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ABSTRACT 

With the recent turn of events globally, there has been an increasing awareness to drive the earth through 

sustainable energy means with renewable resources. The use of conventional fossil fuel used for centuries 

not only has adverse effects but are also fast depleting giving birth to other natural and cleaner alternative 

power production means for high energy consumption building industry sector. ¢ƘŜ ά{ǳƴ ŀƴŘ ²ƛƴŘέ ƘŀǾŜ 

by far been proven as the most natural, free and abundant resources on the earth. Also they have 

received tremendous attention in the recent time as large fractions of these recourses are available at 

peak power/electrical load production. One of the most important aspects of using Sun (Solar PV) and the 

Wind turbines (WT) energy resources as an integrated system is that they share most of its components, 

backup systems and infrastructure to produce power as advantageous technically and economically in this 

research process. The dissertation aims at exploring the benefits and future potential of using this 

integrated (solar PV and wind WT) system in relation to the power loads required of the household units 

in the UAE, Dubai from varied and opposite weather and time conditions i.e. sunny and windy conditions. 

The research is thus split into two modes of study which are technical and economical. 

The computer based simulation methodology proved to be instrumental in the design and modeling of the 

household to analyze the potential ƻŦ ǇƘƻǘƻǾƻƭǘŀƛŎΩǎ όt±Ωǎύ ŀƴŘ ǿƛƴŘ ǘǳǊōƛƴŜǎ ό²¢Ωǎύ ǿƛǘƘ ǘƘŜƛǊ ŎƻƳƳƻƴ 

balance of system components. A step by step progression of the various identified case configuration 

with the ǳǎŜ ƻŦ t±Ωǎ ŦƛǊǎǘΣ ²¢Ωǎ ǎŜŎƻƴŘ ŀƴŘ Ŧƛƴŀƭƭȅ ǘƘŜƛǊ ƘȅōǊƛŘƛȊŀǘƛƻƴ I¸t²Ωǎ ŦǊƻƳ нр҈Σ рл҈Σ тр҈Σ млл҈ 

grid connected and standalone renewable energy resources, laid the foundation of the results evolved as 

technically and economically optimized via the simulation methodology.  

The technical results evaluated that till 25% all case configuration, ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ t±Ωǎ ŀƴŘ ²¢Ωǎ ǿŜǊŜ ƳƻǊŜ 

suitable to the household due to the low expected power demand from the renewable resources. But 

beyond the 25% all case configuration, the HYPW system of renewable energy proved as a better solution 

ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭǎ ƻŦ t±Ωǎ ŀƴŘ ²¢Ωǎ ŘǳŜ ǘƻ ƛǘǎ ƘƛƎƘŜǊ ŜƭŜŎǘǊƛŎŀƭ ƭƻŀŘ ŘŜƳŀƴŘ and potential. 

The optimized results were a good combination of hybridization of HYPW with their respective 

ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ǎƻƭŀǊ ŀƴŘ ǿƛƴŘ ŜƴŜǊƎȅ ŜŦŦƛŎƛŜƴŎƛŜǎ ōȅ ǘƘŜ t±Ωǎ ŎƻƴǘǊƛōǳǘƛƴƎ ƘƛƎƘŜǊ ŀƴŘ ǘƘŜ ²¢Ωǎ 

maintaining a constant supportive contribution by the electrical production of 1,638kWh/yr respectively 

for all the 50%, 75%, 100% grid connected and standalone renewable energy resources case 

configurations. There was reduction in the requirement of PV panels in the case of HYPW configuration 

from 2kW to мΦпƪ² t± ǇŀƴŜƭǎ όрл҈ ŎŀǎŜύΣ рΦпƪ² ǊŜŘǳŎŜŘ ǘƻ пƪ² t±Ωǎ όтр҈ ŎŀǎŜύΣ тƪ² ǊŜŘǳŎŜŘ ǘƻ рΦнƪ² 

t±Ωǎ όмлл҈ ŀƴŘ {ǘŀƴŘŀƭƻƴŜ ŎŀǎŜύ ƘȅōǊƛŘƛȊŜŘ ǿƛǘƘ мƪ² м ƴǳƳōŜǊ ²¢Ωǎ ŀƭƻƴƎ ǿƛǘƘ ŀ ǎǳōǎŜǉǳŜƴǘ ǎǳǇǇƻǊǘ 

from a correctly evaluated size of the batteries and inverters capacities. 

The economics was based on the net present cost (NPC) over the projects 15 years lifetime, in relation to 

the technical optimization. Similar to the technical result except till  all 50% case, the HYPW system was 

more cost effective as compared to the oǘƘŜǊ ǘǿƻ t±Ωǎ ŀƴŘ ²¢Ωǎ ƛƴŘƛǾƛŘǳŀƭ ǎȅǎǘŜƳΦ The minimal 25% and 

рл҈ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ƎǊƛŘ ŎƻƴƴŜŎǘŜŘ ŀƭƭ ŎŀǎŜ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ǇǊƻǾŜŘ ƳƻǊŜ ŜŎƻƴƻƳƛŎŀƭ ǿƛǘƘ ƻƴƭȅ t±Ωǎ 

system. This was essentially due to the lesser operating cost with minimal use of number of components 

involved in electrical production for household. However the HYPW system was economical for 75%, 100% 

grid connected and standalone case configurations. This was due to reduction in the number of PV panels 

in the HYPW system leading to lesser initial capital cost, with the balance electrical production taken care 

by the 1 number 1kW WT being comparatively cheaper than number of t±Ωǎ ǊŜǉǳƛǊŜŘ ƻǘƘŜǊǿƛǎŜΦ The 

reduced number of components led to lowering of the operating cost of the replacements and O&M costs 

in the HYPW system. Finally the HYPW integrated system proved to be technically better and economically 

Ŏƻǎǘ ŜŦŦŜŎǘƛǾŜ ǘƘŀƴ ǘƘŜ ƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ t±Ωǎ ƻǊ ²¢Ωǎ ŀǎ ƛƴŘƛǾƛŘǳŀƭΣ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ŘŜƳŀƴŘ ƻŦ ŜƭŜŎǘǊƛŎŀƭ 

production for the household from renewable energy resources with less dependence on the fossil fuel 

based local grid connection. 
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Ј϶ЯвЮϜ 

РϝАЛжшϜ ϣтϜϸϠ Ϻжв сЮϝϲЮϜ  ̯ϝтКм Шϝжк дϝЪ ̪ свЮϝЛЮϜ ϸтЛЊЮϜ пЯК ϨϜϸϲчЮ  ̯ϜϸтϜϾϦв йтϮмϦЮ ϞЪмЪ   ЌϼцϜ пЮϖ ЬϚϝЂм аϜϸ϶ϦЂϜ

 ϣЦϝАЮϜϢϸϸϮϦвЮϜ ϸϼϜмвЮϜ дв ϣвϜϸϦЂвЮϜ цϜ ϸмЦмЮϜ дϖ .аϸ϶ϦЂвЮϜ рϸтЯЧϦЮϜ рϼмУϲ дмϼЦ Ϻжв ϼϝϪϐ йЮ АЧТ ЀтЮ ̯Ϝ  ϣтϠЯЂ  м ЌϼцϜ ϞЪмЪ пЯК

йжϝЪЂ  м ϝЎтϒ дЪЮсТ ϞϠЂЮϜ мк  ϢϼтϦм ЙтϼЂϦцϜ ϣЧϠА ϼтвϸϦдмϾм ϞЪмЪЮϜ ϜϺлЮ ϣтвϝϲЮϜ ̭ϝАКϖ дв ϸϠъ дϝЪ сЮϝϦЮϝϠ м  ϣЊϼУЮϜϠЮϾМм 

ДжЮϜ ϣЦϝАЮϜ дв ϣЯтϸϠ оϼ϶ϒ ИϜмжϒтУϣ м ϣ̲ϮϦж̳вЮϜ ϼϸϝЊв дв ъ ϣтЛтϠАлвϜϸ϶ϦЂϝ ϣЦϝАЯЮ ШылϦЂшϜ ϣУтϪЪ ϣтКϝжЊЮϜ ϤϑІжвЮϝϠ .  Ϻжв ϤϠϪ ϸЧЮ

дϒ двϾ "ЮϜ ЀвІм ЮϜтϼϝ"ϰ ϜϼϸЊвϣтЛтϠАЮϜ ϣЦϝАЮϜ ϼϸϝЊв дв д  ϣУтДжЮϜϼтПЮϜ ЌϼцϜ ϞЪмЪ пЯК ϢϼТм ϼϪЪцϜ м ϣУЯЪв . ϝвЪ ϝвлжϒ  ттЧЯ ϝ

 ̯ϝвϝвϦкϜ  ̯ϜϼтϠЪ Ϣϼт϶цϜ ϣжмфϜ сТ  ̯ϝϲϝϦв дмЪт дтϼϸЊвЮϜ дтϺк дв ϼϠЪцϜ ̭ϾϮЮϜ дϒ Ϩтϲ ̭ϝжϪϒ  ϢмϼϺш ϣϮϝϲЮϜЮϜ ϬϝϦжϣЦϝА мϒ ̭ϝжϪϒ ϢмϼϺ 

ϼлЪЮϜ ЬϝвϲцϜϠϣтϚϝ ϸϲϒ .  акϒϞжϜмϮ аϜϸ϶ϦЂϜ ϣЦϝАЮϜ ЂвІЮϜϣт )(ϣтϚмЎмϼлЪЮϜ ϝты϶ЮϜ м ) ϰϝтϼЮϜ ϣЦϝАϰϝтϼЮϜ ϤϝжтϠϼмϦ (Ъ ϸϼϜмвЮϣЦϝАЯ 

дыЪІт ϝвлжϒ вϝДж ̯ϝ  ̯ывϝЪϦв  аДЛв сТ дϝЪϼϝІϦт ϝвлжϒ ϨтϲϤϝжмЪвЮϜ  ϣвДжϒ мϣЦϝАЮϜ ДУϲ  пЮϖ ϣТϝЎшϝϠϣтϦϲϦЮϜ ϣтжϠЮϜ ш ϣвϾыЮϜϣЦϝАЮϜ ϬϝϦж 

ϝвлϦАЂϜмϠ  ϝввЛтЙУжЮϝϠ ϸм дтϦтϲϝжЮϜ дв ЮϜтжЧϦϣ мϣтϸϝЊϦЦшϜ ϝвЪ ϱЎϦт Ьы϶ дв  ϨϲϠЮϜ ϜϺк .   иϺкт ϰϼАЮϜ ϸϚϜмУЮϜ РϝІЪϦЂϜ пЮϖ Рϸл

Ϻк аϜϸ϶ϦЂъ ϣтЯϠЧϦЂвЮϜ ϤϝжϝЪвшϜм (ϰϝтϼЮϜ ϣЦϝА м ϣтЂвІЮϜ ϣЦϝАЮϜ) дтЯвϝЪϦвЮϜ дтвϝДжЮϜ дтϤϝϮϝтϦϲϝϠ ШЮϺ АϠϼм ϜсТ ϣтжЪЂЮϜ ϤϜϸϲмЮ ϣжтϸв 

сϠϸ  ϣЮмϸϠϼϝвшϜϢϸϲϦвЮϜ ϣтϠϼЛЮϜ ϤϜ  ϣЦϝАЮϜ двсТ РмϼДЮϜ ϠЯЧϦвЮϜϣ  ЀЧАЯЮм ϦЦмтϤ ЀвІЮϜ ϸмϮм ϒϰϝтϼЮϜм .  ШЮϺ пЯК ̯Ϝ̭ϝжϠ  атЂЧϦ аϦт

 ϨϲϠЮϜпЮϖ дв дтКмж Ϝ ϣЂϜϼϸЮϣЂϜϼϸЮϜ ϝвк м ЮϜЧϦм ϣтж  ϣЂϜϼϸЮϜϣтϸϝЊϦЦъϜ . 

 ϸЧЮϤϦϠϪϒ ϣЧтϼА ЮϜϢϝЪϝϲв аϜϸ϶ϦЂϝϠ  ϼϦмтϠвЪЮϜϢϜϸϒ ϝлжϒ  ϣϮϺвжм атвЊϦ сТ ϢϸтУв  дЪЂвЮϜ ϤϝжϝЪвϖ ЬтЯϲϦЮϰϜмЮцϜ ЮϜмϼлЪ м ϣтϚмЎ

 ϰϝтϼЮϜ ϤϝжтϠϼмϦ ЙвйтТ дϝЪϼϦІт ϝв дв сТ дϾϜмϦ аϝДжЮϜ ϤϝжмЪв дϒ м ϤъϝϲЮϜ ϣУЯϦ϶вЮϜ ϝкϸтϸϲϦ аϦ сϦЮϜ ϝкϼтмАϦ ϸжК  ̯ϣтϜϸϠ ϢмА϶Ϡ ̯ϢмА϶ 

ϠϜϸ϶ϦЂϝа цϜϰϜмЮ  ϣтϚмЎмϼлЪЮϜ ̯ϝтжϝϪ ϰϝтϼЮϜ ϤϝжтϠϼмϦ аϜϸ϶ϦЂϜ аϪ ̯ъмϒϜϼт϶ϒм дтϮлϦ  ̯ϝЛв дтвϝДжЮϜ  дтϮлϦ аϝДж)ϣтЂвІЮϜ ϰϜмЮцϜ  Йв

(ϰϝтϼЮϜ ϤϝжтϠϼмϦ  ̯Ϝ̭ϸϠ ϣϠЂж дв дтϮлϦ нр % аϪ рл аϪ % тр %  ϣϠЂж пЮϖ ̯ъмЊммлл %  Ю дтϮлϦ ϣЪϠІϣЯЊϦв м ЯЧϦЂв ЬвЛϦ ϣ

дв ϸϼмвЪ  ϢϸϸϮϦвЮϜ ϣЦϝАЮϜ ϸϼϜмв дмЪϦрϺЮϜ ЀϝЂцϜ йтЯК амЧϦ Ϧ ϣтЯвКмАтϼ жЧϦ ЬϪвцϜ мϲжЮϜ пЯК ϭϚϝϦжЮϜ Ьы϶ дв ϝтϸϝЊϦЦϜм ϝтϣЧтϼА 

ϢϝЪϝϲвЮϜ. 

ϭϚϝϦжЮϜ  сϦЮϜ ϣтжУЮϜйжϒ ϤϲЎмϒ ϝлвттЧϦ аϦ пϦϲ ϣϠЂж нр % цϜ ϝвϖ аϜϸ϶ϦЂϜ дϝЪ ϣжмЪϦвЮϜ ϤъϝϲЮϜ двϣтЂвІЮϜ ϰϜмЮ  ϤϝжтϠϼмϦ мϒ

ЬЊУжв ЬЪІϠ ϰϝтϼЮϜ  ϸЛт ̯ϣв̭ыв ϼϪЪϒ дЪЂвЯЮ  ̯ϜϼДж ЙЦмϦвЮϜ ϞЯАЮϜ ЌϝУ϶жъ пЯК ЮϜϣ̲ϮϦж̳вЮϜ ϣЦϝА ϼϜмвЮϜ двϸ ϢϸϸϮϦвЮϜ . ϝвжтϠ ϤϠϪ ϸЦ сТ  ϝв

 дв ϼϪЪϒ йϦϠЂж нр % ϣжмЪϦвЮϜ ϤыϲЮϜ дв  дϒЮϜаϝДж ЮϜдтϮл ЮϢϸϸϮϦвЮϜ ϣЦϝАЯ  ϸЛт  ̯ыϲ  ̯ЬЎТϒ  Йв ϣжϼϝЧвЮϝϠ ϝвϖ аϜϸ϶ϦЂϜϣтЂвІЮϜ ϰϜмЮцϜ  мϒ

Ϡ ϰϝтϼЮϜ ϤϝжтϠϼмϦϢϸϼУжв ϢϼмЊ  ШЮϺ мϞЯАЮϜ ИϝУϦϼϜ ϞϠЂϠ КϣЦϝАЮϜ м ϣтϚϝϠϼлЪЮϜ ЬϝвϲцϜ пЯ ϜϺЮ . ϤжϝЪ ЬϪвцϜ ϭϚϝϦжЮϜ ск  дв ϢϸтϮ ϣУтЮмϦ

дтϮлϦ ϣтЂвІЮϜ ϰϜмЮцϜ ϰϝтϼЮϜ ϤϝжтϠϼмϦ Йв ϝв Йв йвкϝЂт лжв ЬЪв ϝпЯК ̯Ϝ̭ϝжϠ ̭ϝУЪϢ  ϰϝтϼЮϜ ϣЦϝАм ϣтЂвІЮϜ ϣЦϝАЮϜϝты϶ЮϜ Ьы϶ дв 

ϣтϚмЎмϼлЪЮϜ сϦЮϜ ϰϝтϼЮϜ ϤϝжтϠϼмϦ м ϣЦϝАЮϜ дв ϣтЮϝК ϣϠЂжϠ алЂϦ сϦЮϜ ДТϝϲϦ пЯК ЮϜϣвкϝЂв ϣϠЂжϠ ϝϪ ϣϦϠ ϣЦϝАЮϜ дв ϣтвЪ ϬϝϦжш ϣвКϜϸ

 ϣтϚϝϠϼлЪЮϜпЮϖ ̯ϝтϠЂж ЬЊϦ мсуо  ϣжЂ / Ѐ.м.Ш ЙтвϮЮ  ϞЂжϠ ϣжмЪϦвЮϜ ϤъϝϲЮϜрл  м %тр  м %млл % ϣЯЊϦв ϣЪϠІЮ ЯЧϦЂвм ϣ

. ϢϸϸϮϦвЮϜ ϣЦϝАЮϜ ϼϸϝЊв дв ϼϸЊвЪ ШЮϺЮ  Шϝжк дϝЪЌϝУ϶жϜ ϣтЂвІЮϜ ϣЦϝАЮϜ ϰϜмЮϒ пЯК ϞЯАЮϜ сТ дтмЪϦ ϣЮϝϲ сТ жϦ аϝДдтϮл цϜ ϰϜмЮ

ϣтЂвІЮϜ  ϰϝтϼЮϜ ϤϝжтϠϼмϦ Йв дв дтϮлЮϜ аϝДжЮϜ ϢϼϸЦ ЌУ϶ Йв йжϒ ϨтϲнΦл  м.Ш пЮϖмΦп ЌУ϶жϖ м.Ш ϣтЂвІЮϜ ϰϜмЮцϜ пЯК ϞЯАЮϜ 

 ϣϠЂжϠрл  % дв дтϮлЮϜ аϝДжЮϜ ϢϼϸЦ ЌУ϶ Йв мрΦп  пЮϖ м.ШпΦл  ϣϠЂжϠ ϣтЂвІЮϜ ϰϜмЮцϜ пЯК ϞЯАЮϜ ЌУ϶жϖ м.Штр  аϦ ϝвϸжК м %

аϝДжЮϜ ϢϼϸЦ ЌУ϶  дв дтϮлЮϜтΦл  пЮϖ м.ШрΦн  ϣϠЂжϠ ϣтЂвІЮϜ ϰϜмЮцϜ пЯК ϞЯАЮϜ ЌУ϶жϖ м.Шмлл %  сϦЮϜ дтϮлЮϜ ϣвДжцϜ ск м

 ϢϼϸЧϠ ϤϜϺ ϢϸϲϜм ϰϝтϼ ϣжтϠϼϦ пЯК ЬвϦІϦмΦл  ϤϝЛЂ ϤϜϺ ЀЪϜмЛЮϜ м ϤϝтϼϝАϠЮϜ дв аКϸ ЬϚϝЂм дв ШЮϺϠ ФϲЯт ϝв пЮϖ ϣТϝЎшϝϠ м.Ш

.̯ϝϲтϲЊ ̯ϝвтЧϦ ϣвттЧв 

ϣЂϜϼϸЮϜ ϸϝЊϦЦъϜтϣ аϦ ϝлтТ ϸϝжϦЂшϜ ϣУЯЪϦЮϜ пЯК ϣтТϝЊЮϜ  ϣтЮϝϲЮϜЮЯ ϤϜϺ ϤϝКмϼІвЮϜ ϼвЛшϜсЎϜϼϦТ рϺЮϜ  ̮Ϡ ϼϸЧтмр  ̯ϝвϝК м  ϝв

 ФЯЛϦтϠ ЬϝвКϒ дв ϝлсжЧϦЮϜ дтЂϲϦЮϜ . Ϧ ϣϮтϦжЮϜ дϖ ϣтжЧϦЮϜ ϣЂϜϼϸЮϜ ϣϮтϦж йϠІ ϜϸК йϦϠЂж ϝв пϦϲ йжϒрл  ϤъϝϲЮϜ дв % аϝДжЮϜ дϒ ϸϮм

 ̯ϜϼтϪϓϦ ϼϪЪϒ дтϮлЮϜпЯК ϦЮϜв ϣжϼϝЧвЮϝϠ ϣУЯЪдв иϼтО Й аϜϸ϶ϦЂϖ ϸжК ϰϝтϼЮϜ ϤϝжтϠϼмϦ мϒ ϣтЂвІЮϜ ϰϜмЮцϜ ϣвДжϒ  ̱рϒ ϝвк дв . ϸϼУжв ЬЪІϠ ϸЧЮ

Ϡ ϢϸϸϮϦвЮϜ ϣЦϝАЮϜ ϣЪϠІϠ ϣЯЊϦвЮϜ ϤϝЪϠІЮϜ дϒ ϤϠϪ пжϸϒ ϸϲнр  м %рл дмЪϦ ϣжмЪϦвЮϜ ϤъϝϲЮϜ ЙтвϮЮ % Йв ϣтϸϝЊϦЦϜ ϼϪЪϒ аϜϸ϶ϦЂϜ  аϝДж

 . АЧТ ϣтЂвІЮϜ ϝты϶ЮϜдϝЪм ШЮϺ пЯК ̯Ϝ̭ϝжϠ  ЬтПІϦЮϜ ϣУЯЪϦцϜ сТ ϣЪϼϝІвЮϜ ϼЊϝжЛЮϜ дв ϸϸК дв пжϸцϜ ϸϲЮϜ аϜϸ϶ϦЂϜ Йв ЬЦϖ ϬϝϦж ϣЦϝАЮϜ

ϣтϚϝϠϼлЪЮϜ . дЪЂвЯЮ ЮϜ дϒ ъϖаϝДж ЮϜдтϮл  ϰϝтϼЮϜ ϤϝжтϠϼмϦ м ϣтЂвІЮϜ ϰϜмЮцϜ дв дϝЪ  ̯ϝтϸϝЊϦЦϖЮϣϠЂжϠ ϢϸϸϮϦв ϣЦϝА ϣЪϠІϠ ϣЯЊϦвЮϜ ϤϝЪϠІЯ 

тр  м %млл  дмЪϦЮ %ϠІϝлϦϜϺϠ ϣвϚϝЦ ЬϝЊϦϜ ϣЪ  .оϾЛтм ϸϸК ЌϝУ϶жϜ пЮϖ ШЮϺ аϝДжЮϜ сТ ϣтϚмЎмϼлЪЮϜ ϰϜмЮцϜ  оϸϒ сЮϝϦЮϝϠ м дтϮлЮϜ

пЮϖ  ϣУЯЪϦ ЬЦϒ  дв̭ϝϠϼлЪЮϜ ϬϝϦжш ϞмЯАвЮϜ дϾϜмϦЮϜ Йв ̪ сЮмцϜ ЬϝвЮϜ Ѐϒϼ м ЈϼϲЮϜ  ϭϦжϦ ϢϸϲϜм ϰϝтϼ ϣжтϠϼмϦ дϒ ϣТϼЛв пЯКм  м.Ш

дмЪϦ  ̯ϝтϠЂж Ј϶ϼϒ ϸϸК дв Ϝ ϰϜмЮцϜϣтϚмЎмϼлЪЮ ϠмЯАвЮϜй Ϡ ШЮϺ Ры϶. дϒ ϝвЪ  оϸϒ ϤϝжмЪвЮϜ дв ϸϸК ЌϝУ϶жϜУ϶ пЮϖ РтЮϝЪϦ Ќ

ЂшϜ м ЬтПІϦЮϜϦЬϜϸϠ  сТ ϣжϝтЊЮϜм ЬтПІϦЮϜ РтЮϝЪϦмЮϜаϝДж дтϮлЮϜ ϸЦ м ϜϺк . ϤϠϪ  дϒ ̯Ϝϼт϶ϒ ϣЯвϝЪϦв ϣвмДжв  ϰϜмЮцϜ дв дтϮлЮϜ ϣвДжцϜ дв

ϰϝтϼЮϜ ϤϝжтϠϼмϦ м ϣтϚмЎмϼлЪЮϜ  дв ЬЎТϒ дмЪϦЧϦЮϜ ϣтϲϝжЮϜм ϣтж  ϣтЮϝЛТ  ϼϪЪϒсТ ϣУЯЪϦЮϜ дв ϣтϸϝЊϦЦъϜ дв ϣϠЪϼвЮϜ ϣвДжцϜ ШЯϦ  ϰϜмЮцϜ

 ϰϝтϼЮϜ ϤϝжтϠϼмϦ мϒ ϣтϚмЎмϼлЪЮϜ ЬвЛϦ сϦЮϜ м ϢϼмЊϠϢϸϼУжв ШЮϺ м ̪ Йв  ϸтϜϾϦ ϞЯАдв ϣϮϦжвЮϜ ϣтϚϝϠϼлЪЮϜ ϣЦϝАЮϜ пЯК дЪЂвЮϜ  ϸϼϜмв

ЙϮϜϼϦ м ϢϸϸϮϦвЮϜ ϣЦϝАЮϜ пЯК ϸϝвϦКъϜ ЮϜЮϜ ϣЪϠІтЯϲврϼмУϲцϜ ϸмЦмЮϜ пЯК ϢϸвϦЛвЮϜ ϣ. 
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1.1 GLOBAL SCENARIO 

Humans have existed on earth and its climatic conditions for centuries and relatively co-existed using its 

natural resources as a part of the eco-system successfully by adaptation for decades. But the changing 

global climatic conditions and its warming has been the most controversial topic since decades and if not 

now then surely down just few years require at most attention. Many claims have been made by various 

organizations and international governing bodies of its potential effects and occurrences which are caused 

by human activities and behavioral pattern as detrimental to future generation if we need to survive for 

further centuries to come by. Although one can decide to neglect them as information used for vested 

interest, but for sure the changes that we all have noted such as average rise in temperature, increasing 

sea levels, melting ice caps and series of events like tsunami, earthquakes, wild fires, heat waves cannot 

be neglected. The debate on the climate changes was carried to the Kyoto Protocol in 1997 by various 

governments and targets were set to reduce the greenhouse emission emitted by human activities 

resulting from industrialization. Though very few results were met till again in 2010 the Copenhagen 

Climate Council initiated a serious concern arising due to the rise in temperature by 2
o
C whereby it was 

agreed by the various governments to reduce the green house emission by 80% till 2005 (baseline the year 

мффл ƻǊ ƳƻǊŜ ǊŜŎŜƴǘ ȅŜŀǊǎύΦ .ǳǘ ƛǘ ŀƭƭ ǎǘŀǊǘŜŘ ǿƛǘƘ ǘƘŜ ƻƛƭ ōƻƻƳ ƛƴ ǘƘŜ ƭŀǘŜ мфтлΩǎ ǿƘŜǊŜ ǘƘŜ ǳǎŜ ƻŦ Ŧƻǎǎƛƭ 

fuel was instigated a massive boom in industrialization. Since then the use of fossil fuels for power 

consumption resulting in CO2 emission have been increasing substantially as shown in Figure 1.1  

  

  Figure 1.1: World Bank CO2 emissions in metric tons (World Bank, 2011)  

Also there are statistics indicating that if we continue to emit greenhouse gases at such fast pace which 
has already reached 490ppm then there is no point of return as the equilibrium global average 
temperature shall also follow a similar rise as per Figure 1.2 which could have adverse and catastrophic 
effect. 
 

 
Figure 1.2: IPCC Special Report on Renewable resources and Climate Change (IPCC, 2011) 
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Though fossil fuels such as gas, oil, coal etc have been the back bone of fast civilization growth and 
improvement in lifestyle, however they are also natural resources and there is a limitation to its sources as 
always. So here by we have 2 challenges which is the resource depletion of fossil fuels and the hazardous 
effects which emit green house gases harmful to the atmosphere. Thus now it is imperative that we need 
to divert our attention to resources which can produce clean energy and can negate the problems created 
by the usage of fossil fuels to add value to the global climatic movement to secure our future civilization. 
Such mitigation is required to bring back a balance in the ecosystem which has been disturbed by mankind 
in the recent years. In response the increase in the use of renewable energy has been tremendous in the 
recent years with solar and wind being one of the most researched due its conversion of infinite 
availability in energy sector and the relative absence of harmful emissions. Thus Figure 1.3 clearly 
indicates the world energy consumption graph depending on renewable energies with solar and wind as 
front runners. 

 
Figure 1.3: Changes in world energy system consumption by source matrix (Orr et al, 2010) 

It is interesting to know that if the Solar/PV energy is converted to electricity at a efficiency of 10% (much 

ƭŜǎǎ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƻŘŀȅΩǎ Ŏƻmmercial module) then a mere 0.7% of the world desert area would be 

required to generate the total 2005 world electricity consumption of about 18,500TWh (Harvey, 2010). 

Similarly the world wind energy market grew by about 23.5%/year from 1995-2003, while the installed 

capacity grew at an average rate of 24.9% reaching 4267GW by 2005 (Harvey, 2010). Thus one can only 

imagine the great potential of these renewable energy resources and its hybridization as to why it has 

reached enormous research and development areas. The building sector is known to have higher energy 

consumption and also potential for energy efficiency in various components and areas related to 

buildings. It has a very high resource consumption graph right its design, execution, maintenance and 

operation phase. Figure 1.4 illustrates the building electrical energy consumption has increased almost 3 

folds since 1973 till 2008. 

 

Figure 1.4: Building Energy Consumption by Sector (IEA Key Statistics Report, 2010) 
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Also as per the US Department of Energy published in the Building Energy Data Book buildings consume 

almost 40% of all energy use and total electrical consumption of 74% at various stages (US Department of 

Energy, 2009). Most of the energy is used in lighting, heating, ventilation, cooling and dehumidification as 

it accounts for about third of the primary use in OECD countries. Table 1.1 illustrates that US leads in the 

world with total primary consumption overall and in comparison the Middle East accounts for only 5% of 

that amount. But this if one compares to the per capita basis then the United Arab Emirates and Qatar 

shall lead way ahead of the US and other Arab Worlds as the Middle East has the highest annual growth 

rate of any of the other African regions (World Bank, 2011) as per Figure. 1.5. All this has been due to 

rapid growth and expansion that has been witnessed till 2008 due the heavy construction activity in the 

Middle East and especially in Dubai. Thus it is time that not only UAE but all nations take a note of this 

grave problem which mankind faces due to lack of proper monitoring, design approaches, construction 

methods and processes of the building industry which has put a heavy burden on the built environment by 

means of renewable, sustainable design and resources here after. 

Table 1.1: World Primary Energy Consumption (EIA, International Energy Outlook, 2010) 

 

 

Figure 1.5: World Bank CO2 Energy use per capita (World Bank, 2011)  
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1.2 BUILDINGS INDUSTRY AND ENERGY RELATION 

At first mankind adapted to climatic conditions, but as technology advanced they started designing 

buildings to adapt to climatic conditions. This evolution lead to the criteria of form, function and space 

which designers used as keys to design adaptable buildings which was followed by the boom of fossil fuel 

and the era of mega industrialization. The fast industrialization brought about the important topic of 

climate changes, warming and research in it. Most of the early publications have been essentials 

categorized in three main groups. Firstly issues leading to human thermal comfort which utilize passive 

design techniques to formulate buildings. Further more emphasis on solar access, daylight penetration 

and passive heating ways by solar energy. Thirdly the major changes in city climatology due to heavy 

urbanization and its effects. Most research followed more or less similar backgrounds (Okeil, 2010). Slowly 

but surely results raised concern over supply difficulties, depleting energy resources, conservation and a 

cap to energy utilization on building energy demands. Glass introduction to building industry was a good 

solution to daylight penetration but it is not a very good material for controlling thermal exchange due to 

its comparative poor insulation properties. The global energy contribution from buildings towards energy 

consumption has increased exponentially from 20% to 40% for both residential and commercial sector and 

has even exceeded other major sectors such as industry and transport. But apart from the material use 

the Table 1.2 demonstrates population growth is also responsible for increase primary energy 

consumption with a per capita value of 15.7% over the last 30 years. Electricity being one of the prime 

consumers leading to a percentage increment of 18% and the efficiency in exploiting energy resources has 

declined by 7% points due to the higher rate of GDP growth (Lombard et al, 2008). 

Table 1.2: Building Energy Consumption versus Population and Annual Growth Rate (EIA, 2010) 

 

Building sector ranges from commercial, residential, public, private, etc and each has its own rate of 

consumption of electricity due to the varied time and purpose of usage. It is very difficult to calculate 

electricity consumption for each of the above building sectors but a broad range can be adopted. The 

service sector such as commercial and public buildings with a wide variety uses and energy services 

όI±!/Σ ŘƻƳŜǎǘƛŎ Ƙƻǘ ǿŀǘŜǊΣ ƭƛƎƘǘƛƴƎΣ ǊŜŦǊƛƎŜǊŀǘƛƻƴ ŜǘŎύ Ƙŀǎ ŜȄǇŀƴŘŜŘ ŦǊƻƳ мм҈ ǘƻ му҈ ŦǊƻƳ ǘƘŜ мфрлΩǎ 

while the UK service energy accounted for around 11% in 2004 (Lombard et al, 2008) In the residential 

sector with the change in lifestyle of developed countries the need for indoor comfort conditions and 

large expanse of per sq ft of area per person incremental brought about installation of new appliances 

such as air conditioners, computers etc. In USA the consumption in residential sector accounted for 22& 

and in the UK the figure expanded to 28%, well above the EU nations (EIA, Euro stat, BRE, 2009). 

 



6 

 

Table 1.3 and Figure 1.6 estimates the HVAC consumption of domestic buildings to be around 42% to 

about 50% in USA creating a serious concern of supply during peak load periods. While office and retail 

are the most intensive typologies accounting for 50% of the overall energy consumption with HVAC 

leading followed by lighting 15% and appliances to about 10% (EIA, Euro Stat, BRE, 2010). 

Table 1.3: Energy consumption by end uses in residential sector (EIA, 2010) 

 

 

Figure 1.6: Consumption by end uses for different building types (EIA, 2010). 

Further studies and research emphasized on energy demand with variations in building forms, orientation, 

solar pattern, urban heat islands, green roofs, wind/air flow etc in urban and rural set up. The major 

difference in use of material to achieve better thermal comfort conditions, passive ventilation techniques 

etc without increasing energy and electricity demand is evolving. Statutory bodies, governments, 

designers have now become more conscious of this phenomenon and the role the building industry has to 

play in conservation of climatic conditions. More stringent codes and construction practices have been in 

place in most of the countries with every nation setting targets to contribute to this event. 

1.3 ¦!9Ωǎ {/9b!wLh 

UAE (United Arab Emirates) obtained its independence in 1971 and in a very short span of 35 years was 

recognized as one of the fastest growing economy due to its urbanization, infrastructure and construction 

industry. The recent years also witnessed a great boom in the real estate industry sector which also led to 

large pit fall due to the global economic crisis. Consequently oil and natural gas consumption quadrupled 

in the past two decades resulting high carbon emission amounting to 10 times higher than the developed 

nations. All this grew exponentially in the recent few years whereby previously traditional building designs 

prevailed such as small window sizes to avoid heat gain, wind towers such as Badgir but as modernization 

took over was replaced by mechanical ventilation and large glass panels adding to the heat gain and 
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energy consumption. Vernacular architecture was dependent on high building thermal mass and natural 

ventilation techniques taking wind tower directions for inlet and outlet. 

Least of alƭ ǘƘŜ ƘƛŜǊŀǊŎƘȅ ŀƴŘ ŘƻƳƛƴŀƴŎŜ ƻŦ ƘƻǳǎƛƴƎ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ōǳƛƭŘƛƴƎ ǎǘǊǳŎǘǳǊŜ ǇǊŜǾŀƛƭŜŘ ǿƛǘƘ 

the Burj Khalifa mounting 838 meters flanked by all glass façade around the Business Financial District 

which already started housing the 300 odd offices spaces. Similarly retail sector was flanked by the largest 

malls such as Dubai Mall and Emirates Mall. These solely were depended on mechanical ventilation, 

particularly the air conditioning, lighting etc due to the low cost of fuel consumption and peak summer 

load periods in the country. 

 

Figure 1.7: Factors contributing to UAE high energy consumption (Kazim, 2007) 

Accordingly the UAE maximum crude oil capacity is estimated to be around 2.2-2.5 million barrels per day 

and natural gas production estimate reached 4bcf/d till 2005 (Kazim, 2007) Subsequently the electricity 

demand has risen from 57.9TWh in 2006 to 69.2TWh in 2008 with simultaneous incremental in electricity 

supply from 66.2TWh in 2006 to 77.2TWh 2008 (Dubai Chamber of Commerce based on Ministry of 

Economic Data, 2009) Refer Figure 1.8. Also the installed capacity of electricity generation till the year 

2009 was 20,696MW. (UAE Ministry of Energy, 2010) 

 

Figure 1.8 UAE Power Supply and Demand (UAE Ministry of Economic Data, 2009) 

 

But UAE as a country is also quick in trying to find remedial measures, with effect such as enhancing public 

awareness through the Federal Environmental Agency (FEA), department of environment and protection 

areas (DEPA), local municipalities and other nongovernmental organizations. One of the important 

additions is the $1 million Zayed International Prize aiming to promote sustainable development through 

various environmental protection initiatives (www.zayedprize.org.ae 2011). In residential sector, Dubai 

Municipality has started a mandate to use insulated material to suit climatic conditions in addition to the 

cap of 40% electrical energy conservation. Furthermore the use of energy efficient lights and device such 

as windows, energy audits, A/C controllers as well as district cooling technologies (Dubai Municipality, 

http://www.zayedprize.org/
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2009). A lot of emphasis is being given to solar technologies due to the apt UAE location and climate as 

renewable resources, where even oil companies such as Abu Dhabi National Oil Company (ADNOC), 

ETISALAT have incorporated solar technologies in their system. Dubai Municipality has installed solar 

parking meters as well as road signages in the city. 

One of the major initiatives is the Masdar City located in the out skirts of Abu Dhabi is set to be the first 

carbon neutral and zero waste city in the world which feature 10-mgawatts of solar power plans, being 

the largest in the region. Also recently DEWA announced the plan of commissioning of the first private 

sector power plant, privatizing 1,500 MW of the Hassyan power plant (Gulf News, 2010). UAE government 

awarded a $20 billion contract to Korean Electric Power to build nuclear reactors, each with a capacity of 

1,400 MW and free up domestic production for export (EIA, 2011). 

 
Figure 1.9 Carbon Neutral and Zero Waste Masdar City (Gizmodo, 2010) 

 

!ƭƭ ƛƴ ŀƭƭ ŀǎ ¦!9 ƎǊŜǿ ŦŀǎǘŜǊ ŀƴŘ ŀǇǇǊƻŀŎƘŜŘ ǇǊƻōƭŜƳǎ ƳǳŎƘ ŘŜŜǇŜǊΣ ƛǘΩǎ ƴƻǿ ƛƴƛǘƛŀǘƛǾŜ ǘƻ ŎƻƴǎŜǊǾe energy, 

sustainable design approaches and renewable energy future is strong and shall be surely implemented. 

1.4 STUDY RATIONALE 

The purpose of this study is to review the implications of integrating the two most powerful and abundant 

natural resources available on earth such as solar and wind energy. The integration of these two 

ǊŜƴŜǿŀōƭŜ ǊŜǎƻǳǊŎŜǎ Ǿƛŀ ǎƻƭŀǊ t±Ωǎ ŀƴŘ ǿƛƴŘ ǘǳǊōƛƴŜǎ ²¢Ωǎ ƛƴ ƻǊŘŜǊ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ǇƻǘŜƴǘƛŀƭ 

in harnessing/producing power useful to the building industry. The study strives to be a step towards 

sustainable built environment and as a cleaner alternative to conventional means of power production. 

Majority of the research carried out have been more oriented towards improving and examining the 

potentials of these resources as individuals. This research aims as integrating the two to form a better 

support system to the building industry with most of their common balance of system components in 

spite of the varied nature and availability of these two solar and wind energy resources.  

Furthermore, since most research for these two renewable energy resources has been conducted by 

previous studies in various countries such as UAE, Europe, North America etc, but more inclined towards 

them as individuals. Predominantly such as wind turbines have been researched more often in Europe due 

ǘƻ ǘƘŜ ƘƛƎƘ ǿƛƴŘ ŜƴŜǊƎȅ ǇƻǘŜƴǘƛŀƭ ǿƘŜǊŜ ŀǎ ǎƻƭŀǊ t±Ωǎ ŀǊŜ ŜǾŀƭǳŀǘŜŘ ƻƴ ŀ ƭŀǊƎŜǊ ǎŎŀƭŜ ƛƴ ǘƘŜ aƛŘŘƭŜ 9ŀǎǘ 

but very few papers indicate an integration of the two systems. Hence the study of these two via 
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integrations could prove to be beneficial considering they both are available in various ratios in almost all 

parts of every countries climatic condition. More so, it is important to evaluate and question the criteria 

such as: 

¶ Considering the unpredicted nature of the two resources and weather dependence, will they 

prove to be potentially integrated successfully to smoothen the power production by overcoming 

ŜŀŎƘ ƻǘƘŜǊΩǎ ǿŜŀƪƴŜǎǎ ƛǎ ǘƻ ōŜ ǊŜǎŜŀǊŎƘŜŘ ǘŜŎƘƴƛŎŀƭƭȅΚ 

¶ Will economic parameters favor the two integrations in bridging the gap between technology and 

reality needs to be evaluated? 

 
1.5 DISSERTATION OUTLINE 

The dissertation is divided into six chapters essentially as follows: 

Chapter1: This chapter gives an insight about the current global scenario as regards to energy and the 

power sector. The growing problems of harmful levels of CO2 gaseous emission and it effects  leading to 

global warming with contribution from building industries conventional methods of power production 

dependent on fossil fuels. ¢ƘŜ ŎǳǊǊŜƴǘ ¦!9Ωǎ ǎƛǘǳŀǘƛƻƴ ŀƴŘ ƛǘ ŜƴŜǊƎȅ ǎŜŎǘƻǊ ǿƛǘƘ ŎŜǊǘŀƛƴ ƳƛǘƛƎŀǘƛƻƴǎ ŦƻǊ 

future stances is researched progressing towards the need to use renewable energy resources as 

sustainable means for future generations. 

Chapter 2: A step to towards renewable energy resources with various available forms of natural means of 

power productions ranging from solar, wind, geothermal etc researched literature review. This chapter 

forms the back bone of dissertation whereby previous research done to specific renewable energy 

resources are studied and documented. The current stances, details and progress is discussed step by step 

formulation of every renewable energy resources which specific emphasis in solar and wind energy, 

backed by systems which harness this naturally abundant energy to lead a sustainable goal towards power 

production. 

Chapter 3: Every research needs to adopt a specific methodology and this chapter lays emphasis on the 

various research methodologies adopted for this specific dissertation topic of hybridization of solar and 

wind energy harvesting systems. With the use of paper from various journals, papers, documentations etc. 

the process of adopting an appropriate methodology is achieved. 

Chapter 4: The details of the simulation model methodology are detailed and specified in this chapter. The 

various case configuration which lead to step by step progression of the dissertation and finally the 

ǎŜƭŜŎǘƛƻƴ ŎǊƛǘŜǊƛŀ ƻŦ t±Ωǎ ŀƴŘ ²¢Ωǎ ŀǊŜ ƧǳǎǘƛŦƛŜŘ ǘƻ ŦƻǊƳ ǘƘŜ ƳƻŘŜƭ ƘƻǳǎŜƘƻƭŘ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ǎȅǎǘŜƳΦ 

Chapter 5Υ ¢ƘŜ ǘŜŎƘƴƛŎŀƭ ŜǾŀƭǳŀǘƛƻƴ ŀƴŘ ǇǊƻƎǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ŎŀǎŜ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ƻŦ ǘƘŜ t±Ωǎ ²¢Ωǎ 

and HYPW systems are followed by results from the simulation methodology are noted and discussed. The 

various questions which are formulated by the aim of this dissertation are answered in this chapter 

technically with their advantages and disadvantages of every system. 

Chapter 6: The second part of this dissertation supportive to the technical results is compared to the 

economic results and assessment. The prime focus being the economics involved in the success and failure 

of each and every renewable energy resource is validated here. 

Chapter 7: A complete comparative summary and conclusion leading to further works is noted in this 

chapter for both parts, technical and economic evaluation of renewable energy use. 
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2.1 BACKGROUND 

The potential of renewable resources is enormous and can meet the world energy demand in principle to 

multiple times. With developing nations such as India, Brazil and China growing at an alarming rate, there 

will be always demand for oil, gas, fuel etc, but these conventional forms of energy tend to be cynical in 

nature, due to the effects of oligopoly in production and distribution apart from facing due pressure on 

numerous environmental fronts. Thus it is becoming clear that the future of economic and policy making 

lies greatly in the new regime of renewable to sustain longer terms of progress, security and stability. This 

is further elaborated with different renewable energy forms in the building sector and research literature 

on two of most fast growing and renowned natural resources. 

2.2 RENEWABLE FORMS OF ENERGY PRODUCTION 

Numerous renewable resources such as biomass, hydropower, geothermal, wind and solar can provide 

sustainable energy services in abundance due to the free availability of the main source. The mindset of 

consumers is looking into the other means of obtaining energy such as heating, cooking, steam generation 

and power generation for the movement and further for electricity production. Earth is general has great 

potential in its formation with its eco-system and surrounding atmosphere such as its isolation of the sun 

and geothermal energy of the earth.  

 

Figure: 2.1: Global Share of Final Energy and Electricity Consumption from Renewable Sources (REN21, 

2010 Report) 

The current worlds total energy current supply is around 19% with traditional biomass accounting for 

almost 13% due to the developing countries such as Africa, Asia, Latin America using mostly fuel woods for 

cooking, heating etc. But when it comes to electricity generation large hydropower is dominant with a 

large scale of almost 15% which is due to the huge dams, reservoirs in most of the developed countries 

leaving with only 3% for other non hydro resources. Thus as an alternative to custom, on site construction 

of centralized power plants, renewable system based on PV arrays, small hydro, wind mills, biomass can 

be mass produced with energy appliances capable of being manufactured at low cost and tailored to meet 

specific needs of the service industry to match specific energy loads. Though existing power capacity 

worldwide has reached 1,230 GW in 2009, the renewable energy comprises only ¼ of global power 

generating capacity and supplies 18% of the global electricity production (REN21, 2010) 

But apart from actual renewable resources there are various researches currently ongoing to reduce 

electricity loads such as passive ventilation design techniques, façade technologies to control solar gain 

and losses, energy efficient lighting system, indoor air quality and controls, energy audits, energy 

measurement gadgets, renewable use of wood (FSC certifications), water usage efficiency etc. Thus not in 

the field of actual usage of renewable resources, there are measures taken to control building industry by 

proper construction techniques, testing and commissioning and finally enlightenment of the occupant 

behaviors is important for success. 
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2.3 ALTERNATE RENEWABLE ENERGY RESOURCES 

In the below sub section we investigate the potential of alternative renewable resources which have their 

due share in the world energy and electricity generation market such as biomass, geothermal, 

hydroelectric and ocean. And finally an in-depth literature review on the solar and wind energy resource 

which is the main topic of research for the author 

2.3.1 Biomass Energy 

Biomass energy is the conversion of the organic material originating from plants including algae and trees 

and ŎǊƻǇǎ ǿƛǘƘ ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ŀƴŘ ǎǘƻǊŀƎŜ ƻŦ ǎǳƴΩǎ ŜƴŜǊƎȅ ǘƘǊƻǳƎƘ ǇƘƻǘƻǎȅƴǘƘŜǎƛǎΦ Lǘ ƛǎ ǳǎŜŦǳƭ ŦƻǊƳ ƻŦ 

energy such as heat, electricity and liquid fuels which has been used by civilization since cave man where 

he used wood and other organic products to keep his cave warm and cook food. Energy is extracted from 

biomass such as woods, paper, dung, straw, sugarcane, domestic refuse, commercial waste, grass, 

vegetable oils, ethanol etc in the form of heat when it is burned. Hoogwijk et al, 2003 have identified 

seven categories of biomass as follows such as agricultural land conversion to yields, degraded land which 

is suitable for reforestation, agricultural residue, forestry residue, animal manure, organic waste and 

finally biomaterials. Figure 2.2 gives an estimate of traditional biomass usage (Cooking, heating) and for 

commercial energy used as part of market economy around the world. 

 

 

Figure 2.2: Global biomass consumption trends, 1985ς2000, by (a) world region and (b) fuel type, 

 (Fernandes et al, 2007). 

 

It has currently an annual primary production of 4500EJ with a bio-energy potential of 299EJ of which 

270EJ can be considered to on sustainable basis (Herzog et al 2009). In general terms a good yield in 

Northern Europe would be around 200GJ and would be sufficient to heat 2-3 houses annually given a floor 

area of between 60-100m2. There are various technologies for conversion of biomass energy carriers 

namely electricity, liquid fuels which can be used for households, community and industrial scale. 
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Direct combustion is a very common technique used in colder countries such as Scandinavian, Austria and 

Eastern Europe with techniques such as domestic fired heating system which are automated and use 

standardized fuel such as pellets and has a heating efficiency if over 70% with greatly reduced harmful 

emissions. For electricity generation the steam-Rankine technology is used in commercial, industrial sector 

with a capacity of from 1-50MWe where heat from steam turbine is recovered using combined heat, 

power system which provides greater energy services with an overall efficiency of greater than 80% 

(Herzog et al 2009).  

Gasification is produced with high temperature thermo chemical process of the biomass and one such 

interesting technology is the integrated gasification combined cycle (IGCC) with a combined heat and 

power generation in the range of 5-00MWe. Several countries such as UK, Italy, Brazil are trying to 

contribute and in Sweden the very first completed biomass fueled (IGCC) has been operated over 1500 

hours on forest residue generating 6MW of electricity and 9MW of heat for the local district system 

(Herzog et al, 2009). Also the US.NREL is funding small bio-power projects whereby it can provide power in 

the range of 5kW-5MW that are fuel flexible and simple to operate (NREL, 2009). 

Other forms include anaerobic digestion from biomass through low temperature biological process which 

commonly named as Biogas whereby methane is produced through digesters or in landfills. India and 

China lead in this sector of small scale digesters. Also liquid bio-fuels are successful where immediate 

energy form can be obtained from biomass. This has real potential to replace petroleum based fuels used 

in transportation. Ethanol production can be combined with efficient electricity production from lignin 

with an efficiency of 70% (low heating value). Thus the scope biomass is huge and can be endless as 

technology advances and a in the building industry can be explored from large scale to small scale 

depending on the land availability and the surroundings. See Figure 2.3 for bio-fuelled combined heat and 

power project used in BedZED by Arup architects. 

 

Figure 2.3: Bio-Fuelled combined heat and power at BedZED housing project in UK by Arup (Arup Journal 

2003) 

2.3.2 Geothermal Energy 

Geothermal energy is the natural heat within the earth due to the ancient heat storage in the Earth core, 

along with the decay of radioactive elements which occur naturally in all rocks and friction from the 

continental plates which slide beneath each other. Again this form dates down centuries back where 

ǇŜƻǇƭŜ ƘŀǾŜ ǳǎŜŘ ǘƘƛǎ ƘŜŀǘ ƛƴ ŦƻǊƳ ƻŦ Ƙƻǘ ǎǇǊƛƴƎǎΣ ǾŜƴǘǎ ǘƻ Ŏƻƻƪ ŦƻƻŘΣ ƘŜŀǘƛƴƎ ŜǘŎΦ ¢ƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎƛŜǎ 

allow this earths heat energy to be converted to electricity by drilling into hydrothermal reservoirs, which 

pipe the hot water or steam to the living surface which can be used for space heating, aquaculture and 

industrial processes. Researchers claim that only 1% of the heat containment in just the uppermost 10km 
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ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘ ƛǎ рлл ǘƛƳŜǎ ǘƘŜ ŜƴŜǊƎȅ ŀǾŀƛƭŀōƭŜ ƛƴ ƻƛƭ ŀnd gas resources (Harvey et al 2010). But in 

practice it is seldom concentrated and depths sometimes are greater to be exploited for commercial and 

economical purpose due to its uneven nature. The total installed capacity is growing at a rate of 12.33% 

with current status at 2009 estimation of 50,583MWt, with a 78.9% increase in comparison to 2005 (Lund 

et al, 2011 & World Geothermal Congress, 2010). Countries such a USA, China, Sweden, Norway and 

Germany alone are holding almost 60% of the world installed capacity. This has been solely due to the 

increased awareness and popularity of ground source heat pumps (GSHP) used directly as geothermal 

energy source. Figure 2.4 illustrates the capacity and usage of geothermal heat pumps to account for 

almost 69.7% and 49% respectively in relation to other geo-sectors. 

 

Figure 2.4: Geothermal direct application worldwide of total installed capacity and total energy use (Lund 

et al, 2011 & World Geothermal Congress, 2010) 

Geothermal heat extraction can be classified by various methods ranging from borehole heat exchanger 

using heat pumps from ground as well as aquifers/ponds with the help of loop pipes depending on the 

temperature of the ground, hydrothermal for electricity production from high pressure steam fields and 

similarly dry hot rock beds depending on availability etc. Also various studies have been conducted for 

earth-air heat exchanger (EAHE) for passive ventilation techniques using ground temperature source 

whereby (Maerefat, et al 2010) used a combination of solar chimney and EAHE to cool a building modeled 

by buried pipes and reading of the ground temperature in rationale to the length and width of the loop 

pipes in the ground. Similar technology can be derived by forming a loop in aquifers or ponds as open 

water loop or surface water loop to maintain thermal temperature in buildings to avoid heavy energy 

loads consumed by conventional cooling methods. 

 

Figure 2.5: Geothermal heat extraction technologies (Geothermal Explorer Ltd, 2004) 
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Four main technologies have been used to generate large capacity of electricity from geothermal source 

depending on nature of resource mainly, dry steam, single flash steam, binary cycle and double flash 

steam power plant. Currently US leads the world geothermal electricity production with 3,086MW 

ŎŀǇŀŎƛǘȅ ŦǊƻƳ тт ǇƻǿŜǊ Ǉƭŀƴǘǎ ƭƻŎŀǘŜŘ ŀǘ ά¢ƘŜ DŜȅǎŜǊǎ ƛƴ /ŀƭƛŦƻǊƴƛŀέ ŦƻƭƭƻǿŜŘ ōȅ tƘƛƭƛǇǇƛƴŜǎ ǿƛǘƘ ŀ мΣфлп 

a² ŎŀǇŀŎƛǘȅ ǿƘƛŎƘ ŀŎŎƻǳƴǘ ǘƻ му҈ ƻŦ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ƎŜƴŜǊŀǘƛƻƴό²ƛƪƛǇŜŘƛŀ нлмлύΦ 

 

Figure 2.6 The Geyser Geothermal Power Plant in California, (Calpine Corporation, website, 2010) 

Hot dry rock or enhanced geothermal systems (EGS) are also explored within 10km depth of the surface 

since they require enhance porosity and permeability as name suggests. It is estimated that EGS and other 

geothermal resources could provide 100GW of electricity in the US by 2050 (MIT, 2006) but countries like 

France and Australia have actively pursued geothermal options more than US especially in EGS 

techniques. A good example is Soultz, France connected reservoir well with an active volume of 2km at a 

4-5km depth has been created. But due to the high initial and O&M cost for larger production purpose this 

resource is lacking behind though having enormous potential in the world market. 

2.3.3 Hydroelectricity and Ocean Energy 

Electricity generated by hydropower, which can be divided by river based or reservoir based including 

dams etc. Most of the run of the river power is regarded as C-free with no GHC emissions but not true for 

reservoir based power as the later involves emission of CO2 emitted during cement production. 

Hydropower supply of global electricity production estimates to about 15% with an addition 31GW each in 

year 2008-2009 totaling to 980GW including 60GW of small hydro (REN21, 2010). China is foremost leader 

in hydropower production with an estimate of 197GW followed by US, Canada, Brazil etc. This growth in 

/Ƙƛƴŀ ƛǎ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ά¢ƘǊŜŜ DƻǊƎŜǎ 5ŀƳέ ǿƛǘƘ ŀƴ ƻǇŜǊŀǘƛƴƎ ŎŀǇŀŎƛǘȅ ƻŦ ƘȅŘǊƻŜƭŜŎǘǊƛŎƛǘȅ ǇƻǿŜǊ 

station at 22,500MW (Wikipedia, 2011). Figure 2.7 illustrates the world hydroelectric generation by region 

till 2008. 

 

Figure 2.7: World Hydro-Electric Generation by Region, (EIA, 2009) 
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But there are possibilities with small hydro power generations as well and a lot depends on the type of 

turbines used ranging from low head, medium head and high hydraulic heads. The designs of the turbines 

can be categorized by the propeller type such as Pelton, Francis and cross flow turbines. Depending on the 

type of the turbines and the hydro source one can yield good capacity of electricity generation right form 

single household to large grid connected as shown in Table 2.1. 

Table 2.1: Classification of Hydroelectric Schemes, Capacity and Main Application (Allsaintpreston.org, 
2010) 

 

Though large dams have become much riskier investment there is still great potential in the hydropower 

ǘŜŎƘƴƻƭƻƎȅ ōǳǘ ƛǘ ŜȄǇŜŎǘŜŘ ƎǊƻǿ ŀǘ ŀ ƳǳŎƘ ǎƭƻǿŜǊ ǊŀǘŜ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ тлΩǎ ŀƴŘ улΩǎ ŀƴŘ Ƴŀȅ ŜǾŜƴ 

decrease in the coming future due to much research in other energy sources for larger reservoirs or dams. 

But there can be possibilities of small hydro power ranging up to 5MW capacity as shown in Figure 2.8. 

 

Figure 2.8: Pico hydroelectricity in Cambodia (Wikipedia, 2011) 

Ocean energy can also be termed as Marine energy/power and is based on the ocean wave, tidal course, 

salinity and the temperature differences. The origination lies in the principles of kinetic energy or energy 

in motion of the oceanic graph. Though ocean energy is the least explored or so to say less matured as 

compared to other resources, it definitely has potential and is growing with technology advances. 

Currently no commercial use is in operation but a few countries are making effort to harness such form 

also such as South Korea which completed a 1MW tidal current project in 2009 with a construction of 

260MW tidal plant followed by Europe in a small capacity of 0.4MW ocean power capacity (REN21, 2010). 

But the ocean thermal energy (OTEC) which uses the temperature between surface water in tropical 
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regions at a depth of 1km sure has potential in ocean power. A number of research and study is carried on 

OTEC where by Straatman and van Stark, 2008 proposed using floating solar pond that would create a 

temperature differential which would increase the efficiency of the electric generation. Yamada et al 2009 

also proposed solar plate collectors to boost the surface water temperature to increase electricity output 

by 50%. The OTEC can be an open cycle or closed cycle process such as Rankine Cycle or combination of 

both depending on the water temperature, wave depth, etc. A few technologies for OTEC 

conceptualization which could produce energy of 250MW at Energy Island designed by architect Alex 

Michaelis see Figure 2.9. 

 

Figure 2.9 Ocean Thermal Energy Conversion (OTEC) Concept at Energy Island (Alfin BlogSpot website, 

2008) 

 

 

 

 

http://en.wikipedia.org/wiki/Ocean_thermal_energy_conversion
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2.4 SOLAR ENERGY 

2.4.1 Solar Potential 

Solar energy attention is growing at a lightning speed due to the diversion towards renewable resources. 

Researchers, scientist, manufacturers are investing more time and money into solar energy efficiency and 

simultaneously balance its economy since the sun is part of the universe and it cannot be disassociated 

from earth which receives 11,000 times of solar radiation given its surface area. The amount of solar 

radiation received by the earth globally is given in Figure 2.10 which shows the enormous reach of sun and 

abundance of recourse one can gather from it with dark spots such as North America, Latin America, 

Africa, Middle East, China and Australia receiving almost sum total of 18TWe.  

 

CƛƎǳǊŜ нΦмл ¢ƻǘŀƭ {ƻƭŀǊ wŀŘƛŀǘƛƻƴ ƻŦ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛƴ ²κƳн ό²ƛƪipedia, 2011) 

The popular misconception that solar radiation is dominant in the deserts of the Middle East is false as 

various countries have similar reach and can harvest better solar potential as seen from the above figure. 

¢ƘŜ ǇƘƻǘƻǾƻƭǘŀƛŎΩǎ όt±ύ ƳŀǊƪŜǘ has come a long way from its initial start used in space application to 

ǇƻǿŜǊ ǎŀǘŜƭƭƛǘŜǎ ƛƴ ǘƘŜ ƭŀǘŜ мфрлΩǎ ƳǳŎƘ ƭŀǘŜǊ ōŜŦƻǊŜ ƛǘ ǿŀǎ ŘƛǎŎƻǾŜǊŜŘ ōȅ IŜƴǊȅ .ŜŎƘŜǊŜƭ ƛƴ ǘƘŜ ƭŀǘŜ муоу 

through photovoltaic effect. The market share of PV today is seen in Figure 2.11 with Germany leading the 

way followed by US and others accounting for almost 90% of the 3705MW of installed PV capacity. This 

Ƙŀǎ ōŜŜƴ ǇǊŜŘƻƳƛƴŀƴǘ ǎƛƴŎŜ t±Ωǎ ŀŎǘǳŀƭƭȅ ǿƻǊƪ ōŜǘǘŜǊ ƛƴ ŎƻƻƭŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ǎƛƴŎŜ ǘƘŜȅ ǊŜǉǳƛǊŜ ƭƛƎƘǘ ŦƻǊ 

power output rather than heat (Sullivan, 2008).  

 

Figure 2.11: PV Hot Spots, (IEEE Spectrum, 2007) 
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2.4.2 Solar Energy Systems 

Solar Energy Technologies are categorized in three basic modes such as the Flat Panel Crystalline Silicon, 

Thin Film and Concentrators. They are further sub-divided into various categories thereon based on these 

ƎŜƴǊŜǎ ǿƘŜǊŜōȅ ǾŀǊƛƻǳǎ ǊŜǎŜŀǊŎƘΣ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ƳƻŘŜǊƴ ƛƴƴƻǾŀǘƛƻƴǎ ŀǊŜ ǳƴŘŜǊǿŀȅΦ tƘƻǘƻǾƻƭǘŀƛŎΩǎ 

όt±Ωǎύ ƛǎ ŀ ǇǊƻŎŜǎǎ ƻŦ ŎƻƴǾŜǊǘƛƴƎ ƭƛƎƘǘ ŜƴŜǊƎȅ όǎƻƭŀǊ ǊŀŘƛŀǘƛƻƴύ ƛƴǘƻ ŘƛǊŜŎǘ ŜƭŜŎǘǊƛŎ ŎǳǊǊŜƴǘ ǳǎƛng 

semiconductors which work on the principle of photovoltaic effect or quantum mechanics. Solar panels 

which are composed of number of cells to form a simple play of electrons, protons and neutrons to 

generate electricity. Concentrators on the other hand as named are forms of concentrating solar radiation 

to a point (single, multiple) to produce power from heat, steam from fluids, solar cells etc to produce 

electricity.  

Flat Panel PV Systems: 

The most commonly used type of PV systems are the flat panel which most common people associate 
themselves with in their houses and buildings. There are two types of cells predominant in the market 
namely mono crystalline (pure silicon cell wafers) and poly or multi-crystalline (impure form of silicon 
cells). Due to their varied composition they emit different efficiencies during production of electricity 
whereby a mono crystalline offers a cell efficiency of 16-22% as compare to multi crystalline of 14-16%. 
But they are placed in arrays and come in modules where by the grid formation reduces the efficiency by 
2-3% respectively in addition to load power loss due to other accessories such as batteries, inverter etc. 
(Montoro, 2010). Also since mono crystalline being pure form of silicon is more expensive due to the 
availability of raw natural resource. Vitanov et al investigated the cell efficiency by varying the emitter 
thickness of the mono crystalline solar cells with porous cells in relation to the photovoltaic properties. 
Lipinskiet al. investigated double porous silicon (d-PS) layers formed by acid chemical etching on a top 
surface of n+/p multi-crystalline silicon solar cells with the aim to improve the performance of standard 
screen-printed silicon solar cells, the PS layer serving as an anti-reflection coating with the efficiency of the 
solar cells with this structure is about 12%. Figure 2.12 gives as clear identification of the mono versus 
multi crystalline in terms of efficiency and visually where by mono crystalline silicon cells look more 
uniform as compared to shattered look of poly crystalline. 
 

 
Figure 2.12: Flat Panel PV Systems (Montoro, 2010, Modified) 

 
As time and development advances the multi-crystalline form are catching up in performance with a 
nominal efficiency of 15% in comparison to 17% of mono crystalline in commercial market with a added 
advantage of being cheaper than mono crystalline. But by far the most reliable has been mono crystalline 
silicon cells due to their longer production duration since years and research with almost 25 years of 
performance guarantee. Another technology which is very competitive is the amorphous silicon ideally 
known as the Thin Film Technology and has slowly but surely holding greater market value due to its 
overall flexibility and cost. 
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Thin Film Solar System 
 
Most promising of the latest technologies and possible future of photovoltaic cells are made by deposition 
of one or several thin layers of photovoltaic material on a substrate which is mostly metal or even known 
as nanotechnology using thin cell layers on solar conversion materials. Amorphous silicon (un-crystallized) 
is the popular one out of all thin film technology with cells efficiency of 5-7% and can be further improved 
by adding double or triple junction design to an efficiency of 8-10 %. (Parida et al, 2011). Since thin film 
are processed by adding tiny holes to the cells, the solar transmittance can be adjusted but at the same 
time the power output is reduced as the value of solar transmittance increases. This is solely due to 
increase in surface area of solar cells, give larger power output and more the gap in the cells to make it 
flexible or transparent will reduce power output. But due to fragility of the material and purity they are 
also more prone to degradation with a wide variety of thin film available in the market such as a-SIC, 
amorphous germanium (a-SiGe), amorphous silicon nitride (a-SiN) and micro-crystalline silicon (c-Si), (Cd-
Te), etc. The entire above have various efficiency levels as shown in Figure 2.13. 
 

 
 
Figure 2.13: Solar cells Efficiency Levels till 2010 (NREL, 2011) 

 
Researchers have been more upfront on thin film and its advantages in relation to efficiency versus actual 
output. Yang et al discussed the advancement of amorphous thin film which led to the success of an 
AM13, with cell efficiency up to almost 13% stable and set the ball rolling for the spectrum splitting triple 
junction structure for manufacturers by the roll-to-roll continuous deposition process. Lund et al 
estimated by field and laboratory studies that cells are affected by different operating conditions and 
proposed numerous ways to reduce Staebler-Wronski effect in the Si-H solar cells. Yoon et al, 2011 
conducted a practical building monitoring system for 2 years using amorphous silicon transparent thin film 
cells and derived that the building azimuth and shading plays an important role in the output power 
efficiency by almost 47%. But the same is true for all PV cells technology as they greatly depend on the 
amount of solar radiation fall on the surface of the cells. The initial reading gave him a performance 
almost half of the tested efficiency of the BIPV over the 2 year period. Further analysis lead to the fact the 
azimuth and the shading factors of the building via simulation on the southwest and building mass shading 
gave the reduction in the cells efficiency. From the simulating influencing factor such as azimuth and 
shading the measured energy efficiency in tested conditions improved by 47% due to the better solar 
radiation allowance on the PV modules. Figure 2.14 illustrates the improved efficiency of the PV modules 
southwest with better shading building mass leading to better solar radiation on the panels. 
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Figure 2.14: Transparent Thin Film on building in Korea improved through building monitoring and 

simulation. (Yoon et al, 2011) 

 
Concentrator Solar System 
 
¢ƘŜȅ Ŏŀƴ ōŜ ŎŀǘŜƎƻǊƛȊŜŘ ƛƴ ǘǿƻ ōŀǎƛŎ ǎȅǎǘŜƳǎ ǎǳŎƘ ŀǎ ά/ƻƴŎŜƴǘǊŀǘƻǊ tƘƻǘƻǾƻƭǘŀƛŎΩǎ ό/t±ύέ ŀƴŘ 
ά/ƻƴŎŜƴǘǊŀǘƻǊ ¢ƘŜǊƳŀƭ /ƻƭƭŜŎǘƻǊέ ό/¢/ύΦ !ǎ ǘƘŜ ƴŀƳŜ ǎǳƎƎŜǎǘǎ ǘƘŜȅ ŀǊŜ ŎƻƴŎŜƴǘǊŀǘƻǊǎ ƻŦ ǘƘŜ ǎƻƭŀǊκǎǳƴ 
energy by means of reflectors like mirrors, glass etc where by the CTC are mainly used to generate and 
retain heat which is being reflected on the media such as water, fluids, air etc which in turn produce 
steam to run the generators for electricity production. The previous CPV in general run on the same 
ǇǊƛƴŎƛǇƭŜ ƻŦ t±Ωǎ ōǳǘ ǳǎŜ ƭŜǎǎ ŎŜƭƭǎ ƻǊ ǎǳǊŦŀŎŜ ŀǊŜŀ ƻŦ ǘƘŜ ǇŀƴŜƭǎ ǘƻ ŎƻƴŎŜƴǘǊŀǘŜ ǘƘŜ ǎǳƴΩǎ ŜƴŜǊƎȅ ƻƴ ǘƘŜ 
solar point/line focus cells. By this they consume fewer raw materials and less of installation hazards 
which can be systems using single or dual axial tracking enhancing performance and can be referred as 
Heliostat Concentrators. The most common use of CTC is the water heaters and space heating and more 
advance being air-conditioning though the principle is the production of steam to generate electricity 
directly or use fluids to heat domestic water or space heating in colder countries. Figure 2.15 illustrates 
ǘƘŜ /¢/ ŘƛǎƘ ǎȅǎǘŜƳ ǿƘƛŎƘ ŜƭƛƳƛƴŀǘŜǎ ǘƘŜ ƴŜŜŘ ǘƻ ǘǊŀƴǎŦŜǊ ƘŜŀǘ ǘƻ ŀ ōƻƛƭŜǊ ōȅ ǇƭŀŎƛƴƎ ŀ ά{ǘƛǊƭƛƴƎ 9ƴƎƛƴŜέ ŀǘ 
the focal point. 
 

 
 
Figure 2.15: A Euro Solar Thermal Concentrator using a Stirling Engine, (PROMES-CNRS, 2011) 
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Quaschning, 2004 performed detailed technical and economic analyses by means of computer simulation 
to differentiate non-tracked and two axis tracking PV system of the CPV and noted that the balance in 
economy brings better results by adding tracking system. At IBM the technique used to cool computer 
chips is also used to cool solar cells since intense heat degrades the power output of the cells where by a 
adaption of a liquid metal cooling technique can remove three-fourth of the heat generated by CPV 
system, La Monica, 2008. The CPV ideally are in three categories such as the Fresnel lens which consist of 
a series of concentric zones rather than curved surface and requires less material than conventional lens. 
Second is the point focus plastic lens by Amonix Corporation and third one is the FLATCON with a two 
junction cell which yields a module efficiency under operating condition of 23% and 36% for three junction 
cells. (Harvey, 2010) A new concept still under development is the quantum dot or fluorescent dye 
concentrator which can work on direct and diffuse beam radiation without tracking as compared to other 
/t±Ωǎ ό/ǳǊǊƛŜ Ŝǘ ŀƭΣ н008). Figure 2.16 illustrates different CPV in market. 
 

  
 
CƛƎǳǊŜ нΦмсΥ 5ƛŦŦŜǊŜƴǘ ǘȅǇŜǎ ƻŦ /t±Ωǎ CǊŜǎƴŜƭ ƭŜƴǎΣ tƭŀǎǘƛŎ [ŜƴǎΣ C[!¢/hb όKurtz, 2011 NREL) 

 
Solar PV grew at the fastest rate from the year 2004 to 2009 especially in the gird connected world market 
with an annual average rate of 60% making it a total of some 21GW and some 3-4GW still to be added. 
Germany was the primary driver of PV installation to reduce the cost down with installation of 9.8GW to 
the existing capacity leading by almost 47% by 2009. But the concentrated solar power are entering into 
the small market with France and Italy could have an target of 200MW online by 2010 along with the UAE, 
Abu Dhabi, Algeria, Egypt and Morocco plants under construction of 100MW. (REN21, 2010) See Figure 
2.17 for world statistics of the Solar PV capacity and countries contribution. 
 

 
 

Figure 2.17: Solar PV Existing World Capacity by Type and Country. (REN21, 2010) 

 
Apart from the general PV market there are other factors which govern the PV application on buildings 
such as performance, cost and integrations of the same. Though thin film PV are more adaptable to the 
integrations of the building especially due its visual appeal, variety, transparency and uniformity, the 
crystalline form become a little rigid in its amalgamation with building form. But all the same a perfect 
balance is important in its utility, capacity, pay back, policy and application use on comparative basis.  
Wiemken et al studied with monitoring mechanism the effect of 100 PV systems that reveal a 
considerable decrease in power fluctuation compared to an individual system and the energy spectrum of 
combined power generation and concluded that there is reduction is almost 65% in produced energy 



23 

 

output to the overall installed power. According to Kurtz, 2010 report to NREL the factors that will 
enhance the solar market is breakthrough in the higher efficiency in comparative to the current cost 
reverse graph, enhancement in the material with use of plastic wrap and PV spray on paints rather than 
use of glass, tax incentives, renewable policy improvements and more research and innovation leading 
manufacturers to invest in better cost efficient material payback period. Rourke et al and research analyst 
from Deutsche Bank has researched an interesting graph as to which year electricity generation from solar 
t± ǿƻǳƭŘ ŀŎƘƛŜǾŜ άƎƛǊŘ ǇŀǊƛǘȅέΦ IŜ Ƙŀǎ ŜǎǘƛƳŀǘŜŘ ǘƘŜ Ŏƻǎǘ ǇǊƛŎŜ ƻŦ t± ƎŜƴŜǊŀǘƛƻƴ ǿƛƭƭ ǎǘŀǊǘ ŎƻƳǇƭŜǘƛƴƎ ǿƛǘƘ 
local retail electricity prices by 2015 in the US. This was purely by estimating the current improvement 
graph in PV market to the current rate of escalation the retail electricity market in the US and that to 
without government incentives. 
 

 
 

Figure 2.18: Achieving Grid Parity of PV and Retail Electricity Generation till 2020. (Rourke, for Deutsche 

Bank, 2009)  

 
2.4.3 PV Applications and Design Considerations 

PV applications on buildings are greatly dependent on the exposure to solar radiation factors and hence 
have to be installed on spaces to maximum exposure such as roofs ideally, facades, balcony railings, 
external shading devices, awnings etc. From the older concept of PV application only on building roofs, the 
market has emerged innovatively with increase in the PV efficiency, forms and architectural aesthetics 
allowing its integration on various building types such as residential, schools, commercial, hospitals etc to 
ƎŜƴŜǊŀǘŜ ŜƴŜǊƎȅ Ǿƛŀ ƛǘǎ ƻǇǘƛƳƛȊŀǘƛƻƴΦ ¢ƘŜ ŎƻƴŎŜǇǘ ƻŦ t±Ωǎ Ƙŀǎ ƴƻǿ ōŜŎƻƳŜ Ƴǳƭǘƛ-functional beyond only 
the generation of electricity which includes weather protection, thermal insulation, noise control and 
modulations of daylight. Figure 2.19 illustrates the various locations of PV installations on buildings with 
better efficiency areas in terms of its power output. 
 

 
Figure 2.19: Application of PV on buildings (Montoro, 2010) 
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Key factors which determine the application of PV on buildings is the adequate access to solar radiation 
either direct or indirect and this solely depends on the location, usage and design parameters. Climatic 
conditions such inclination angles, longitude, latitude, orientation and the urban settings are critical with 
solar variation daily, seasonally movement of the sun path, azimuth etc determine the output variable of 
power and the efficiency of the PV cells to it optimum are important. .ǳǘ ǘƘŜ ƎǊŜŀǘŜǎǘ ŀŘǾŀƴǘŀƎŜ ƻŦ t±Ωǎ 
application on buildings is its incremental capacity output of power is optimum during peak grid supplied 
power duration. (Radhi, 2010) illustrated via his research in PV application on buildings in UAE that 
relation between the incident irradiance and the delivered PV power is linear and south orientated, 
particularly the tilt angle is equal to the latitude of the site and produces a larger amount of output power 
which in the case of UAE, Al Ain is 24°. Figure 2.20 illustrates the optimum angle tilt and orientation for 
UAE. 
 

 
 
Figure 2.20:  PV power output dependent on Orientation and Tilt angle in UAE, Al Ain based on standard 

test conditions, (Radhi, 2010) 

Similarly Modol et al, 2007 validated by simulation results that the roof mounted PV system at a latitude 
of 54_N in the UK with a south facing surface inclined at 20deg was maximum while on other facing 
surfaces the output was lower by 1.6% and 18.1% respectively then the maximum value. Other factors 
which determine the sizing of the PV system is the temperature, precipitation, wind speed and land 
topography.  Nearby structures, plants and objects could lead to undue shading and reduce the PV 
performance. PV modules and arrays are rated in terms of their electricity output and that corresponds to 
the standard test conditions (STC) when the solar radiation is near to its maximum 1000Wm2 and the cell 
temperature is 25degC. Figure 2.21 shows the output reduction based on a temperature dependent 
scenario of PV cells. Usually the efficiency drops by approximately 0.5% for every 1degC rise in 
temperature. 

 
Figure 2.21: Intensity and Temperature dependent behavior of PV cells. (Clean Energy, 2010) 
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Table 2.2: PV system losses can be due to various factors apart from the above (Parida et al, 2011) 

 
 
2.4.4 PV System Configurations and Components 

!ōƻǾŜ ŀƭƭ ǘƘŜ ǎƛȊƛƴƎ ƻŦ ǘƘŜ t± ǎȅǎǘŜƳ ŀƭǎƻ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǎȅǎǘŜƳ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǎǳŎƘ ŀǎ ά{ǘŀƴŘŀƭƻƴŜ t± 
ǎȅǎǘŜƳέΣ άDǊƛŘ /ƻƴƴŜŎǘŜŘΥ ƻǊ ŀ άIȅōǊƛŘ {ȅǎǘŜƳέΦ !ƭƭ ǘƘŜǎŜ ǎȅǎǘŜƳǎ ŀǊŜ Ŧƛƴŀƭƭȅ ǿŜƛƎƘŜŘ by the total load 
profile of the building in relation to the achievable PV system to be installed. The output of the PV system 
of different sizes and applications can be compared by normalizing them with the actual system size (kWp 
of PV arrays) and comparing their monthly mean value of their daily final yields. A standalone PV system 
requires an accurate system sizing than a grid connected and the final result should meet the load profile 
of the building, structures which ultimately underline the performance ratio of the standalone PV system. 
But the grid connected system may be designed at different times to meet the fraction of the total electric 
load while the remaining or the fraction can be taken care by the main power grid of the building. But PV 
panels alone cannot produce electricity by themselves and require ancillary support system and 
components to make the power output viable to user. The following are the components which are 
required to complete the configuration of the system: 
 

¶ PV Modules of solar arrays (Crystalline or Thin Film, Transparent, Semi-Transparent or Opaque 
etc) 

¶ Charge Controller which can have optimal features and the function is to maintain the batteries 
proper charge level and avoid over charging 

¶ Inverter for converting DC power to AC for building equipment usage 

¶ Balance of System which provides the interconnection and standard safety features required for 
power output such as array combiner box, sizing cables, fuses, switches, circuit breakers and 
meters. 

¶ AC and DC loads appliances such as lights, equipments, pumps etc which are the final consumers. 

¶ Back up supplies such as diesel generators etc 
 
Apart from the sizing of the PV modules it is critically important that the sizes for components are also 
calculated to optimize the performance. Nowadays inverters produce a modified sine wave as compared 
to earlier square wave and are not quite the same as power company electricity as they take care of most 
of the problems encountered earlier. Inverter sizing is according to the watts they can deliver and are 
capable of sustaining much higher loads and can run continuously for accurate power rating as per its 
specifications. The controller apart from maintain adequate flow of charge to batteries also takes care of 
reverse flow and is the lifeline for batteries. Hua et al 2006 discussed the behaviors of lead acid batteries 
during three cycling test and procedures and concluded that lead acid batteries display the best cycle life 
and could be successfully used for standalone PV applications. 
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2.4.5 PV Future Outlook 

The future of solar PV as one of the fastest growing industry lies in the growth rate of new developments 
such as material use, consumption efficiencies, and reliability in relation to the current initial high cost 
investment ratio. Most of the investors are discouraged due to the high initial cost and the payback 
periods. Though new technologies are advancing to balance the cost to efficiency ratio it is still in its initial 
stages but one has to also understand that the fossil fuels prices are also escalating and a period will come 
when the payback time will be practically met to cost of the fossil fuels market rate. Munner at al 2005 
has already described the modular approach to solar PV electricity shall meet the demand in the year 
2025 in six major cities in India and suggested that solar hydrogen based energy network has the 
capability of providing the energy requirement. But till then the PV market will be dependent on 
incentives such as government subsidization, policy making and renewable energy goals to step closer to 
meeting the energy demands. Grid connectivity or smart grids can be the immediate solution to the 
current cost problems but cannot be meet without the government initiatives. 
 
Innovations in technologies suŎƘ ŀǎ ƻǊƎŀƴƛŎ t±Ωǎ όht±ύ ǿƘƛŎƘ ǊŜǇƭŀŎŜ ǘƘŜ ǳǎŜ ƻŦ Ǝƭŀǎǎ ǿƛǘƘ ǇƭŀǎǘƛŎ ƛǎ 
already in its application stages. OPV whereby in 2007 German Federal Government announced its 
support for the industrial partners working on OPV with 60 million Euros within the framework high tech 
strategies along with companies like BASF, Bosch, Merck are already going ahead with OPV full throttle to 
scale of 300 million Euros (Henemann at al, 2008). Also Konarka has promised to have products such as 
Bifacial Cells which will convert electricity on both sides of the glass façade and windows. 
 
Lastly but surely the policies and cost factor for further technologies need to be enhanced. For e.g. in 
France the BIPV tariffs are higher as compared to the non integrated solutions by almost Euros 9.596 
ϵŎǘκƪ²Ƙ ōǳǘ ŀŘŘƛǘƛƻƴŀƭ ƛƴǾŜǎǘƳŜƴǘ ǎǳōǎƛŘƛŜǎ ŀǊŜ ŀƭǎƻ ŀǾŀƛƭŀōƭŜ ŀǎ ǘŀȄ ŎǊŜŘƛǘǎ ǿƘŜǊŜ ŀǎ ƛƴ ǘƘŜ ¦{! ŦƛƴŀƴŎƛŀƭ 
incentives are built in for a tax credit savings of almost 30%, but for residential and advances need to be 
on the businesses as well. While Germany has come forward as a force since models have been developed 
around the world and one can already see a shift in the market with increasing fossil fuel inflation 
(Henemann et al 2008). UAE as a country has already initiated (IRENA) International Renewable Energy 
Association by winning the bid to be the host country to house its headquarters. Almost 149 signatory 
countries and 76 members have agreed to be the part of this formation to meet energy targets. 
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2.5 WIND ENERGY 

2.5.1 Wind Potential 

Wind energy similar to Solar is also one of the leading resources which are not exhaustible, and can 
produce energy with little or no polluting emissions. According Van Wijk et al the estimated potential to 
produce electricity from land based wind energy is 20,000TWh per annum along with a possibility of 
installing 450GW of wind turbines capacity by the year 2020 globally. Figure 2.23 illustrates the wind 
energy potential globally at 5km wind map at 80m height where dark red signifies potential above 9m/s 
wind speed in countries such as South America, Europe, China and East African region.  
 

 
 

Figure 2.23: Global Land Wind Energy Potential 5km Wind Map at 80m (3TIER Inc, 2011) 

Wind is simply air in motion and the power contained in the wind is the kinetic energy (KE) of the flowing 
air mass per unit time. This KE of mass air in motion is equal to half actual mass (m), of the air time the 
square of its velocity V and represented as KE=1/2 mV2. Wind is the product of the temperature 
fluctuŀǘƛƻƴ ƻŦ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǿƘƛŎƘ ƛǎ ŎƻƳǇǊƛǎŜŘ ƻŦ ŎƻƴǘƛƴŜƴǘǎ ŀƴŘ ƻŎŜŀƴǎ ǿƘƛŎƘ ŀōǎƻǊō ƘŜŀǘ ŀǘ ŘƛŦŦŜǊŜƴǘ 
times, rates causing temperature differential. It day and night heat movement cycle which is caused by 
movement of lighter heated air upwards and colder heavy air downwards during day and night from earth 
to water surfaces. This is also possible in deep mountain valleys with a similar hot and cold air movement. 
Although there are many factors involving wind pattern, there are three major wind belts in the world 
ƴŀƳŜƭȅ ά5ƻƭŘǊǳƳǎέ ƴŜŀǊ ǘƘŜ ŜǉǳŀǘƻǊΣ άIƛƎƘ tǊŜǎǎǳǊŜ олŘŜƎ ƭŀǘƛǘǳŘŜέ ǘƻǿŀǊŘǎ ǘƘŜ ŜǉǳŀǘƻǊ ŀƴŘ ǇƻƭŜ ŀƴŘ 
Ŧƛƴŀƭƭȅ άtƻƭŀǊ CǊƻƴǘέ ŀǘ слŘŜƎ ƭŀǘƛǘǳŘŜΦ CƛƎǳǊŜ нΦнп ƛƴŘƛŎŀǘŜǎ ǘƘŜ Ǝƭƻōŀƭ ǿƛƴŘ ŎƛǊŎǳƭŀǘƛƻƴ ŀƴŘ ŎƭŀǎǎŜǎ ƻŦ ǿƛƴŘ 
power density at 10m and 50m wind class 2 has wind power density between 100-200W/m2 at 4.4m/s at 
10m height. Most wind turbines are installed for class 3 due to better efficiency (Chinchilla et al, 2011) 
 

 
Figure 2.24 Global Wind Circulation and Classes of Wind Power Density, (Wall et al, 2006) 
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The world wind energy market and technology has come a long way since its initial concepts through 
simpler wind devices which date back 1000 years back with vertical windmills found in Persian-Afghan 
border around 200BC and horizontal axis wind mills of the Netherlands and Mediterranean much later in 
1300-1875AD, not to forget the Badgirs of the Iranian-Middle Eastern architecture (Kaldellis et al, 2011). 
As of today the wind energy market has slowed down with the overall annual market shrunk by 0.5% to 
38.3GW in 2010 as compared to 38.8GW in 2009.But in spite of the slump the global installed wind power 
capacity now stands at 197.0GW with the main market drivers being Asia and Europe which installed 
21.5GW and 9.5GW respectively in 2010. China due to its continued boon in infrastructure has alone 
accounted for half of new global wind installations with 18.9GW in 2010 totaling up to 44.7GW and has 
surpassed US to claim the top spot. Overall it is notable that the total investment was accounted for by 
China and large European off shore wind farms by 2010 (GWEC, 2011). Figure 2.25 represents the growing 
market in wind power installed capacity by region spanning from 2003-2010 with the largest share 
improvement in Asia especially due to China followed by Europe. 

 
 
Figure 2.25: Global Wind Power Installed Capacities by Region 2003-10 (GWEC, 2011) 

 

Though the Middle East is way behind in wind power there is definitely potential to invest in this sector as 
per Prof. Mohammed Yagoub, a researcher from the UAE University in Al Ain, where wind farms can be 
established along the north western area with a wind speed ranging from 4.18-5.28m/s in certain 
identified area through the GIS, weather and satellite imagery with a close proximity to centre of demands 
such as urban and agricultural hubs, refineries, airports and transmission lines. From collected information 
through 34 meteorological stations in the UAE the maximum gust ranges between 8-14m/s and this speed 
together with the average speed can be put to account in the turbine design cut-in and cut-out speed 
(Kazmi, Gulf news, 2009).  
 
2.5.2 Wind Energy Systems 

So far we have looked into the wind energy potential but this energy need to be converted to usable 
power and for the conversion wind turbines are used along with its components. By definition wind 
turbines is a rotary device that extracts energy from the wind which can be converted into electricity and 
if the same energy is used for machine purposes then it is defined as windmill and wind pump if used for 
pumpinƎ ǿŀǘŜǊΦ ²ƛƴŘ ǘǳǊōƛƴŜǎ ŀǊŜ ōǊƻŀŘƭȅ ŎƭŀǎǎƛŦƛŜŘ ƛƴ ǘǿƻ ŎŀǘŜƎƻǊƛŜǎ ǎǳŎƘ ŀǎ άIƻǊƛȊƻƴǘŀƭ !Ȅƛǎ ²ƛƴŘ 
¢ǳǊōƛƴŜǎέ όI!²¢ύ ŀƴŘ ά±ŜǊǘƛŎŀƭ !Ȅƛǎ ²ƛƴŘ ¢ǳǊōƛƴŜǎέ ό±!²¢ύ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ƛƳǇƻǊǘŀƴǘ ǘƘƛƴƎ ǘƻ ƴƻǘŜ ƛǎ 
that these wind turbines essentially are designed based on the flow axis of the wind and maximization of 
the wind energy to power conversion factor. Though both wind turbines exist in the market with the 
majority share taken by HAWT and almost 90% turbines in use are HAWT for several reasons (Rosa, 2009). 
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Horizontal Axis Wind Turbines (HAWT): 
 
The HAWT is a rotary device which harnesses power from the wind energy which flows at higher speeds 
above ground surface. It is a device which is driven by main rotor shaft and electricity generators which 
are placed at the top of the tower. The HAWT has a design specifically which demands that it should be 
pointed towards the wind velocity to capture maximum power. This process is called yawning. The turbine 
shaft is generally coupled to the shaft of the generator through a gearbox which turns the slow rotation of 
the blades into a quicker oration that is more suitable to drive the electrical generator. Figure 2.26 
ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƎŜƴŜǊŀƭ ŘŜǎƛƎƴ ƻŦ ǘƘŜ I!²¢ ŀƴŘ ǘƘŜ ƛƴǘŜǊƴŀƭ ŜǉǳƛǇƳŜƴǘǎΦ ¢ƘŜ άbŀŎŜƭƭŜέ ƛǎ ǘƘŜ ŎƻǾŜǊ ǿƘƛŎƘ 
houses the gearbox and the generator along with other components of the HAWT. 
 

   
Figure 2.26: HAWT Design and Internal Equipments (ESN, 2011 and Wikipedia, 2011) 

 
The HAWT generally has 1-3 numbers of blades depending on the rotor diameter and the swept are of the 
blades to capture maximum wind power, and could possibly have larger number of blades with disc like 
ǎƻƭƛŘƛǘȅ ǿƘƛŎƘ ƛǎ ǘŜǊƳŜŘ ŀǎ άIƛƎƘ {ƻƭƛŘƛǘȅ 5ŜǾƛŎŜǎέΦ {ƛƳƛƭŀǊƭȅ ǘƘŜ ƭŜǎǎŜǊ ǘƘŜ ƴǳƳōŜǊ ƻŦ ōƭŀŘŜǎ ǿƛǘƘ ƭŜǎǎ 
ǎƻƭƛŘƛǘȅ ƛǎ ǘŜǊƳŜŘ ŀǎ ά[ƻǿ {ƻƭƛŘƛǘȅ 5ŜǾƛŎŜǎέ ǿƛǘƘ ƳǳŎƘ ƭŀǊƎŜǊ ǾƻƛŘ ƛƴ ǘƘŜ ǎǿŜǇǘ ŀǊŜŀ ƻŦ ǘƘŜ ǊƻǘƻǊΦ 
CǳǊǘƘŜǊƳƻǊŜ ǘƘŜ I!²¢ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘǊŜŜ ǘȅǇŜǎ ǎǳŎƘ ŀǎ ά5ǳǘŎƘ ²ƛƴŘƳƛƭƭǎέΣ aǳƭǘƛ-blade Water-
ǇǳƳǇƛƴƎ ²ƛƴŘƳƛƭƭǎέ ŀƴŘ άIƛƎƘ {ǇŜŜŘ tǊƻǇŜƭƭŜǊ aŀŎƘƛƴŜǎέΦ ¢ƘŜ 5ǳǘŎƘ ǿƛƴŘƳƛƭƭǎ ǿŜǊŜ ǘƘŜ ƳƻǊŜ ǿƛŘŜƭȅ 
used across Europe for grinding grains and they operated on thrust exerted by wind with blades inclined 
at an angle to the wind direction initiating rotation. Whereas the Multi-Blade as the name suggest more 
number of blades is used to pump water and since they are more located based on the water availability 
they are designed to function on low wind speeds. Finally the High propeller machines are more adequate 
and widely used to generate electricity and instead of working on the thrust of the wind force as 
compared to former cases these turbines operate on the aerodynamics forces of the wind. It is found that 
the turbines which operate on thrust forces are of lower efficiency than the ones which operate on the 
aerodynamic forces. (Vijay and Sethi, 2011) Figure 2.27 illustrates the different HAWT types. 
 

      
 
Figure 2.27: a) Dutch Windmills b) Multi-Blade Water pumping windmills c) High Propeller Machines 
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Vertical Axis Wind Turbines (VAWT): 
 
VAWT are less known type of wind turbines with the designs, the air scoops or aerofoil rotate 
perpendicular to the direction of the wind as in general they can capture wind in any direction as 
compared to HAWT but various issues arise due to efficiency levels. The VAWT have main rotor shaft 
arranged vertically for multi-directional wind capture and due to this it harnesses great benefits where 
wind direction keeps varying. They are also comparatively lighter as the gearbox and generators can be 
placed near the ground which makes them more easy and accessible. But some design produce pulsating 
torque which results in fatigue and sometimes becomes difficult to place them higher due to higher 
pressure resulting in fatigue at higher height wind pressure. They are more preferred at lower base levels 
where the wind pressure is lower as the sizes of VAWT are restricted to harness lesser efficiency power 
ƻǳǘǇǳǘ ŀǘ ƭƻǿŜǊ ƻǳǘǇǳǘΦ ¢ƘŜȅ ŀǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ƛƴ ǘƘǊŜŜ ǘȅǇŜǎ ǎǳŎƘ ŀǎ ά5ŀǊǊƛŜǳǎέΣ {ŀǾƻƴƛǳǎέ ŀƴŘ άDƛǊƻƳƛƭƭ 
wƻǘƻǊέΦ ¢ƘŜ 5ŀǊǊƛŜǳǎ ǘȅǇŜ ƛǎ ƴŀƳŜŘ ŀŦǘŜǊ ƛǘǎ CǊŜƴŎƘ ƛƴǾŜƴǘƻǊ DǊŜƻƎŜǎ 5ŀǊǊƛeus and had features such as 
good efficiency, produces large torque ripples, and starting torque is very less with external 
superstructures are needed to hold them up. (Vijay et al 2011). The Savonius type is shaped like to cup 
drums cut into half vertically and are drag type turbines which work entirely on thrust of the wind force 
with the two cups attached opposite each other on the vertical shaft to scoop wind force. While the 
Giromill types are quite similar to the Darrieus except that they have straight blades and have cyclo-
turbine variety which has variable pitch to reduce the torque pulsation and is self starting. The advantages 
being high starting torque, lower blade ratio, a wide relatively flat torque curve with a higher coefficient of 
performance. Figure 2.28 illustrates the different types of VAWT 
 

          
Figure 2.28: VAWT Types a) Darrieus Rotor b) Savonius Rotor c) Giromill Rotor. (Vijay and Sethi, 2011) 

 
Advantages and Disadvantages of HAWT and VAWT 
 
HAWT Advantages: 

¶ It is more stable due to the blades position being to the turbines centre of gravity 

¶ Turbine blades give best angle of attack due to wing warp ability which gives better control so 
that the blades can collect maximum amount of wind energy at any time and season. 

¶ Avoids damage to turbine due to ability to pitch the rotor blades in storm 

¶ Taller towers can access better wind speed with wind shear and every 10m up the wind speed 
increase by 20% and the power output by 34% (Patnaik, 2009) 

¶ Unevenness of land, forest and offshore locations are more feasible with tall tower positioning. 

¶ Most are self starting and can be cheaper for higher production volumes, larger the size higher 
the capacity and efficiencies with better proven products. 

Disadvantages: 

¶ Cannot be placed closer to the ground as they require laminar wind flow and their yaw with 
smooth blades bearing needs in turbulent winds makes it difficult. 

¶ Blade sizes up to 60m long which are taller and long are difficult to transport on land and sea 
increasing the equipment overall cost. 

¶ Also installation is difficult with tall and longer blades with skilled operators and cranes. 

¶ Navigation and maintenance of transmission lines with offshore towers 

¶ Fatigue and structural failure caused by turbulence is suffered in downwind variants. 
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VAWT Advantages: 

¶ Maintenance and servicing is more feasible since moving parts are closer to the ground due to its 
shape with airfoils, blades just connected to the arm of the shaft that sits on the bearing and 
drives the generator below. 

¶ Vertical shape of rotor blades avoid yaw device reducing cost and need for bearing. 

¶ Higher airfoil pitch improvises aerodynamics which reducing drag and high pressures. 

¶ More powerful winds at ground levels at hilltops, ridgelines and passes then at higher levels can 
house VAWT better then HAWT due to the increasing wind velocity as one goes higher up. 

¶ Laws and restricted areas where higher heights not permitted can benefit from VAWT 

¶ Ease of transportation and installation cost due to the VAWT scales. 

¶  Due to lower tip-speed ration damages are less at high wind situations. 
Disadvantages: 

¶ Limitations in height due to the VAWT mechanics and doubts as to rise in swept area at higher 
positions. 

¶ Efficiency for most VAWT are 50% of that of HAWT in larger parts because of the additional drag 
that they have as their blades rotate into the wind.( Vijay and Sethi, 2011) 

¶ Not all devices are self starting as Darrieus type has self starting difficulty in normal wind regimes. 

¶ Limitations in higher power production due to lower wind power regime device structures. 

¶ Historically VAWT are higher cost to power output ratio. 
 
2.5.3 Wind Turbine Design Considerations and Applications 

The design of the wind blades is critical in design of the wind turbines and even more complicated then 
aircraft wings as the air movement around the blades has wind forces moving towards and also from the 
relative motion of the blade. Since the air pressure at the airfoil on top is lower than the pressure below 
due to the upward lift and the angle which is formed ŀǘ ǘƘŜ ƭƻǿŜǊ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ŀƛǊŦƻƛƭ ƛǎ ǘƘŜ άŀƴƎƭŜ ƻŦ 
ŀǘǘŀŎƪέΦ ¢Ƙƛǎ ŀƴƎƭŜ ƛǎ ŎŀǳǎŜ ŘǳŜ ǘƻ ǘƘŜ ǊŜǎǳƭǘŀƴǘ ǿƛƴŘ ǿƘƛŎƘ ƳƻǾŜǎ ǘƻǿŀǊŘǎ ǘƘŜ ōƭŀŘŜΦ LƴŎǊŜŀǎƛƴƎ ǘƘŜ ŀƴƎƭŜ 
can improve the lift of the blades at the expense of the increased drag but heavy air pressure will stall the 
wings and airflow will have turbulence and damage the turbine blades. This specific design of blades in 
wind turbines is known as the aerodynamic blade design to harvest maximum power output in the 
rotation of the rotor in the swept diameter of the wind turbines. The tip speed ratio (TSR) of a wind 
turbine is defined as the ratio of the speed of the blade tip to the speed of the wind and dictates the rotor 
efficiency, expressed mathematically as follows: 
     ¢{w Ґ нˉwb 
       V 
Equation2.1: Where R= Radius of the swept area, N= Rotational Speed and V= Free Wind Speed   
   
Power coefficient of the wind turbine is the instantaneous efficiency of the conversion of energy into 
mechanical energy of the shaft and in high speed HAWT the maximum power coefficient is given by the 
betz limit which is 59% or 0.59 (Yao et al 2009) and  is given as follows: 
 
                              Cp= power output from the wind turbine 
    Power contained in the wind 
 
Equation 2.2: Where Cp = Power Coefficient 
 
But the wind turbines do not start generating power by just the blow of wind through it and there is a 
ŎƻƴǘǊƻƭ ƳŜŎƘŀƴƛǎƳ ǎǳŎƘ ŀǎ ά/ǳǘ ƛƴ {ǇŜŜŘέ ǿƘƛŎƘ ƛǎ ǘƘŜ ƳƛƴƛƳǳƳ ǎǇŜŜŘ ŀǘ ǿƘƛŎƘ ǘƘŜ ǿƛƴŘ ǘǳǊōƛƴŜǎ ǿƛƭƭ 
generate usable power as the wind speed is not sufficient to overcome friction in the drive train of the 
turbine and is typically between 7-10mph for most turbines. In many modern designs the aerodynamic 
torque produced at standstill conditions is quite low and the rotor has to be started (by working the 
generator in the motor mode) at the cut in wind speed (BhadraΣ нлмлύΦ{ƛƳƛƭŀǊƭȅ ǘƘŜǊŜ ƛǎ ŀ άwŀǘŜŘ ²ƛƴŘ 
{ǇŜŜŘέ ŀǘ ǿƘƛŎƘ ǘƘŜ ǿƛƴŘ ǘǳǊōƛƴŜ ǿƛƭƭ ƎŜƴŜǊŀǘŜ ƛǘǎ ŘŜǎƛƎƴŀǘŜŘ ǊŀǘŜŘ ǇƻǿŜǊΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ǎǇŜŜŘ ŀǘ ǿƘƛŎƘ ǘƘŜ 
wind turbine will optimize its rated power output. But there are situations when the wind turbine will be 
subjected to very high wind speed pressure and may rotate much beyond the rated speed. In such a 
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ǎƛǘǳŀǘƛƻƴ ǘƘŜǊŜ ƛǎ ά/ǳǘ ƻǳǘ ƻǊ CǳǊƭƛƴƎ ²ƛƴŘ {ǇŜŜŘέ ōŜȅƻƴŘ ǿƘƛŎƘ ǘƘŜ ǘǳǊōƛƴŜ ǿƛƭƭ ǎƘǳǘ Řƻǿƴ ǘƻ ŀǾƻƛŘ 
damage to the turbine. This shut down may occur in several ways such as automatic brakes, pitching the 
blades to spill the wind and others such as spoilers etc. Most of the wind turbine manufacturers provide a 
ƎǊŀǇƘ ŎŀƭƭŜŘ ǘƘŜ άǇƻǿŜǊ ƎǊŀǇƘέ ǎƘƻǿƛƴƎ ǘƘŜ ǿƛƴŘ ǘǳǊōƛƴe output with wind speeds as mentioned above. 
Figure 2.29 illustrates an example of the power curve in relation to the power output versus wind speed. 
 

 
 

Figure 2.29: Power curve graph for Wind Turbines (PFR, 2011) 

There are various factors affecting wind power such as wind statistics, load factor, seasonal and diurnal 
variation of wind power. The later has a significant effect on wind power and can be reduced by increasing 
the height of the wind power generator tower. As we all know air is heavier at the bottom of the surface 
of the ground earth and hence there is more friction at the ground surface and is generally termed as 
ǊƻǳƎƘƴŜǎǎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ŜŀǊǘƘ ŦǊƻƳ ōƻǘǘƻƳ ǘƻ ǘƻǇΦ Lǘ ƛǎ ƪƴƻǿ ǘƘŀǘ άtƻǿŜǊ ƛƴ ǘƘŜ ǿƛƴŘ ƛǎ ǇǊƻǇƻrtional to the 
cube of the wind speed, so even the modest increase in wind speed will cause significant increase in the 
wind power. Hence the air friction is critical to get smoother wind speed which gets better as we move up 
ŀƴŘ ŀōƻǾŜ ǘƘŜ ŜŀǊǘƘΩǎ ƎǊƻǳƴŘ ǎurface. As we look into good location to house the wind turbines 
generators such as availability, power connection system around, site, terrain, soil, lightning strokes, and 
the very next factor is the friction coefficient of the location to maximize power output. Figure 2.30 
illustrates the friction coefficient of various terrains and height variation in wind tower which leads to 
better power output graph.  

 
 
Figure 2.30: Various terrain friction coefficient and Tower height to wind power ratio (Yao et al 2010 and 

SWBET, 2011) 

 
Other factors are also critical to maximize power output such as wind rose, Weibull distribution function, 
long term wind records used to select the rated wind speed for wind electric generators, pitch control , 
stall controls which include systems such as passive and active stall controls, yaw control which helps to 
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continuously orient the turbines along the direction of the flow. But yaw control often produces loud 
noise and it is desirable to restrict the yawing rate in large machines to reduce noise (Bhadra, 2010). 
Application of wind energy in building is not new and the concept of standalone wind turbines for urban 
power generation started with power generation system in rural areas especially due to heavy cost 
involved in laying heavy transmission lines and losses. A lot depends of various factors especially in an 
urban environment as we have mentioned earlier as regards to terrain and turbulence, obstructions. 
However apart from physical aspect, the building also has to be seen through aesthetical point of view. 
There are different methods adopted worldwide to integrate wind turbines in building and the most 
ŎƻƳƳƻƴ ŀƳƻǳƴǘ ǘƘŜƳ ōŜƛƴƎ άwƻƻŦ ¢ƻǇ aƻǳƴǘŜŘ ƻƴ .ǳƛƭŘƛƴƎǎέΦ ¢Ƙƛǎ ƛǎ ǳǎŜŦǳƭƭȅ ǘƻ ƘŀǊƴŜǎǎ ƳŀȄƛƳǳƳ ǿƛƴŘ 
speed without any physical obstructions if possible with the surroundings and creates high turbulence at 
the top of the roof due to upward draft movement of the wind on the building structure. This upward 
draft could also be harmful if not pitched at an adequate angle and can cause fatigue to the blades in no 
ǘƛƳŜΦ .ǳǘ ǘƘŜ ά±!²¢ ¢ǳǊōȅέ ƛǎ ŘŜǎƛƎƴŜŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ƻƴ ōǳƛƭŘƛƴƎ ǘƻ ŎƻǳƴǘŜǊ ǎǳŎƘ ǘǳǊōǳƭŜƴŎŜ ǇǊƻōƭŜƳǎ ŀǎ 
per manufacturers. However studies have revealed that wind flow acceleration occurs on the roofs to 
multiple times of the ambient wind speed and could be helpful in high wind power production (Walker, 
нлммύΦ !ƴƻǘƘŜǊ ƳŜǘƘƻŘ ƛǎ ά5ǳŎǘŜŘ ²ƛƴŘ ¢ǳǊōƛƴŜǎ ōŜǘǿŜŜƴ ²ƛƴŘǿŀǊŘ ǎƛŘŜ ŀƴŘ [ŜŜǿŀǊŘ {ƛŘŜ ƻǊ wƻƻŦέΦ 
This is based on the positive pressure built up on the windward side and negative pressure built up on the 
leeward side due to the wind past blowing the buildings. This air pressure differential has potential as air 
moves from front to back or other sides which experiences wind acceleration (Frechette et al 2008). With 
a connection via ducts placed with wind turbines inside between the windward and leeward sides 
multiples again as compared to ambient wind speeds improving wind power. But this has to be carefully 
studied as in case the air flow is perpendicular to or at angle to the duct no pressure differential is induced 
along the two sides and no wind energy is generated Some researches and engineers have specially 
formulated building shapes in aerodynamics specifically to gather better wind speeds and with this can 
gather wind power at different angles or more parallel to the turbines axis such as HAWT. Wind turbines 
ƛƴ ǎǳŎƘ ŀŜǊƻŘȅƴŀƳƛŎ ŀǊǊŀƴƎŜƳŜƴǘ ƻŦ ōǳƛƭŘƛƴƎ ŦƻǊƳǎ ŀǊŜ ƪƴƻǿƴ ŀǎ ά.ǳƛƭŘƛƴƎ !ǳƎƳŜƴǘŜŘ ²ƛƴŘ ¢ǳǊōƛƴŜǎέ 
ό.¦²¢ύΦ ! ǾŜǊȅ ƎƻƻŘ ŜȄŀƳǇƭŜ ƻŦ ǘƘƛǎ ƛǎ ǘƘŜ .ŀƘǊŀƛƴ ²ƻǊƭŘ ¢ǊŀŘŜ /ŜƴǘǊŜέ and test models built such as 
ά²9. /ƻƴŦŜǊŜƴŎŜ ŀƴŘ wŜǎŜŀǊŎƘέΦ ±ŀǊƛƻǳǎ ǿƛƴŘ ǘǳǊōƛƴŜǎ ƭƻŎŀǘƛƻƴ ŀƴŘ ŘŜǎƛƎƴ ƳŜǘƘƻŘǎ ŀǊŜ ƛƭƭǳǎǘǊŀǘŜŘ ōŜƭƻǿ 
in Figure 2.31 
 

        
 
Figure 2.31 a) Roof Mounted WT, 5MW Turbine; 10MW Tower (Studied Impact Architects, 2010) 

  b) Ducted WT, 8% of Building Electricity Demand, Castle House Tower (Hamilton, 2010) 

  c) BUWT, 11-15% of Building Electricity Demand, Bahrain WTC (Atkins, 2009) 
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2.5.4 Wind Energy System Configuration and Components 

Depending on the load generation needed from wind energy profile the system can be either a 
ά{ǘŀƴŘŀƭƻƴŜ όbƻƴ DǊƛŘ /ƻƴƴŜŎǘŜŘύέ ƻǊ ŀ άDǊƛŘ /ƻƴƴŜŎǘŜŘέΦ bƻǿŀŘŀȅǎ ŀ ǎƛƴƎƭŜ ǘǳǊōƛƴŜ ƛǎ Ƨǳǎǘ ǳǎŜŘ ŦƻǊ ŀ 
particular site such as off grid rural places or in off-shore areas. In cases where the wind speed is good 
ǘƘŜǊŜ ŀǊŜ ƴǳƳŜǊƻǳǎ ǿƛƴŘ ǘǳǊōƛƴŜǎ ǿƘƛŎƘ ŀǊŜ ƻŦǘŜƴ ǘŜǊƳŜŘ ŀǎ άǿƛƴŘ ŦŀǊƳǎέΦ ¢ƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ǎǳŎƘ ǿƛƴŘ 
farms is that they reduce site development cost, simplified connection to transmission lines and more 
centralized access for operation and maintenance. Today turbines capacities have grown significantly with 
the latest 5MW turbine in 2006. Figure 2.32 shows the wind turbine wind farms and progression in 
maximum turbine sizes and capacity over time. 
 

 
Figure 2.32: Turbine Sizes and Capacity over time (Wind Energy Facts, 2010) 

 
The Standalone wind turbines or non grid connected turbines can produce electricity or mechanical 
energy and often have methods of storing energy such as batteries when wind conditions are not good. 
The come in range of power outǇǳǘ ǎȅǎǘŜƳǎ ǎǳŎƘ ŀǎ άaƛŎǊƻ-{ȅǎǘŜƳǎέ ǿƛǘƘ млл² ƻǊ ƭŜǎǎ ǳǎŜŘ ŦƻǊ ǎƳŀƭƭ 
ŀǇǇƭƛŀƴŎŜǎΣ ǊŜƳƻǘŜ ƭƛƎƘǘǎΣ ǎƳŀƭƭ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǎȅǎǘŜƳǎ ŜǘŎΣ άaƛƴƛ {ȅǎǘŜƳǎέ ǿƛǘƘ млл² ǘƻ млƪ² ŀǊŜ 
useful for pumping water for irrigation, navigational aids waste water treatment etc and fƛƴŀƭƭȅ ά{Ƴŀƭƭ 
{ȅǎǘŜƳǎέ ǿƛǘƘ млƪ² ǘƻ рлƪ² ŀƴŘ ŀǊŜ ƭŀǊƎŜ ŜƴƻǳƎƘ ǘƻ ǎǳǇǇƭȅ ŜƭŜŎǘǊƛŎƛǘȅ ǘƻ ŦŀǊƳǎ ƻǊ ōǳǎƛƴŜǎǎΣ ǊŜƳƻǘŜ 
camps or communities. Whereas large wind turbines that feed electricity into the utility grids (Grid 
Connected) are commercially available such as wind farms above and are in the range of size from 300kW 
to 1.5MW. The following components are required to complete the wind energy system configuration: 

¶ Foundation and Towers: They are critical as they have strong enough to hold the turbine and its 
cƻƳǇƻƴŜƴǘǎΦ {ƻƳŜ ƻŦ ǘƘŜ ƻƴŜǎ ǳǎŜŘ ŀǊŜ άDǳȅŜŘ ¢ƻǿŜǊέ ŀǎ ǘƘŜȅ ŀǊŜ ǎǘǊƻƴƎ ŀƴŘ ŜŎƻƴƻƳƛŎŀƭƭȅ 
ǾƛŀōƭŜΣ ά¢ƛƭǘ ǳǇ ¢ƻǿŜǊέ ŀǊŜ ǳǎŜŘ ŦƻǊ ǎƳŀƭƭŜǊ ǎȅǎǘŜƳǎ ŀǎ ǘƘŜȅ ŀǊŜ ǎŀŦŜ ƻƴ ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ǘǳǊōƛƴŜǎΣ 
ά{ƛƳǇƭŜ wƛƎƛŘ tƻƭŜǎέ ŀǊŜ ǳǎŜŘ ŦƻǊ ƳƛŎǊƻ ǎȅǎǘŜƳǎ ƘƻƳŜ ƻǊ ŎƻǘǘŀƎŜ ƛƴǎǘŀƭƭations. 

¶ Rotor: This consists of blades specifically shaped for aerodynamic surfaces. Turning of the rotor 
causes the rotation of the drive train and generator. Diameter of rotor blades determines how 
much power is generated from wind. 

¶ Nacelle which houses the gearbox, a generator which is generally induction 
(asynchronous)generator, electronic system which monitors the condition of the turbine and 
controls the yaw mechanism, yaw mechanism which turns the rotor face towards wind direction, 
cooling unit, and an anemometer and wind vane to measure the speed of wind and direction. 

¶ Batteries such for storage of power from wind energy with charge controller to control discharge 
and reverse flow. 

¶ Inverter which converts DC to AC usable electrical power and balance of system such as wiring, 
cables etc 
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2.5.5 Wind Energy Future Outlook 

 It is estimated that wind power in many countries is already competitive with fossil fuels and nuclear 
power if social/environmental costs are considered (REN21, 2010). As the maintenance cost of the wind 
system is normally very small and annual maintenance costs is about 2% of the total system cost. (Yao et 
al 2010). But a lot of efforts are still made in reducing the cost of wind systems by design improvements, 
better manufacturing technologies, site issues, better control strategies, development policies and 
instruments etc. Moreover , according to the long term plans 400GW of wind power in Europe and 20% of 
US electricity demand covered by wind till 2030 is planned, along with China requesting 150GW installed 
by 2020 (Kaldellis et al 2011). Figure 2.33 illustrates the expectation to meet the 230GW target by 
countries. 
 

 
Figure 2.33: Future Wind Energy Targets and Expectation from Countries till 2020 (Kaldellis et al, 2011) 

 
But to achieve such target the R&D for wind energy systems must also look at the following points to 
achieve sustainable, economic aspects such as: 

¶ New wind turbines to reduce overall cost, assess efficiencies, reliability in wind turbines, 
innovative logistics with improved design considerations. 

¶ Achieve grid integrations for even greater wind energy penetrations 

¶ Government subsidies, policies and infrastructure, resource assessment and planning with 
governmental incentives etc. 

Innovations such as the new rooftop tǳǊōƛƴŜǎ ŘŜǾŜƭƻǇŜŘ ōȅ ά²ƛƴŘ¢ǊƻƴƛŎǎέΣ aƛŎƘƛƎŀƴ ǿƘƛŎƘ ƛǎ ƻƴƭȅ ǎƛȄ ŦŜŜǘ 
in diameter and can generate wind energy at just 2mph on contrary to 6-8mph to produce electricity. This 
is possible as the power generating parts where placed outside the wheel whereby the blades can turn 
faster reducing bulk at the centre in traditional wind turbines and produce a power output of 2,000kWh of 
electricity annually. This would be almost 18% of the average household use with a cost of $5,499 only. 
(WindTronics, 2010)  Other companies such as Katru Eco-Energy have developed a new type of HAWT 
ŎŀƭƭŜŘ ǘƘŜ άLƳǇƭǳȄέ ǿƘƛŎƘ Ŏŀƴ ŎŀǇǘǳǊŜ ŀƛǊ ŦǊƻƳ ŀƭƭ ŘƛǊŜŎǘƛƻƴǎ ǿƘƛŎƘ ǎǘŀƴŘǎ ƻƴ ŀ ǾŜǊǘƛŎŀƭ ŀȄƛǎ ōǳǘ Ƙŀǎ 
horizontal blades facing up. The main innovation is that it can streamline and accelerate from any 
direction into the central chamber where the rotors generate electricity such that the centre piece is a 
fluid dynamic gate which prevents air from escaping the turbine and can generate up to 2kW of electricity 
with future plans of improving it to 4-10kW. Some realistic innovative designs are shown in the below 
CƛƎǳǊŜ нΦоп ŀǎ ǇŜǊ ǘƻŘŀȅΩǎ ƳŀǊƪŜǘ ƛƴ wϧ5 ǎŜŎǘƻǊΦ 
 

  
Figure 2.34: a) Implux Turbine (Katru Eco-Energy, 2011) b) Energy Ball (Home Energy, Sweden, 2011) 
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2.6 STUDY OF PREVIOUS RESEARCH PAPERS 

The below section investigates further research and finding by some scientific paper from various sources. 
The key aspects that are studied in the papers are in relation to solar and wind energy system along with 
factors such as orientation, scale, control mechanisms and techniques to maximize/optimize power 
output from the given system. By means of such study the author intends to utilize these finding in the 
current research and compare results by finding positive and negative aspects that have been noted in 
such research papers. Initially findings of each sector of energy generation i.e. solar and wind shall be 
investigated individually and further paper shall be based on issues and solutions related with integration 
of both the systems as a way ahead. 
 
2.6.1 Studies on Wind Energy Systems 

Ledo et al (2011) investigated the effects of wind flow characteristics in three suburban landscape 
characterized by houses with different roof profile such as pitched roof, flat roof and pyramidal roof. By 
the use of such analyses the author has produced reading which will assist in the integration of micro 
turbines on building in a suburban housing profile with factors such as low wind speeds, building forms, 
turbulence intensities, turbine heights and perception of potentially high level of aerodynamic noise 
generated by turbines. The use of numerical equations accompanied by computer fluid dynamics (CFD) 
has been used to simulate the wind flow in such environment and to find the optimum micro-turbine 
mounting location. Placing turbines where turbulence intensity is high causes early fatigues failures of the 
blades while it will be subjected to low wind speeds in separated zones is the main objective to study this 
research paper and hence Ledo et al has investigated situation where the density of the such suburban 
housing is more closer .The model of closely knit housing in Spain (Figure 2.35) with houses spaced 6m 
apart having a profile flat, pitched and pyramidal roof, plan of 8mx10m scale, finally height of 10m for flat 
roof and ridge at 12m for other roofs.  

 
Figure 2.35: Housing in Spain a) Pitched roof b) Flat roof c) Pyramidal roof (Ledo et al 2011). 

 
Use of a semi-log wind profile which is a logarithmic profile is adopted above the mean building height 
and an exponential wind profile is used below the building height instead of using the wind velocity based 
on roughness of the ground. Based on the this semi log wind profile the pitched roof at height of 10m the 
wind velocity calculated is 6m/s. Similarly the placement of wind turbines is considered with variable 
locations and the boundary conditions for the model in a rectangular domain of height equal to three 
times the actual building height are positioned. Hereby to investigate the effect of wind directions 
simulation is run as three different angles such as 0deg, 45deg and 90deg with recommendations of 
turbine mounting locations based on turbulence intensity level the following reading are obtained Figure 
2.36 

 
Figure 2.36: Results of Turbine Mounting Locations based on turbulence intensity levels (Ledo et al, 2011) 
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Further studies were done on wind velocities at different angles as mentioned before by mounting 
turbines as again different locations to derive a power density using mathematical equation. As the 
turbulence intensities where more stable above the flat roof with stable wind velocities due to the 
formation of buildings the flat roof had wind power higher than the pitched roof as the wind power is 
sensitive to wind direction in all cases studied. Figure 2.37 illustrates the power densities of all forms of 
buildings at different angles in relation to wind directions and power availability. 

 
Figure 2.37: Power densities for a turbine hub height of 3m for all roofs as a function of wind directions in 

all cases. (Ledo et al 2011) 

Final results led to the conclusion that turbulence intensities strongly depends on roof profile as well as 
wind directions, however the flat roof showed more stable turbulence intensities as compared to other 
but even beyond the roof decreases rapidly due to structure and space formations. While slow down in 
wind velocities are noted at 55deg for pyramidal roof, the pitched roof slow wind velocity was obtained at 
67deg. But overall the flat roof was the more desired roof form in such dense suburban low structures 
with better power densities and normalized wind velocities to generate optimum power energy output. 
 
James et al (2010) presented papers with key findings using filed trial monitoring method on 39 HAWT in 
urban, suburban and rural locations in the UK. The objective of the paper was to compare the technical 
and economic aspects of the installed horizontal micro-wind turbines with the data provided by the 
manufacturers in relation to the actual power output achieved on site. The performance of all the wind 
turbines (<2kWp) components of the UK micro-wind trials undertaken by the Energy Saving Trust in 
2008/09 was assessed over a period of 12 months with 5 min average data collection on date and time, 
turbine output, turbine consumption, available wind speeds and directions. A Vaisala ultrasonic 
anemometer (WMT50) was installed on each site, fixed into position by a local TV aerial installer and as 
closer as possible to the turbine hub height while maintaining lateral separation sufficient to minimize 
interaction/distortion effects. For estimating the wind resource database (NOABL) numerical objective 
analysis boundary (BERR, 2007) was developed to predict wind speeds at 1km grid square level at 10, 25, 
45m above ground level. New micro generation tariffs were analyzed in relation to the grants given by UK 
policies to find a realistic output of the wind energy system to overcome economic problems in future 
wind turbine installations ranging from <1.5kW-15kW capacities. Basis of site selection was to provide a 
wide range of manufacturers and wind regimes as possible. Table 2.2 illustrating the wide range of sites 
and turbine types selected as per manufacturers. 
 

Table 2.2: Fully monitored building mounted HAWT sites for trial (EST, 2009)
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/ŀǊŜŦǳƭ ŀƴŀƭȅǎƛǎ ǿŀǎ ŘƻƴŜ ƻƴ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ Řŀǘŀ ŀǾŀƛƭŀōƭŜ ǎǳŎƘ ŀǎ ǇƻǿŜǊ ŎǳǊǾŜǎΣ ŀƴƴǳŀƭ ŜƴŜǊƎȅ 
production graphs, wind speeds and coefficient of performances (COP), estimated annual generations 
based on wind speeds and finally a comparison of the measured meteorological wind speed data with a 10 
years average data set was established. Further all sites were subjected to trials and data collection based 
on measured annual and average wind speeds, estimated shape and scale factor, wind speed predictions, 
turbine type and height, annual generation per m2 swept area and finally load factor was recorded. 
Evaluation of economics of the wind energy system in relation to the current electricity tariff structure and 
the payback time within its lifetime in the UK was graphed. All factors such as initial costs, maintenance 
and annual operation cost were taken into consideration and were even compared to the PV output ratio 
were estimated in general. Finally Figure 2.38 illustrates the generation tariff required for payback in fixed 
number of years (p/kWh) and the discounted rate evaluated. 
 

 
 

Figure 2.38: Tariff generation required for 1kW micro-HAWT to achieve a payback as a function of load 

factor, period and discount rate. (James et al 2010) 

 
The performance of micro-HAWT was generally poor due to the realistic wind resource around the 
buildings in comparison to the available database and ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻŘǳŎǘ ƛƴŦƻǊƳŀǘƛƻƴ ŀǎ ƴƻƴŜ ƻŦ ǘƘŜ 
site recorded an average wind speed above 4m/s while it must average a wind speed of 5m/s minimum 
correspond to an annual generation per m2 swept area of 10% load factor approximately. Thus resultantly 
a comparison between NOABL database and measured wind data, the NOABL database overestimates the 
wind resource and a higher threshold of 5.8m/s was suggested for future potential wind energy market 
across UK. Also to achieve a 10 year lifetime payback period at a zero discounted rate would require an 
annual load factor of 7% which is higher than the measured at the fully monitored sites in trial.  
 
aǳƭƭŜǊ Ŝǘ ŀƭ όнллфύ ŀƴŀƭȅȊŜŘ ǘƘŜ ƻƭŘŜǎǘ ƪƴƻǿƴ ŦƻǊƳ ƻŦ ǿƛƴŘ ŜƴŜǊƎȅ ǎȅǎǘŜƳΣ ά{ƛǎǘŀƴ ¢ȅǇŜ ²ƛƴŘƳƛƭƭέ 
(Vertical Axis) and conceptualized the adaptation of this type of drag force windmill converter in to 
modern design of building integrations architecturally. The Sistan Windmill absorbs wind energy with its 
individual blades and moves slower than the wind on its drag coefficient. After the studying the older 
concept mathematically the modification was done whereby the drag coefficient was improved to 1.2 to 
2.0 by adding a disc at top and bottom of the wheel that increased the efficiency by 29.6% theoretically. 
Further improvisation was done to the geometry to the leeward side with modifications to the rotors, 
walls and top and bottom to obtain low pressure zone and high pressure zone on the side of the obstacle 
facing the flow direction. Mathematical equations derived for both functions i.e. ratio of average blade 
and wind speed. Modeling the equation as simple box with vertical axis and a friction wheel over the side 
wheel after which the wind speed was measured with a hand held anemometer and ten revolutions of the 
wheel were timed with a stop watch. The same concept was modeled in Archicad on a building with rotor 
blade area of 5x8m, wind speed of 15m/s, converter efficiency of 50% which would result in maximum 
power output of 36kW. Figure 2.37 shows the older concept of sistan windmill and the newer version 
modeled to obtain results by mathematical equations. 
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Figure 2.39: a) Principle concept of Sistan Windmill b) Modified Concept of Resistance VAWT. 
 

 
 
Figure 2.39: c) Artist Impression of large scale resistance type VAWT on high rise (Muller et al 2009) 

 
In conclusion it was derived that theoretical development of this geometry change with induced 2D flow 
field indicated a maximum converter efficiency of 48-61% with test conducted on theory the highest 
measured power output determined was 42% with low pressure induction of wind on the leeward end. 
Loop holes such as actual magnitude of pressure on the front and back and effects were not investigated, 
nor are the optimization in the number of blades and effects is considered with details of in and outflow of 
wind energy on the drum. 
 
Sharpe el al (2010) also developed a radical new design concept based on the Darrieus turbine form which 
is type of vertical axis wind turbine on building integrations. Investigation was done to find a balance in 
building integration forms and to avoid reduction in output which are unable to maximize the potential of 
the augmented airflow around buildings. Factors which create issues as regards to HAWT large output 
models such as loads on larger buildings, maintenance or repair, noise and vibrations and finally visual 
ŀŎŎŜǇǘŀƴŎŜ Ƙŀǎ ōŜŜƴ ǘƘŜ ƪŜȅ ŦƻŎǳǎ ƻŦ ǘƘƛǎ ƴŜǿ ƳƻŘǳƭŀǊ ŘŜǎƛƎƴΦ ²ƛǘƘ ǘƘƛǎ ƛƴ ƳƛƴŘ ǘƘŜ ά/Ǌƻǎǎ ŦƭŜȄέ ŘŜǎƛƎƴ ƛǎ 
researched specifically to respond to demands for turbines in urban situations. Though the new design 
works on the Darreius turbine principle it brings innovations to counter balance the negativities of the 
original concept by mounting the frame with the shaft held on both ends so as to enable the operation 
within the axis of rotation aligned either horizontally or vertically which reduces the loads on the bearing 
and shaft. Points of innovation that follow are  

¶ Blade design such as to achieve maximum efficiency with low solidity and low inertia mass design 
and flexibility of blades which naturally assume troposkien shape at rated speeds which 
minimizes bending stress. 

¶ Design of blade roots which can solve problems in limitation in rotational speed in high wind 
conditions. 

¶ Distribution of loads which will help in reducing loads on buildings and no rotor tip blades which 
help in noise reduction. 

¶ Capabilities which can draw wind from all directions and cope with turbulence around buildings 
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Further use of mathematical modeling which calculates torque, resultant stream wise force, variation in 
angle of attack versus azimuth and finally power output potential is analyzed. Flexibility in blade design 
also helps in possibilities of a dynamic pitch angle with inclusion of linear springs to gradually increase the 
magnitude of the negative pitch angle with increasing rpm and via graph plotting the best angle is derived 
for even high torques. Issues such as over speeding are solved by modification in braking system or 
release mechanism by addition of loop of wire or chord which retrains each blade by looping through a pin 
in the blade. During high speed conditions the loop breaks and all blades are released from the slot. 
Building integration models are worked at different angles of the building and location as shown in Figure 
2.40. 
 

      
 
Figure 2.40 a) Variable placement angle b) View of Building integration on parapets (Sharpe et al 2010) 

 
It has been concluded that such modular system the capacity of the power output can be increased with 
addition of number of modules and can be placed at building tops, edges, parapets and all possible 
location which can benefit from the urban building augmented air flow. Being light weight and specifically 
designed to suit urban environment the installed capacity could be between factors of 4-6 times greater if 
favorable mounting conditions are met. Also modularity could lead to economic manufacturing cost 
benefits and efficient power output as per following power curves obtained by modeling of the cross flex 
design. 
 

 
Figure 2.41 Obtained Power Curves with increasing speed for Cross flex design (Sharpe et al 2010) 

 
Zghal et al (2011) presented papers to optimize and manage the energy produced by wind energy systems 
with new methods of sizing and techno-economics with a given load distribution for a specific site with 
analysis on the impacts of different parameters on the system. Since the main sub-systems of a wind 
energy system are generators and unit of storage the paper present the lack of energy to generate 
probabilities (LEGP) in relation to the percentage of surplus of energy produced (PESP) and the cost of 
kilowatt-hour produced. Mathematical and simulation code has been used to carry out the optimization in 
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sizing of the system coupled with a case study to satisfy the residential house requirement (5kWh/day) in 
Tunisia is analyzed. It is critically important to select a correct regime of the HAWT to predict the 
performance of the energy output with the different components so as to enable an optimization in the 
system which is done by determining the aerodynamics power efficiency, mechanical transmission and 
tower height with the most important elements such as rotor, gearbox and generator. In series a 
mathematical model is used to determine the quantity of energy that can be produced by the HAWT, 
secondly the capacity of the nominal power of the generator is determined with possibilities such as that 
wind turbine does not produce any current, power dependent on wind, constant power output and high 
speed condition braking of the wind turbine is evolved mathematically. Further modeling of storage 
systems such as batteries which depends on previous state battery energy, quantity and finally user 
consumption. During optimization criteria it was noted that total energizing system can meet the daily 
load demands which leads to situations such as lower production, equal production and excess 
production. For all the above mentioned choices the paper represents a variable limitation with a balance 
in system power reliability and system cost. Case study evaluation of wind turbine using these case 
optimization leads to the following curves resulting that only increasing the height of the wind turbine 
increases energy produced by the wind generator which shows growth of the PSEP and reduction in LEGP. 
The upper line i.e. 2sky, C3+C1, 4C1 represent turbine types. 
 

  
Figure 2.42: a) LEGP and PSEP evolution for different system configurations. b) Impact of LEGP on the cost 

of energy (C-kWh) (Zghal et al, 2011) 

 
Further simulation results lead to the clarification of the impact of the LEGP on the cost of energy C-kWh. 
Results indicate that based on the configuration the C-kWh values decrease when the LEGP decrease 
which is due to increase in the height of wind turbines which increases energy output. Since increase in 
the size of the wind generator or number of batteries the LEGP value did not attain zero, it was indicated 
ǘƻ ǳǎŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǎȅǎǘŜƳǎ ǎǳŎƘ ŀǎ t±ΩǎΣ ŘƛŜǎŜƭ ŜǘŎ ǘƻ ƳŜŜǘ ǳǎŜǊ ŜƴŜǊƎƛȊƛƴƎ ƴŜŜŘǎ ŀƴŘ ƭƻŀŘǎ ŦƻǊ ǘƘŜ 
case study model in Tunisia. 
 
Muyeen et al (2011) investigated the use of current controlled voltage source inverters with variable 
speed wind turbines systems. Considering recent wind farm grid codes modeling the control strategies for 
overall system was developed to augment the low voltage ride through abilities of a variable speed wind 
generator. This analysis is carried into real wind speed data measured in Hokkaida Island, Japan to avail 
the dynamic characteristics using standard power system simulation packages, with verification of results 
of voltage control voltage source inverters in comparison to power failure literature. In series the 
modeling of the wind turbine is done with maximum power point tracing graph and range of rotor speed 
variation approximately ranging from 5-16rpm and care is taken that magnetic synchronous generator 
output does not exceed the rated power. Inverter model is a standard 3 phase two level units six IGBT and 
anti-parallel diodes and frequency controller which consist of a rectifier, boost converter with grid inverter 
as mentioned earlier. Diagrammatic models of the sinusoidal pulse width modulation (PMV) and based on 
the inverter switching function inverter simulation model is developed along with the boost converters 
purpose to control the rectifier output current and power. Strategies for the variable speed inverter (VSI) 
are obtained with three phase electrical quantities and are related to each other by reference frame 
transformation. Figure 2.43 illustrated the diagrams that have been evolved with the above set of 
formations to carry simulation results. 
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Figure 2.43: Diagram Models, a) Boost Converter b) PMV-VSI c) Current controlled VSI (Muyeen et al 2011) 

 
Further circuit breakers of symmetrical 3-line to ground fault, unsymmetrical 2-line to ground fault and 1-
line to ground fault are considered for network distribution and from simulation results is was analyzed 
that the unsymmetrical faults of VSI improves the system performance considerably. Dynamic 
characteristic of the model is run on varied range of wind speeds as obtained from the site and was noted 
that wind generator terminal voltage could maintain a constant desired level of transmission system 
operator under the proposed control strategy. The system runs smoothly under random and quickly 
varying wind conditions during both symmetrical and unsymmetrical fault conditions with effective 
operation conditions of the variable speed wind turbine- permanent magnetic synchronous generator in 
both dynamic and transient conditions. 
 

 
Figure 2.44: Stable Simulation results by use of control strategies a) Real power supply to grid b) DC-Link 

voltage frequency converter (Muyeen et al, 2011) 

 
2.6.2 Studies on PV Energy Systems 

hƳŜǊ Ŝǘ ŀƭ όнллоύ ŎƻƴŘǳŎǘŜŘ ƳƻƴƛǘƻǊƛƴƎ ǊŜǎǳƭǘǎ ŦƻǊ ǘǿƻ ōǳƛƭŘƛƴƎ ƛƴǘŜƎǊŀǘŜŘ t±Ωǎ ό.Lt±ύ ǎȅǎǘŜƳǎ ƛƴ ǘƘŜ ¦Y 
with thin film module apt for commercial use and other crystalline PV roof slats appropriate for domestic 
buildings. The criteria for building selection was clear such as usage, sizes, construction, occupancy and 
design where on the selection of PV system was based. The roof areas considered for commercial building 
spanned almost 160m2 inclined at 16.5deg to the horizontal and wall of 50m2 suitable for solar 
installation. Out of the complete roof 50% was dedicated for solar thermal collectors to meet the building 
heating loads and 50% was allocated for BIPV which was monitored for field tests along with its 
components. Various simulation packages were used for energy analysis and positioning of the PV system 
along with the appropriate selection of type and components. Care was taken for the vertical installation 
of the PV panels to make sure that they project out on the upper floor from the roof overhang and avoid 
overhang shading and further projects helped in maintaining an air flow between walls and panels to 
avoid overheating of the cell temperature. Use of a-Si cells encapsulated between glass and Tedler backing 
supported by aluminum framing with a tilt angle of 58deg horizontal with the whole PV array facing 30deg 
south as seven parallel strings of 4 modules with standard test conditions open circuit 264V, short circuit 
1A and peak power of 952Wp. Finally a Sunny Boy inverter of appropriate size and modulation was 
attached to the main system. Similar studies to the domestic PV system were carried out and south facing 
application was zeroed down into roof mounted PV slats replacing roof tiles was used. Here a Mono-
crystalline technology was more suitable to ensure maximum power output owing to the higher 
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conversion efficiency as compared to the a-Si with a final south facing tilt angle of 52deg in 14 rows 
installed. Electrical connection followed as 2 parallel sub-arrays of 66 series connected 11.88Wp with 
nominal STC open circuit voltage 235.6V and short circuit of 8.9A with peak power of 1568Wp along with 
appropriate inverter similarly. Figure 2.45 shows the selection of buildings and PV systems installed for 
filed monitoring. 
 

       
Figure 2.45: a) Commercial building with a-Si PV system b) Domestic building with mono-crystalline PV 

system installations. (Omer et al 2003) 

 
Continuous monitoring of the PV systems for both the building brought about the following result: 

¶ Low efficiency of the PV system as compared to original simulation output due to effects of 
shading on part of arrays, reduction in module peak power with associated effects on inverter 
power ratio, maximum power tracking failure and suspected defective PV modules on the 
commercial installation in addition to poor orientation of array and power losses due to system 
components. 

¶ Even the domestic building showed similar signs of low efficiency; though no inverter problems 
were associated, the PV arrays were subjected to partial shading due to close proximity of trees. 
But one of the main reason for failure was the cell temperature which was due to the integration 
of PV slates and their multi-layer structure overlapping each other with can resulting in mid day 
cell temperature rising in an excess of 70deg while the roof space was only 33deg. Again not only 
the overlap but low gaps/spacing along with roof fixing components was an additional cause. 
 

 
Figure 2.46: Graphs showing problems associated with PV Installations: a) Commercial building MPPT issue 

b) Cell Temperature issues in domestic buildings (Omer et al 2003) 

 
Economic assessment of both the buildings yielded a result such in case of commercial building was that 
initial cost would be substantially reduced if the panels were more integrated in the structure rather than 
further addition of frame work while in case of domestic installation this was not the case due to roof 
integrations possibility. Though the commercial installation is higher than the domestic cost there are 
possibilities of full integration into window systems. Finally both the buildings did not prove to be cost 
effective at the current market prices of energy while the basic aim of the paper was to bring the 
technology to a wider audience and attention to potential reduction in CO2 emissions. In conclusion it is 
noted that appropriate information should be provided at an early stage which include principles of BIPV 
ƻǇŜǊŀǘƛƻƴǎΣ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘŀǘŀΣ ŀƴŘ ǎƛȊƛƴƎ ƻŦ ŎƻƳǇƻƴŜƴǘǎ ǎǳŎƘ ŀǎ ƛƴǾŜǊǘŜǊǎΣ ŀǾŀƛƭŀōƭŜ ŎƭƛƳŀǘƛŎ ǎƛǘŜ 
situation, and degradation criteria of amorphous PV cells consideration, shading problems and finally 
controlling cell temperature. 
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Radhi (2010) evaluated variation of the total energy of BIPV as a wall cladding system applied in UAE 
commercial sector and provided comparison of viability of such technology against other forms using the 
concept of embodies energy payback time (EPBT). Analysis of the EPBT of the solar energy system was 
done in terms of four main sections i.e. silicon production and purification, production of silicon wafers, 
cell fabrication, packaging into PV panel modules and finally the balance of the system (power 
conditioning, control equipments, storage, load equipments etc). Three major cities of UAE were zeroed 
down to study the climatic conditions such as Dubai, Al Ain and Abu Dhabi as comparatives. Detailed 
studies involving temperature, humidity, average irradiance on the horizontal plane and tilted planes 
showed different characteristics, which were derived using MeterNorm Software. All PV panels were 
assumed to be integrated into the building envelope with 90deg tilt envelope supported by an aluminum 
frame leaving an air gap of 12-15cm from the walls. Energy-10 software utilized for the analyzing the PV 
system performance hour-by-hour which estimates the efficiencies, operating temperature with exact 
energy balance methods between building and its system. Most important the calibration of the 
simulation was done based on monthly utility bills and building design and operations with first real 
weather data based in Al Ain and then same run for Dubai and Abu Dhabi. 

 
 
Figure 2.47: a) Building in Al Ain with PV panels windows on all directions (e.g. South Elevation) b) 

Composition of existing wall and with PV installation used for research (Radhi, 2010) 

 
At first the PV systems energy payback time is done without any considerations for the reduction in 
operational energy and then the impacts of PV panels as a wall cladding, so as to explore the embodied 
energy and performance of the PV façade, only then the estimate of the total energy saving was derived. 
Literature review led to various factors of energy requirement in the production of PV system. Detailed 
process showed that ratio between PV output and saving in energy due to PV panels was within a range of 
1:3-1:4 and the most energy efficient direction were southern and western facades with a embodied 
energy payback time for the PV system within a range of 12-13 years and when a reduction in operational 
energy is considered it reduces further by 3-3.2 years. Also detailed research led to the fact that optimum 
tilt angle for the south facing surface in the UAE is 24deg but the western 90deg surface tilt generates 
larger output in spite of intensive solar radiation on the south face predominantly due to the rise in cell 
temperature which degrades the efficiencies. Also Radhi, (2010) finally encourage the use of PV system as 
also thermal insulators to stop heat transfer which reduce cooling loads including wall insulation as an 
added advantage and alternative in the UAE apart from its capabilities to produce electricity for the 
building. 
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Norton et al (2011) evaluated in depth the various factors which enhances the performance of PV systems 
sizing on buildings theoretically. By emphasizing range of key systems which would improvise the solar 
energy potential in terms of efficiency, overall performance and finally help in the economic viability 
factors such as use of inverters, concentrators, thermal management and storage systems were detailed 
in research with various up-to-date advanced techniques of the PV system installation and operations.  
 

 
 
Figure 2.48: Interaction of influences on PV system sizing (Mondol et al 2006a) 

 
The above chart is a excellent formation of all measures involving optimal sizing of the PV system grid 
connected matrix which not only looks at basic parameters of initial PV design criteria but also emphasis 
the need for appropriate study based on post installation maintenance and costs associated with the final 
outcome. 
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Toledo et al (2010) presented a review of the energy storage and distribution associated with PV energy 
by using the Sodium Sulfur (NaS) batteries which help improve the load factor, back up energy and supply 
side management. One of the most important components of the storage mechanism which in most cases 
is batteries and the basis of the system to generate sufficient energy to attend demand at accessible 
prices and to provide clean, safe and reliable electricity. Battery applications require energy discharge 
ranging from fraction of a second in high power systems to hours in high energy applications. Various 
technologies are available in the market for energy storage and it is important find out their graph related 
to efficiency and durability in charge-discharge cycles with at least 80% depth discharge. Accordingly the 
discharge time and rated power are to be analyzed.  Figure 2.49 compares most of the energy storage 
mechanism available in the market and their properties critical for appropriate storage selection and 
sizing. 
 

   
 
Figure 2.49: Diverse energy storage technologies with a) efficiency and reliability in discharge rate b) 

discharge time and rate power comparison. (Toledo et al, 2010) 

 
In cases where distributed generation system are often of a smaller case and require small scale storages 
of a few MW for a few hours in different locations the NaS provides a excellent solution but in cases 
where storage capacity is fairly less with supply to particular smaller homes, cottage the lead acid 
batteries are also viable economic solutions as seen from the above graph which involves second best to 
NaS batteries. The important parts of battery selection that need to be considered are noted in spite of 
emphasis given to NaS batteries which is a point to be taken such as: 

¶ Reversibility ratio of charging and discharging with expected duration in number of years 
considering number of cycles for at least 80% Depth of Discharge. 

¶ Output voltage modules, power and energy for peak shaving application. 

¶ Rapid response time, high energy density, unaffected by ambient temperature with capabilities 
of being installed in protected or unprotected environment. 

¶ Possibilities for remote monitoring with minimal maintenance, no emissions or vibrations, low 
noise and finally recycling capacity. 

Also the peak hour encountered during the day in peak summer due to air conditioning should increase in 
ǎǘƻǊŀƎŜ ŎŀǇŀŎƛǘȅ ǿƘŜǊŜōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŀƎƎǊŜƎŀǘŜŘ ǾŀƭǳŜ ƻŦ ǇƘƻǘƻǾƻƭǘŀƛŎΩǎΦ .ŀǘǘŜǊȅ ǎŜƭŜŎǘƛƻƴ ŀƴŘ ǎǘƻǊŀƎŜ 
performance ratio/efficiency for both grids connected or direct connection to load demand can add value 
to the system by: 

¶ Allowing load management, for consumer by shedding load utility from other sources i.e diesel, 
main electrical power stations etc when associated with demand side controls. 

¶ Avoid energy interruption by increasing the capacity of utilities. 

¶ Enable consumer and main power grids to support local critical loads by attending to their own 
energy demands in case of system failure and excess demand during peak hours. 

Overall the best battery selection reduces the high cost of photovoltaic installations which can be 
minimized by proper battery load management and energy storage power whereby bringing the PV 
market more closer to the concept of clean, reliable and economic solution in renewable energy drive in 
ǘƻŘŀȅΩǎ ǘƛƳŜǎΦ 
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Chaar et al (2008) discussed the effects of wind-blown sands and dust on PV arrays in the UAE. Especially 
in the UAE in spite of the excellent solar conditions to harness PV system installations there are prevalent 
problems due to high temperature with occasional strong winds which lead to sandstorms in additional to 
the humid weather during summer season. With accumulation of such sticky sand and dust on the PV 
leads to poor performance energy output as compared to the tests conducted in the laboratory or 
manufacturers catalogue output graphs. Dust or sand collection on the PV arrays leads to poor solar 
radiation reach on the cells which invariably affect the overall efficiency of the cells and is no different 
than similar cases of shadowing of the cells due to other factors. Also if the weather conditions are 
harsher the occasional large sandstorms could further damage the cells of the PV arrays if occurred 
regularly. Chaar et al also mentions that a poor link is formed due to the complete damage cause to a 
single cell in an array which further degrades the overall module efficiency which not only stops its power 
output but also acts as a high resister and reverse action by other associated cells. Figure 2.50 illustrates 
the effect of one cell that is 75% under shade conditions on a module of 36 mono crystalline formations of 
PV arrays. 
 

 
Figure 2.50: I-V curve of module with one cell shadowed by 75% (Chaar et al, 2008)  

 
Chaar et al (2011) based on the above paper also has discussed mechanisms which can prove a solution to 
such sand particles, dust and bird dropping problems which cause PV cell degradation and affect overall 
output efficiency by adequate cleaning and maintenance methods. Various methods of cleaning are 
mentioned with their advantages and disadvantages in below Table 2.3 
 

Table 2.3: Selection of PV cleaning system and comparisons. (Chaar et al 2011)

 

Apart of the above methods two other cleaning systems are analyzed and emphasized in details namely 
the PIC system and the PLC system which are micro controlled systems deploying mechanical movement 
and electrical components and are simple in operation with photo-detectors attached to the panels and 
initiates daily cleaning operation, more like mechanical wipers on PV arrays. Birds are prevented during 
day by a buzzer with motion a sensor which detect bird movements and during night green light is emitted 
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to frighten them away. Although these mechanisms add to the initial investment with payback period of 2 
years they considerably improve the overall efficiency of the cells by better power output ratio. 
 
Chaar and Lemont (2010) investigated the climatic condition in the UAE in particularly Abu Dhabi to 
implement OV technologies by measuring solar radiation of five different geographical locations. The 
hourly, daily, and monthly global horizontal irradiation were collected and processed via statistical 
methods especially in the summer periods. Also the clearness index was calculated to investigate the 
number of cloud days which resulted in maximum clear day conditions in a year. Figure 2.51 and Table 2.4 
illustrates the high 82% clear days in a year maximum number being 165 days of 0.6k clearness index with 
maximum day light hours occurred from the month April to September which is most summer season in 
the UAE. 
 

Table 2.4 Average daylight hours in Abu Dhabi (all locations) (Chaar and Lemont, 2010)  

 

 
Figure 2.51: Graphical representation of the frequency of daily clearness index in Abu Dhabi (Chaar and 

Lemont, 2010) 

 
The overall results of total solar horizontal irradiation, daylight hours and clearness index showed that PV 
applications in Abu Dhabi are a promising solution to energy expansion the UAE as a country. 
 
2.6.3 Studies on PV and Wind as Hybrid Energy Systems. 

Hongxing et al (2009) presented papers for recommending an optimal design for a hybrid solar-wind 
system employing optimal battery banks for calculating the system optimum configuration and ensuring 
the annualized cost of the system is reduced while meeting the custom requirement of loss of power 
supply probability (LPSP). The key factors which were evaluated to optimize the hybridization of the 
system were, number of PV modules, Slope angle, wind turbine number, turbine installation height and 
the battery bank capacity. All the above was put to test for a telecommunication relay station in eastern 
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coast of China to find the success ratio of the complementary nature of solar and wind hybridization 
system. In order to find the performance of the various components of the hybrid system, a generic 
algorithm was used particularly in multi-modal and multi-objective optimization problems. The model for 
PV arrays was based on five factors namely, non linear effects that the photocurrent depends on, PV 
module technology related to dimensionless coefficient, non linear temperature-voltage effects, power 
rated series and finally the maximum power point tracking under different working conditions. Similar for 
wind modeling factor such as cut-in speed, power output incremental ratio to wind speed and finally the 
rated power were calculated. Batteries such as lead acid type elected and evaluated based on the state of 
charge and floating charge voltages were considered. Loss of power supply probability is important as 
analysis of the issues when the power supply cannot meet the load demand is critical and the all the 
above led to the chart optimization process illustrated in Figure 2.52. 
 

 
 
Figure 2.52: Optimization of the Hybrid system flow chart using genetic algorithm (Hongxing et al, 2010) 

 
Further discussion based on the normal operation mode of the telecommunication stations in China led to 
the desired LPSP of 2% but this was due to limited space in the installation of PV modules which less by 35 
modules and the wind turbine height restricted to 20m above ground due to severe typhoon scenario in 
summer season. Hourly measured field measure data for a year noted an energy contribution variation 
greatly for each month throughout the year.  The batteries state of charge were in a good working 
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condition though with nearly 90% opportunities for its SOC with the LPSP well controlled with less than 2% 
as required. Table 2.5 and Figure 2.53 shows the final optimal design configuration with an annualized 
system cost of 9708 US$ in addition to the adequate monthly energy contribution of solar and wind 
energy. 
 

Table 2.5: Optimum sizing results of the hybrid system and annualized cost (Hongxing et al, 2009) 

 
 
 

 
Figure 2.53: a) Monthly energy contribution b) Revised configuration of the Battery SOC (Hongxing et al 

2009) 

 
Prasad GVT et al (2010) presented methods of improvising the efficiencies of the solar wind hybrid system 
by altering the design parameters. A small prototype creating a power load of 120W was design and 
tested based on the alterations and additions to basic design of solar wind energy system. Additions to PV 
panels involved reflectors along with sun tracking systems and similarly windmills were equipped with 
wind sensors and micro-controller to detect maximum flow of wind directions. 80W/12 volts mono 
crystalline module was preferred for PV system with aluminum sheet reflectors fitted at an optimum angle 
of 60deg inclined to the plane of the PV panel. The sun tracker ensured that plane of the panels is always 
perpendicular tƻ ǘƘŜ ǎǳƴΩǎ Ǌŀȅǎ ŀƴŘ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǊŜŦƭŜŎǘƻǊǎ ŜƴŀōƭŜŘ ǘƘŜ ƭƛƎƘǘ ǘƻ Ŧŀƭƭ ŀǘ ǘƘŜ ǘƛǇ ƻŦ ǘƘŜ 
reflector to reach the edge of the panel with all rays directed maximum to the width of the PV panel. 
Figure 2.54 shows the arrangement of the reflector design in relation to the PV panels. 
 
 

 
 

Figure 2.54: Design modification to PV panels by addition of reflectors to increase the light collection 

potential. (Prasad et al, 2010) 
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Factors for selecting a wind sensor involved such as, no moving parts, digital and analog output, time 
proven design, sensor emulation and 16 point wind tunnel calibration. Tests were conducted in two 
modes i.e. auto mode and manual mode and final output of the solar and wind energy evaluated in 
comparison to the basic concept and value addition/alterations to the same design and parameters as 
indicated in Table 2.6 and Table 2.7. 
 
 

Table 2.6: Final Tested Output of Solar Panels (Prasad et al, 2010) 

 
 

Table 2.7: Final Tested Output of Wind mill (Prasad et al, 2010) 

 

 
 
Conclusions read the improvement by alterations to design of PV system to enhance the collection 
efficiency by 68.5% and for wind mill by an overall margin of 50%. 
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2.7 DUBAI-UAE: GEOGRAPHY AND CLIMATE 

Dubai is a part of the United Arab Emirates which is a federal of seven emirates (Dubai, Sharjah, Ajman, 
Ras Al Khaimah, Um AL Quwain, Fujairah and Abu Dhabi) with Abu Dhabi as its capital city as seen in 
Figure 2.55 with the constituency formation in 1971 by the late H. H Sheikh Zayed Bin Sultan Al Nayhan. 
Dubai is geographically located at 25.2697° North and 55.3095° East and covers a land area of 4,110 km2 
situated on the Persian Gulf coast of UAE and is roughly at sea level 16m above (Wikipedia, 2011). Though 
5ǳōŀƛΩǎ ŜŎƻƴƻƳȅ ǿŀǎ ōŀǎŜŘ ƻƴ ǘƘŜ ōŀŎƪ ōƻƴŜ ƻŦ ƻƛƭ ƛƴŘǳǎǘǊȅ ǊŜǾŜƴǳŜǎ ǎǳŎƘ ŀǎ ƻƛƭ ŀƴŘ ƴŀǘǳǊŀƭ ƎŀǎΣ ǘƘŜȅ ŀǊŜ 
comparatively less now and expected to diminish in the coming years. With this in mind the economy is 
now being diversified into real estate and construction, tourism and trade, financial services as a larger 
contribution to the UAE economy as a country. The weather conditions in Dubai are hot arid temperature 
conditions with warm winters and very hot summers due to its direct association with the Arabian Desert. 
Most of Dubai is on an island largely due to sea reclamation with now urban and suburban main lands. The 
highest point is the city garden of Al Ain with a height of 1,340m above sea level. Known for its 21

st
 

century architecture and modern infrastructure only 30% of the emirates are inhabited and rest form 
large deserts spanning miles of land area. 
 

 
Figure 2.55: Map of United Arab Emirates (Ten Guide, 2011) 

 

 
Figure 2.56: Map of Dubai (Google Maps, 2011) 




































































































































































































































































































































