor's general features  

Type  3-phase b ipolar  electric motor  

Power capacity/ frequency/ 

rotational speed  
1.1 kW/50 Hz/2900 rpm  

Electric voltage  380 V  

 

 Finally, on the heat source cycle, an open - type expansion tank is necessary 

for handling the temperature difference of MEG during operation. The basic 

selection parameters of the expansion tank are the maximum pressure in the cycle 

(equal to almost 2 bar) and the total volume which is related to the operating 

conditions variation and the total volume of the heat transfer fluid. The selected 

expansion tank is open -  type (since the maximum pressure is low and the cost is 

lower than the closed type) and it is placed above the ORC engine metallic frame 

structure. It is shown in Figure 3.5:  
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Figure 3.5 The heat source cycle expansion vessel  

  A schematic presentation of the heat cycle is presented on the left of Figure 

3.6 and the constructed heat cycle (as it w as installed in the laboratory) on the 

right of Figure 3.6:  

            

Figure 3.6 The heat source cycle  
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3.3.2 The Organic Rankine Engine 

 3.3.2.1 Organic fluid pump 

 The first element of the ORC engine that will be selected is the organic fluid 

pump.  This pump is intended to circulate the organic fluid in the engine. According 

to the analysis of Chapter 2, the maximum pressure of the organic fluid in the cycle 

is almost 20 bar and the maximum temperature of the fluid at the inlet and outlet 

of the pum p is low and does not exceed 40 to 45 ÁC (depending on the condensation 

temperature). The maximum mass flow rate of the organic fluid (R245fa) at full 

load operation is 0.42 kg/s and the corresponding volumetric flow rate is around 

1.16 m 3/h (~19.3 l/min).  The maximum power consumption is around 0.7 kW, 

which certainly depends on the motor features (efficiency assumed equal to 92%) 

and the inverter. With the maximum volumetric flow rate known, the swept volume 

and the rotational speed can be related as disc ussed in Chapter 2, as follows:  

ά ,             (3.1)  

where c is related to the swept volume [cm 3]. The ORC engine pump selected is a 

diaphragm pump [3.1, 3.6 -  3.8] which ensures the sealing of this volumetric 

machine in order to eliminate organic fluid leakage. Moreover, these pumps operate 

at high pressure and low mass flow rate, which are the condi tions of the current 

application.  

Some companies constructing high quality piston -  diaphragm pumps are 

Doseuro, Wanner, McFarland -  Tritan and Garco. In most cases, a gear unit is also 

used in order to obtain the desired mass flow rate of the organic fluid  within the 

technical features of the pump, since these pumps operate in low rotational speed 

(600 -  1000 rpm) and within a small range. The company that was finally selected 

is Wanner and more specifically the type "Hydra Cell" which present high efficienc y 

and low maintenance necessity. For the selection of the current type, the diagram 

of Figure 3.7 which is provided by the manufacturer, is useful. As mentioned before, 

the maximum volumetric flow rate is around 20 l/min and the maximum discharge 

pressure is around 20 bar (maximum inlet pressure almost 2.5 bar which depends 

on the pressure/ temperature of condensation).  

 
Figure 3.7 Piston -  diaphragm pump selection map  

 

It is observed that the pump type that satisfies the whole operation range 

of the application here is "G -10", while "G -12" could also be used, since the only 

difference is that the second is appropriate for vertical operation.  
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This pump has maximum volumetric flow rate equal to almost 30 l/min,  a 

value which is higher than the calculated one. The minimum volumetric flow rate 

in which it can operate is around 2 to 3 l/min, as presented in Figure 3.8 where the 

operation range of this specific pump is given in more detail (200 -  1000 rpm). 

Moreover,  these pumps operate in low pressures. For example, the metallic head 

from stainless steel 316 has a maximum discharge pressure limit at 70 bar, while 

the maximum suction pressure is 17 bar, which are greater than the expected 

values in the current system.  

 
Figure 3.8 Piston -  diaphragm pump G -10 operation range, Wanner 

company  

 

 The net weight of the selected pump is around 22 kg, while the 

maximum motor power (which operates the pump) is equal to 2.2 kW at 960 rpm 

(50 Hz).  

Some design features of the pump with metallic head are presented in 

Figure 3.9 below. The numbers in parenthesis correspond to dimensions in [mm], 

and it derives that the maximum pump dimensions are almost 30x20 cm.  
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Figure 3.9 Design features of the or ganic fluid pump Wanner G -10  

 

 Moreover, this pump has a maximum temperature limit at 121 ÁC, 

which is significantly high, and minimum at -10 ÁC, while the rotational speed is 

not kept constant in order to maximize the produced power at every moment, as 

it  has been presented in the analysis of Chapter 2. A frequency inverter controls 

the rotational speed. The motor of the pump is placed on the same shaft with the 

pump through a flexible coaxial coupler and it is aligned on a heavy -duty steel 

base, according  to the common practice. Moreover, a cooling fan coaxially 

connected to the motor and electrically independent (3 -phase), which rotates with 

constant rotational speed is used, in order to ensure the adequate motor's cooling 

especially when its rotational s peed is very low (low frequency).  

The selected pump is shown in Figure 3.10, where on the left the 

(polypropylene) pump is observed with and without the (brass) metallic head, and 

on the right the installed pump in the laboratory is presented.   

 

 

Figure 3.10 The organic fluid pump selected (without and with the metallic head) 

and installed in the laboratory  

 The detailed features of the selected pump are presented in Table 3.4:  
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Table 3.4 Technical features of the organic fluid pump Wanner G -10  

General features of the piston -  diaphragm pump  

Company  Wanner  

Type  Hydra -cell  

Series  G10XKBTHFEHB  

Maximum volumetric flow rate 

(@1450 rpm)  
29 l/min  

Metallic head  Brass  

Diaphragms  Buna -N-XS 

Valves  Stainless steel  316  

Valve seat  Stainless steel  316  

Valve spring  Elgiloy  

Springs  Elgiloy  

Pump body  Aluminum  

Lubricant  10W30  

 

 3.3.2.2 Heat exchangers 

 The heat exchangers used for the heat transfer from and to the organic fluid 

are counter -  flow plate heat exchanger [3.3, 3.6]. These heat exchangers are  

compact with good efficiency, low cold/ hot temperature difference, they can 

operate at high pressures (up to 35 -  40 bar) and they are commercially available 

especially for low thermal power (from few kW th  up to few MW th ) with low cost. As 

presented in th e analysis of Chapter 2, the capacity of the evaporator is 100 kW th . 

On its hot side, MEG is circulated while the minimum temperature difference to the 

organic fluid (pinch point) is 10 K. Some manufacturers of high -quality plate heat 

exchangers are Alfa L aval, CIAT and Danfoss. All three companies have products 

of high efficiency and tolerance in high pressures, while offering a wide range of 

heat exchangers according to their heat capacity (low to medium and high 

capacity). In the current system, the evap orator selected is a CIAT product. Such 

a heat exchanger is presented in Figure 3.11 where the inlet and outlet piping is 

observed.  
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Figure 3.11 Counter -  slow plate heat exchanger, CIAT  

 As observed in Figure 3.11, on the up and left side and low right s ide the 

organic fluid inlet and outlet are observed, when on the up and right and low and 

left side the MEG inlet and outlet are shown (counter -  flow).  

 In Figure 3.12, the inner part of this heat exchanger is shown where the 

plates and the heat exchanging  area between the two flows are shown, as well as 

the way they are placed. On the connection points brazing has been placed in order 

to avoid the high -pressure losses and the possible mixture of the two flows.  

 
Figure 3.12 Heat exchanger's plates  

 

 Usua l dimensions of such a heat exchanger of a capacity of 100 kW th  are: 

height around 0.5 m and width around 0.25 m. The number of plates of the current 

heat exchanger is 70 plates and the data sheet as well as the drawing of the heat 

exchanger are presented in Figure 3.13:  
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Figure 3.13 Data sheet of the used heat exchanger, CIAT  

As presented in Figure 3.13, the heat exchanger that has been used is of 

type EXL 1470, with 70 plates in total, plate dimensions 206 x 265 x 528 mm, total 

heat exchange area 8.8 m 2 and heat capacity 100 kW th. The exact same heat 

exchanger has been used on the condensation part of the ORC engine where the 

two flows are the organic fluid on the hot side and water from the laboratory tank 

on the cold side. The two heat exchangers are shown in Figure 3.14:  
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Figure 3.14 Counter -  flow heat exchangers (evaporator -  condenser) 

installed on the ORC engine  

 For the condensation, the water from the laboratory water tank must 

circulate on the cold side of the condenser in order to reduce the organic fluid 

temperature at the expander's outlet and before the pump's inlet. Therefore, a 

small pump is used for the water circulation. This pump was also available from the 

previous project [3.5]. It is a single stage centrifugal pump of DAB company, m odel 

18/500T, presented in Figure 3.15:  

 

Figure 3.15 Centrifugal pump K 18/500 T, DAB company  
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Its operation features at the typical operating point are:  

Total head: 27 m  

Mass flow rate: 20 m 3/h  

In Table 3.5, the electrical and dimensional features of this  pump are presented:  

 

Table 3.5 Electrical and dimensional features of K18/500T, DAB pump  

Model  Voltage at 50Hz  Maximum power  Nominal power  Current  

K18/500T  3x230 -  400 V AC  3.4 kW  3 kW  10.2 -  5.9 A  

K18/500T  

A B C 

440  240  62  
 

E G ūǫ 

100  155  14  
 

H H1 DNA 

312  132  21/2 "G 
 

DNM Weight  

2"  35.6kg  
 

 
 

 3.3.2.3 Organic fluid receiver vessel and filter 

 The receiver vessel of the HFC -  R245fa is placed before the pump on the 

ORC engine in order to ensure the smooth operation of the pump, since the organic 

fluid will always be available and ready on the suction line. The most important 

design parameters are :  

¶ Maximum operation pressure which is equal to the maximum organic fluid 

pressure in the cycle (20 bar)  

¶ Vessel volume, which depends on the operation point variations and with 

the sub -  cooling of the organic fluid at the pump inlet, since the initial filli ng 

of the cycle with HFC -  R245fa has a direct effect on the sub -  cooling and 

the operation of the system in general.  

The organic fluid filter is placed after the receiver vessel and before the pump, 

in order to protect the pump and the rest of the ORC components from possible 

dirt, which has entered the organic fluid or oil excess.  

The receiver vessel used in the current system is presented in Figure 3.16:  
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Figure 3.16 Receiver vessel and filter of the organic fluid  

3.4 Scroll expanders  

 3.4.1 Selection 
The expander holds a vital role in the overall system performance since it is 

a core component of the ORC engine. There are two main types of expanders 

usually applied in ORC technology: the velocity type, such as axial turbines and 

radial - flow tur bines and the positive displacement type, such as scroll expanders, 

screw expanders, piston expanders and rotary vane expanders. Turbine expanders 

are mostly used in relatively large -scale systems with an output power above 50 

kW. Some experimental and mod eling researches have recently employed turbine 

expanders in small - scale ORC systems, however, turbine expanders are not 

suitable for small - scale units, mainly because their rotational speed increases 

exponentially with the decrease of turbine output power . Moreover, a small - scale 

turbine expander is expensive and not commercially viable. Recent research has 

resulted in that the positive displacement expanders are more suitable for small -

scale units. Scroll machines have been widely used in the fields of ai r conditioning 

and refrigeration. The scroll machine technology has become more matured in the 

residential and commercial markets ever since the continuous development and 

improvements of manufacturing technologies. The majority of scroll expanders 

integra ted in low -grade energy utilization systems are modified from scroll 

compressors. Some commercial and in -house designed scroll expanders have also 

been manufactured, however, great performance differences have resulted 

between practical applications and th eoretical researches, because of several loss 

factors such as under -  and over -expansion, friction losses, internal leakage, supply 

pressure drop and heat transfer. Several types of commercial scroll machines can 

be modified into expanders which can be inte grated into ORC systems for low grade 

heat recovery, such as hermetic refrigeration scroll compressor, automotive air -

conditioning compressor and open drive scroll air compressor as shown in Figure 

3.17, [3.6].  
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Figure 3.17 Types of scroll compressors: (a ) hermetic refrigeration compressor, 

(b) open -  drive automotive A/C compressor, (c) Semi -  hermetic automotive A/C 

compressor and (d) air compressor [3.6]  

In the current application, a hermetic refrigeration compressor has been 

selected to be modified to a hermetic scroll expander, as the compressor and the 

motor are a single compact and portable unit that can easily be handled. No 

coupling, belt and pulley arrangement is involved thus the maintenance is lesser. 

The lubrication system is inherent and no exte rnal lubrication is required, while the 

suction and discharge connections and the electrical connections are available 

externally. Finally, hermetically sealed compressors have very long life and the 

manufacturers offer warranty period of up to seven years  for these compressors.  

The general characteristics and requirements of the two expanders of the 

ORC engine have been presented in the optimization analysis of Chapter 2. Their 

most important feature is that since they operate in a pressure ratio equal to 3 the 

inner pressure ratio is almost 3 and due to the great rotational speed variation, 

there is a limit concerning the swept volume of these expanders.  

 During the optimization analysis of Chapter 2, the swept volumes of the two 

expanders and their effec t on the rotational speed have been examined. The result 

was that the swept volume of the first expander varies between 120 -  240 cm 3 and 

of the second expander 240 -  360 cm 3 (where an even smaller expander could be 

used in order to decrease the cost, operating at the maximum load close to the 

permitted limit of its rotational speed). However, it is favorable to use a larger 

expander in lower rotational speed in order to avoid  a mechanical efficiency 

decrease due to increased friction losses. It should also be noted that the maximum 

power production of each expander is almost 6 kW, in order to produce almost 12 

kW from both expanders at full load operation (net power production  equal to 9 

kW).  

 The expanders that will be used in the current system are market available 

scroll compressors in reverse operation. Some reliable and highly efficient scroll 

compressors are manufactured by the companies Sanden, Copeland and Hitachi. 

In previous research studies [3.11, 3.12] a hermetic scroll expander of the 

Copeland company has been used, while in more previous studies [3.1 -  3.3., 3.8] 

an open -  type expander of the company Sanden has been used, where its mediocre 

efficiency due to the la ck of an efficient lubrication system has been observed. 

Moreover, the scroll compressors of the companies Sander and Hitachi are intended 

especially for smaller range applications, since the larger compressors they obtain, 

have a swept volume of 120 cm 3, a limit significantly low for the current application 

(the second expander has almost double swept volume than the first one, in order 

to manage the large volumetric flow rate caused by the lower temperatures at its 

inlet).  
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 With the use of a special selection software (Product Selection Software), 

provided by Copeland (redeemed by Emerson Climate Technologies), the adequate 

scroll compressors for the current application are being selected. In Figure 3.18 the 

home page of the aforementioned software th at has been used is presented:  

 

Figure 3.18 Product (scroll compressors) selection software home page  

 

 In Figure 3.19, the selection process of the adequate scroll expander 

(compressor) for the two stages of the ORC engine is shown. This selection is bas ed 

on the data that have been previously calculated, while the scroll compressors 

operation knowledge is necessary, since the available data concern these 

volumetric machines. The data input are the basic design data, like operation 

temperatures, the selec ted organic fluid, sub -  cooling and superheating 

temperatures etc. From the expanders available, the one that satisfies all the 

criteria related to the power (maximum almost 6 kW), to the maximum volumetric 

flow rate (in m 3/h) and the swept volume related to the rotational speed can be 

selected.  
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Figure 3.19 Data input and scroll expanders (compressors) selection  

 

 With the use of this software, the two scroll compressors are selected, taking 

under consideration all the technical parameters presented in previous analysis. 

The selected scroll compressors are presented in Tables 3.6 and 3.7. They are used 

in applications related to heat pumps, while they include a self - lubrication system 

in order to minimize friction losses (leading to volumetric efficiency  increase with 

simultaneous increase of the mechanical efficiency due to friction losses decrease 

[3.11]). Another advantage of the scroll compressors is that they include in one 

unit the motor and generator which operate efficiently and there is no need o f any 

added component. Additionally, any organic fluid leakage is eliminated and their 

cost is relatively small.  
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Table 3. 6 First expander's specifications  

General features  

Company  Copeland  

 

Type  Scroll  

Series  ZR125KCE -TFD 

Swept volume  167.15 cm 3/rev  

Maximum volumetric flow rate (@2900 

rpm)  
29.08 m 3/h  

Maximum pressure  32 bar  

Net weight  61.23 kg  

Inner volume ratio  ~3  

Electrical features  

Maximum electric current  19.6 ǥ  

Operation frequency  50 -60 Hz   

Phases  3  

Voltage  380 -460 V   

Maximum electric power  9.02 kW   

Efficiency  

Maximum isentropic efficiency 

(compressor operation with R -  134a)  
70.9%   

Power at the nominal pressure ratio  6.15 kW   
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Table 3. 7 Second expander's specifications  

General features  

Company  Copeland  

 

Type  Scroll  

Series  ZR190KCE -TFD 

Swept volume  249.16 cm 3/rev  

Maximum volumetric flow rate (@2900 

rpm)  
43.35 m 3/h  

Maximum pressure  32 bar  

Net weight  66.22 kg  

Inner volume ratio  ~3  

Electrical features  

Maximum electric current  34 ǥ  

Operation frequency  50 -60 Hz   

Phases  3  

Voltage  380 -460 V   

Maximum electric power  15.64 kW   

Efficiency  

Maximum isentropic efficiency 

(compressor operation with R -  134a)  
69.2%   

Power at the nominal pressure ratio  9.2 kW   

  

In Figure 3.20, the scroll compressor design is shown, where the inlets/ outlets of 

the organic fluid and the necessary oil for the lubrication of the expander, are 

observed. In Figure 3.21, the design of the second compressor is presented.   
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Figure 3.20  First expander's detailed drawing  

 

Figure 3.21 Second compressorôs detailed design 

 It is observed that the external dimensions of the two expanders are 

identical. This is the reason that their weight is similar, even though the second 

expander includes a larger scroll geometry and motor/ generator.  
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The efficiency data which are given by the manufacturer correspond to the scroll 

compressors and are not valid when they operate reversely (as expanders). 

Therefore, during the experimental investigation (Chap ter 5) their operation will be 

examined in detail in several operating conditions. For completeness, the efficiency 

data of these expanders in compression mode (normal operation) as provided by 

Copeland are given in Figures 3.22 and 3.23 for several inlet and outlet conditions.  

 

Figure 3.22 Efficiency data of the first compressor in several conditions  

 



CHAPTER 3 ς Prototype design and construction 
 

146 
 

 

Figure 3.23 Efficiency data of the second compressor in several conditions  

 It should be noted that the use of electric brake is not necessary for the 

com pressors' electric features determination, since they include asynchronous 

induction generator. The consideration of the use of a frequency inverter however 

is necessary for the regulation of the expanders' rotational speed. The compressorsô 

rotational spe ed can be calculated through their frequency (in Hz converted to 
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rpm). However, as it will be presented later, electric brakes have been used for 

both expanders.  

3.4.2 Compressor conversion 
 As previously mentioned, the most important component of the ORC engine 

is the scroll expander. The conversion includes several processes which mostly 

concern the modification of the scroll compressors to scroll expanders. The internal 

side of such a compressor is presented in Figure 3.24:  

 

Figure 3.24 Internal part of  a scroll compressor, Copeland company, series ZR  

 The basic steps of the modification are described below. It should be noted 

that a similar process took place for both expanders, by installing different 

connection components (flanges) since the inlet and  outlet pressures are 

significantly different. The modification steps are:  

1.  Perimetric cutting of the upper part of the inlet chamber (lower than the 

organic fluid inlet, but higher than the steady scroll geometry), in order to 

get access to the internal pa rt of the compressor, since they are hermetically 

sealed in metallic cage, in order to avoid refrigerant leakage. The cut of the 

upper part of the compressor is shown in Figure 3.25, while in Figure 3.26 

the compressor's internal part is observed:   
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Figure 3.25 Cutting and removal of the scroll compressor's upper part  

 

 
Figure 3.26 Scroll compressor's internal part  
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2.  Flanges installation for connecting the compressorôs head, which are 

dimensioned depending on the expected pressure range of the organic fluid 

(especially the maximum pressure) in order to avoid their failure and fluid 

leakage and to ensure the smooth expanderôs operation. At the first 

expander's inlet, the maximum pressure is around 20 bar and at the second 

10 bar (second expander operates only in low load). In this way, the 

expander can open easily and quickly for inspection and maintenance 

purposes, offering flexibility. The flanges placement is presented in Figure 

3.27:  

 

     

 
Figure 3.27 flanges placement at both expanders  

 

3.  Check valves and non - return valves removal from the inner part of the scroll 

compressor, which ensure the operation of this component as a compressor. 

With the removal of these valves the operation as an expander is released. 

Such a check valve is placed at the compressor's outlet (expander's inlet in 

reverse operation) at the upper part of the steady scroll (middle picture in 

Figure 3.25).  

4.  Concerning the lubrication system, there is no need to interfere. The specific 

expander has two bearings on its shaft. O ne of them is placed inside the oil 

tank and is constantly lubricated, while the second one is placed directly 

under the moving and the steady scroll (right over the asynchronous 

generator/ motor). Its lubrication is feasible even in reverse operation as a n 

expander, since the shaft of the expander has an eccentric helical 

configuration  internally and during its rotation the centrifugal forces pump 

the lubricant oil up at the second bearing (acting like a centrifugal pump), 

as shown in Figure 3.28. The scro ll elements are lubricated and ensure the 
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decrease of leakages, since the organic fluid contains a small portion of oil 

(around 1%), which also ameliorates the heat exchange in the evaporator.  

 

Figure 3.28 Shaft which operates as a centrifugal pump, lubricating the two 

bearings [3.12]  

5.  The initial scroll compressor includes an induction motor which can be used 

in reverse operation like an induction generator [3.13].  

6.  For securing  the sealing and isolation of the two vessels of low and high 

pressure insi de the expander (before and after the scrolls), no spring has 

been placed which allows the escape of the organic fluid during the initial 

operation as a  common practice [ 3.1 2, 3.1 3]. This method is followed in 

order to avoid the superheating of the generat or during the starting. On the 

contrary, a thread is placed which can be controlled even from the outside 

of the expander's cage with the tightening of a screw. This monitored way 

of control and isolation of the two areas is better than the use of a spring , 

since it offers better reliability and it is expected to stay indestructible  for a 

long time operation of the expander. During the starting of operation, where 

the pressure difference is significantly low, the most organic fluid escapes 

without producing  any power. For the initiating of the power production, the 

piston chamber pressurization is necessary, which is realized through a 

small hole (of a diameter of 3 mm), which connects the two areas and has 

been opened during the expander's modification, as presented in Figure 

3.29. In Figure 3.30 the aforementioned process and the thread in one of 

the two modified expanders is observed:  

 
Figure 3.29 Middle piston chamber for pressure counterbalance (left) and 

small hole (right) [3.12]  

 












































































































































































































































































































































