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400W/m2 .  Output temperature increased to 16ºC above ambient temperature 
in autumn and 12ºC in winter in the TSC prototype.  

A compar ison of  re levant actors,  inst i tut ions and networks of  TSC in the 
United Kingdom (UK) with North America, found both to be c aut ious about 
communicat ion to protect inte l lectua l property:  th is hampers knowledge 
exchange and deve lopment.  Despi te TSC take up in  North Amer ica be ing 
rest r icted by cheap gas prices, end -user feedback ref lects a  level of  
sat isfact ion versus fewer such e xamples in the UK.   

Ident i f ied barr iers included immaturi ty of  technology, re luctance to 
implement  new technology, lack of  supply chain  and low inst i tut ional 
support .  A framework of  potent ia l  enablers and arch itectura l des ign 
guidel ines were proposed to breakthrough take up of  TSC.  
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 RESEARCH  PREF ACE  1.2

This research represents a fi rst  empirical  study into architectural  integrat ion 

issues specific to Transpired Solar Col lectors. The research rat iona le was derived 

from the increasing c l imate change impacts on the bui l t  envi ronment (sect ion 

1.3.1),  the cont inuous ef forts  to d iminish the ef fect  of  c l imate change 

(sect ion 1.3.2 ),  and the increasing demand for energy (sect ion 1.3 .3) wh ich 

increases energy poverty.  Energy sources in  the bui l t  envi ronment  could  be 

fossi l  fue ls,  renewables or deployable (sect ion 2.1).  For future prosperi ty,  i t  

is necessary to  ensure a secure,  equitab le,  af fordable and sustainable 

supply of  energy. The demand for  c lean energy is l ikely  to r ise due to 

populat ion growth and economic expansion in the wor ld genera l ly  and UK 

specif ica l ly.  Improved standards of  l iv ing also play a role  in increasing future 

energy demand. Therefore,  low -carbon and clean energy are l ikely to be in  

great demand for future energy scenar ios.  

Renewable energy sources deemed capable to supply clean energy for  

the bui l t  env ironment inc lude solar water heat ing, photovo lta ic,  wind, 

geothermal and solar thermal technologies (sect ion 2.2.2).  T here is apparent 

increasing ut i l isat ion of  solar and wind energy in recent years as shown in 

Figure 2-2 (REN21 2010).  Wind energy remains re lat ively  immature 

(European Wind Energy Associat ion 2012 ) especia l ly when integrated in  

bui ld ings.  

Space heat ing consumes about two -thi rd of  the total  domes t ic energy 

consumpt ion (sect ion 1.3.4) that would be suppl ied through solar energy 

source. Solar energy in bui ld ings cou ld be passive design techniques, act ive 

solar thermal (water and air)  or act ive solar photovolta ic (sect ion 2.3.3).  

Passive design techn iques (sect ion 2 .3.1) are long stud ied (Hamdy and Fikry 

1998; Chiras 2002; A lter 2009; Chr istensen 2009; Chan et a l .  2010) and 

remain to be supported by act ive source of  energy.  Solar water heat ing 

(sect ion 2.3.2 i)  is deemed a wel l -establ ished technology (Saving Energy 

2007; Chow et  a l .  2009 ; Hawkey 2012).  Photovolta ic technologies (sect ion 

2.3.3) were further wel l  researched in terms of bui ld ing integrat ion (Nelson 

2003; Cheng et a l .  2005 ; Henson 2005; Paul et  a l .  2010 ; Jun Huang 2011; 
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technica l design stage (RIBA stage 4) in a way that to complemen t the 

orig inal concept design  (sect ion 7.4.3) .  

The nul l  hypothesis therefore deemed that there is a low awareness or  

acceptance of  the technology among design team members (e.g.  archi tects,  

bui ld ing owners,  and investors) which may be hindering the adopt ion and 

development o f  the technology; therefore,  those groups were targeted in th is  

study. Th is research accord ingly explores the reasons for the low take up of 

TSC technology, par t icular ly in the UK.  I t  further  exp lores the preferences,  

percept ions and recommendat ions of  arch itectural integrat ion qual i ty of  TSC 

in bui ld ings. Actors in the future development of  renewable energy 

technologies for bu i ld ings are considered to  be architects,  bu i ld ing owners 

and investors.  However,  the role  of  the arch i tect  is see n as part icu lar ly key 

where they are principal ly deemed to be design fac i l i tators.  In th is  context,  

the views of arch itects have been thoroughly explored with in th is work.  

Although the focus of  th is research is Wales, UK, v iews were sought f rom 

countr ies across the wor ld with  c l imates appropr iate for the deployment of  

TSC technology.  The countr ies considered represent a var iety of  soc ial ,  

cultural  and legis lat ive  contexts,  which are considered in the analysis where 

signif icant .  This analysis has been consid ered in the context of  potent ia l  

contr ibut ion of  TSC technology to pre -heat ing ambient a i r  in Wales (sect ion 

5.10) and socio - technical innovat ion development (chapter 6).  

The research a im (sect ion 1.4) was therefore designed to invest igate the 

hypothesis ;  the reasons for low take up of  TSC in the UK and the potent ia l ly 

recommended improvements of  the technology in terms of  architectural  

integrat ion in bui ld ing envelopes, knowledge dif fusion, research and 

development.  Research object ives were drawn accord ing ly as steps to 

achieve the research aim.  Combined research methodology was therefore 

designed to serve the inter -d isc ip l inary research a im and the mul t i -

d imensional object ives as briefed in sect ion 1.5.  This was fo l lowed by 

structur ing the research into ch apters (sect ion 1.6).  Fo l lowing complet i on of  

the relevant l i terature review and complet ion of  the ident i f ied methodologies,  

the resul ts were divided into two chapters (5 and 6) fo l lowed by a chapter of  

d iscussion that prov ided summat ive d iscussion of  the  main f ind ings. Chapter  
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fundamental ly changes the radiat ion balance on the Earth (Rogner et  a l .  

2007).  

Cl imate change has negat ive ef fects on the bui l t  envi ronment .  These 

ef fects inc lude esca lat ing temperature levels of  ambient a i r  and oceans 

which in turn lead to mel t ing of  long term snow and ice and r is ing the sea 

levels.  Bates et  a l .  (2008)  indicated that the further progress of  c l imate 

change wi l l  submerge massive areas of  land due to r is ing sea levels.  The 

inhabitants wi l l  be forced to migrate to safe land or become ext inct .  Cl imate 

change wi l l  lead to f luctuat ing heat ing demand and energy consumption in  

households (Sælthun et  a l .  1998, ci ted in Lisø et  a l .  2003 ).  Health is 

suscept ib le to  c l imate change. Heat  and cold -re lated i l lnesses and death due 

to thermal ext remes as wel l  as psychological d isorders could ensue. The 

maintenance cost o f  the bui l t  envi ronment might  a lso increase due to 

precip i tat ion, wind and weather r e lated issues l ike f loods and landsl ides 

(Lisø et  a l .  2003).  

I t  was dur ing the n inetheenth century that the atmospheric greenhouse 

ef fect  was in i t ia l ly  recognised; Joseph Four ier  descr ibed th is phenomenon in 

the 1820s (Weart  2014).  The global atmospheric concentra t ion of  CO 2  has 

increased f rom nearly 280ppm (parts per mi l l ion) in the pre - indust r ia l  era to 

399ppm as of  August  2014 (F ig.  1 -1).   

 

http://en.wikipedia.org/wiki/Joseph_Fourier
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of  the di f f icu l t ies which might  face the const ructabi l i ty and integrat ion of 

TSC through design, p lanning and operat ion.  

Chapter 6:  Technolog ical Innovat ion Development:  reports the f indings from 

interviews, quest ionnaire and other co l lected secondary data in  order to  

analyse the socio -economic aspects facing the deployment of  TSC in the 

marketplace and to draw lessons f rom a compar is on of  the format ive 

stage of  UK development with the mature North Amer ican TSC 

deployment.   

Chapter 7:  Discussion:  br ings together the f indings from the two st rands and 

combined methodologies to form a coherent  response to the a ims and 

object ives set in the in troduct ion.  

Chapter 8:  Conclus ion of  the research and recommendat ions for re levant 

future works.  















http://www.architecture.com/
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2.4.4  TSC  COMMER CIAL  AVAILABIL IT Y  

Conserval Engineer ing Inc.  p ioneered SolarWal l® in Canada: 

www.so larwal l .com. Two fur ther products in the Canadian market are 

Matr ixAir TR from Matr ix Energy: www.matr ixenergy.ca  and LubiT M  system 

from Enerconcept Technologies:  www.enerconcept.com. The Matr ixAir has 

the air drawn from the bottom of the plenum unl ike SolarWall .  The 

instal lat ion is s l ight ly  angled whenever possib le for more so lar  absorb ing 

ef f ic iency. Matr ix Energy c la ims that these technica l features increase the 

ef f ic iency o f  the system, a l though the Canadian Standards Associat ion 

(CSA) cert i f ies th is system at a lower performance factor than SolarWal l .  

The second product,  Lubi,  uses polycarbonate panels rather than metal and 

al lows l ight t ransmiss ion through to the bui ld ing wal l .  T he manufacturer 

cla ims that the technology is the most ef f ic ient due to reduced heat  loss and 

sensit iv i ty to windy condit ions. The reports  f rom the CSA conf i rm that the 

Lubi system has a  higher performance factor than Matr ixAir or SolarWal l .  

(Ehr l ich 2011).  Another TSC product  in the Canadian market is  vent i lated 

thermal panels of  Murox system from CANAM: www.canam-const ruct ion.com. 

InSpireT M  wa l l  is commerc ial ly ava i lab le  in the Amer ican market:  

www.atas.com. Whereas, in the UK, the TSC technology is ava i lable under 

the trade name of SolarWall® f rom the CA group: www.cagroupltd.co.uk  that 

is the same product o f  the Conserval Engineering Inc.  A loca l entrepreneur 

in the UK is  TATA Steel that  has TSC products known as Colorcoat Renew 

SC®: ht tp: / /www.co lorcoat -onl ine.com.  

2.4.5  STREN GTH S AN D L IM ITA TION S  

The fol lowing factors const i tute a genera l  v iew of the features and 

chal lenges towards bu i ld ing - integrat ion of  TSC technology;  however,  these 

can vary depending on t ime, locat ion and design:  

 STREN GTH S  i)

-  The long l i fe span of  the absorber which exceeds 40 years sub ject  to 

coat ing qual i ty (Hal l  e t  a l .  2011).  However,  the CA group prov ides a 25 

year warranty on UK instal lat ions (CA Group 2011).  

http://www.solarwall.com/
http://www.buildinggreen.com/auth/productDetail.cfm?ProductID=4929
http://www.matrixenergy.ca/
http://www.enerconcept.com/
http://www.canam-construction.com/
http://www.atas.com/
http://www.cagroupltd.co.uk/
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Kozubal et  a l .  (2008)  ment ioned that TSC theory indicates ef f ic iency can 

exceed 70% of inc ident solar radiat ion and th is is backed up with 

performance test ing. Higher ef f ic iency can possib ly be achieved by applying 

a low emiss iv i ty coat ing with good solar absorpt iv i ty to the col lector  surface.  

CONCLU SION :  

The TSC eff ic iency can exceed 80% of the total  rece ived heat ing energy.  

Parameters which support  h igh ef f ic iency are:  mass f lux ( i .e.  0 .006 kg/m 2 .s),  

low suct ion ve loc it y (sect ion 2.5.5),  h igh so lar absorpt iv i ty co l lectors (0.95),  

p late geometry,  and heat t ransfer.  Parameters which adversely af fect  

ef f ic iency are:  wind speed above 2m/s, and turbulent intensi t ies.  Fleck et  a l .  

(2002) noted that ef f ic iency has a sl ight inverse corre lat ion wi th solar 

i r radiat ion. Th is was considered due to higher rad iat ive and convect ive 

losses due to h igher plate temperature that was conf i rmed by Leon and 

Kumar (2007) .  Eff ic iency is considered to be independent of  suct ion veloc ity 

above 0.05m/s.  

 SUMMAR Y  2.6

Energy types used in the bui l t  environment were introduced and 

classif ied according to their source: foss i l  fuel,  renewables, and deployable  

sources. Touching on renewable energy sources and focusing on bui ld ings, 

potent ia l  bu i ld ing - integrated passive and act ive solar energy technologies 

were c lass if ied and descr ibed. Fo l lowing a br ief  considerat ion of  act ive so lar  

energy, t ranspired so lar col le ctor technology (TSC) was int roduced in detai l  

and analysed in terms of i ts forms of integrat ions in bui ld ing enve lopes (wal l  

mounted, roof mounted, and stand -alone) in addit ion to the possibi l i ty of  

combin ing i t  with PV for a hybrid  system. Parameters a f f ect ing the operat ion 

of  TSCs were analysed from the ava i lab le l i te rature.  These parameters 

include the geometry of  the TSC unit ,  conduct iv i ty  of  the co l lector,  solar 

i r radiat ion, wind ef fect ,  heat t ransfer ef fect iveness and ef f ic iency o f  the TSC 

system (Table  2-2).  





























http://www.daviddarling.info/encyclopedia/P/AE_passive_solar_energy.html
http://www.daviddarling.info/encyclopedia/P/AE_passive_solar_energy.html
http://www.daviddarling.info/encyclopedia/D/AE_daylighting.html
http://www.daviddarling.info/encyclopedia/A/AE_active_solar_energy_system.html
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be insta l led along with  high qual i ty fans. Rel iab i l i ty  and cost  

ef f ic iency must  be considered when se lect ing fans (Brown 2009).  

-  Air qua l i ty near an a ir  heat ing solar co l lector is ext remely sensit ive.  

Adjacent car park ing,  for example, would al low exhaust fumes into 

the indoor environment (Brown 2009).  Therefore a di f ferent 

arrangement is necessary.  

-  For warehouse and industr ia l  bu i ld ings,  i t  is  advisable to avo id 

al locat ing large openings and doors on the south façade (Brown 

2009).  

-  An automatic ON/OFF swi tch is recommended to contro l  the heat ing 

quant i ty and qual i ty (Brown 2009).  However,  automat ic shutdown 

should be mandatory in  the case of  f i re.  

-  Auxi l ia ry heat ing technology is expected to co -ex ist  with the TSC. In 

the absence of  such heat ing, e i ther some form of thermal storage 

should be insta l led,  or per iods of  thermal  d iscomfort  are possible 

(Hal l  et  a l .  2011 ).  

 

Having studied the architectural integrat ion o f  TSC technology, there is a 

need for wel l -des igned integrat ion schemes of solar technologies in 

bui ld ings that would need a systematic design process. The IDP faci l i tates 

appropr iate integrat ion of  solar technolog y as i t  intens if ies the 

comprehensive invo lvement of  a l l  bu i ld ing stakeholders.  Th is is of  

considerable importance in the absence of  a comprehensive set of  design 

guidel ines specif ic to  TSC; IDP would better manage cost  and resources 

during the design process by considering technology integrat ion opt ions at  

an early stage of  design (sect ion 3.2.2i i ) .  Solar technolog ies are be ing taken 

up in a way which ut i l ises the ir fu l l  potent ia l  to cont r ibute to low -carbon 

energy in bui ld ings. I t  has been predicted that a change is needed to 

approach technical  development.  For th is  reason an analys is  of  the 

innovat ion system around th is technology seems appropr iate.  
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however addressed in the  deve loped innovat ion systems that being 

discussed in the fo l lowing sect ions.  The concept of  technology combin es two 

interrelated terms: f i rst ,  the artefact  (hardware such as a  product and 

software such as process or code) and second, technica l knowledge (Bergek 

et  a l .  2008) .   

Innovat ion studies have increasing ly focused on the emergence of  

sustainab le energy technologies into the market (Coenen and Díaz López 

2010).  In recent  stud ies such as Geels (2002),  Smith  et  a l .  (2005)  and Kemp 

et a l .  (2007) ,  the economic re -st ructure of  sustainab le energy has been 

referred to as the process of  sustainab le socio - technical change, industr ia l  

t ransformat ion and socio - technolog ica l t ransit ions (Hekkert  and Negro 

2009).  Socio-technica l f ramework has been robust ly app l ied in  prev ious 

studies (Jacobsson and Bergek 2011 ; Wi lson and Grub ler  2011 ;  Hawkey 

2012; Lai et  a l .  2012; Negro et  a l .  2012a ; Smith et  a l .  2013 ) wi th a 

consis tent emphasis on applying the concept of  change and transit ion 

management.  The term t ransit ion invo lves the system -wide interact ion and 

co-evo lut ion of  new technologies,  changes in markets,  user pract ices, pol icy 

and cultural  d iscourses, and governing inst i tut ions (Geels et  a l .  2008; 

Coenen and Díaz López 2010 ).  The socio -technical change, hence, refers to  

a dynamic interact ive development of  technology wi th in a system. This 

development is not an autonomous process;  therefore,  there is a necessi ty  

for a st rateg ic management of  technological change.  

 

3.3.1  THE DEVEL OPMENT OF INNOVATION  SYST EMS  

The not ion of  innovat ive studies was p ione ered as a systematic concept 

in the 1980s. Fol lowing work on the nature of  innovat ion by Schumpeter  

(1934),  Freeman (1974)  and Gibbons and Johnston (1974) ,  scho lars have 

developed a substant ia l  l i te rature  on the process o f  innovat ion in techno -

economic,  engineer ing and related f ie lds (Dodgson and Hinze 2000 ; 

Car lsson 2006).  These studies addressed the soc ietal  st ructure of  change in 

technology and economic growth with in nat ions, reg ions, sectors and 

technological boundaries.   
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posit ive loop moving in  the same d irect ion,  whereas, the v ic ious cyc les could  

slow down or stop the innovat ive deve lopment of  technologies.  These cycles 

occur as a  result  of  negat ive fu l f i lment to  one or more funct ions that reduces 

the act iv i t ies in the other system funct ions (Hekkert  and Negro 2009 ; Suurs 

2009).  

 POLIC Y ( INTERVENTION )  iii)

The pol icy intervent ion was rat ional ised by Edquist  (2005) in the 

sat isfact ion of  two condit ions: 1) a problem must exist ,  and 2) of  government 

agencies must have the desire and abi l i ty to solve such a prob lem. The 

intervent ion pol ic ies for innovat ive deve lopment of ten target ent repreneurs,  

however,  th is is  l ikely to be extended to  invo lve un ivers i t ies,  research 

act iv i t ies and socia l  movements (Coenen and Díaz López 2010 ).  Therefore,  

pol icy in tervent ion was arguably just i f ied by market  fa i lure  in order to 

address certa in chal lenges in the st ructure  of  innovat ion system such as 

learn ing, research, knowledge, networking and resources (Weber and 

Rohracher 2012).  Furthermore, ef fect ive pol icy inter vent ion would encourage 

the hesitant ent repreneurs to peruse research and development act ions o f  

new technolog ies.  For example, feed -in-tar i f f  (FIT) proved ef fect ive in 

achiev ing deployment of  renewable energy technologies as was favoured by 

entrepreneurs in Denmark, Germany and the USA (Leete et  a l .  2013).  The 

studies of  systematic  problems (sect ion 3 .3.6) have gradual ly  rece ived 

at tent ion as a too l for pol icy intervent ion (Coenen and Díaz López 2010 ).  

3.3.6  SYST EMATIC PR OBLEMS OF RENEWABL E EN ER GY TECHN OL OGIES  

Innovat ion stud ies were found useful in analysing the system fa i lure or  

systematic prob lems that hamper technolog ical innovat ion development and 

dif fus ion. Var ious researchers in the f ie ld of  innovat ion system fa i lure,  such 

as Jacobsson and Johnson (2000) ,  K lein  Woolthuis  et  a l .  (2005) ,  Foxon and 

Pearson (2007) ,  Negro et  a l .  (2012a)  and Weber and Rohracher (2012) , 

focused on the perceived weakness in the structural components.  They 

provided categor ies and l ist ings of  possible systemat ic fa i lures and 

problems. Further researchers such as Phi l ibert  (2006)  and Painuly (2001)  

however tack led the innovat ion deve lopment problems in the form of barr iers  
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to technological development rather than in  a systemat ic context.  Foxon et 

a l .  (2005) ana lysed the barr iers of  new renewable technolog ies in the UK. 

The innovat ive barr iers,  for the purpose of  th is study, were seen f i t t ing 

with in the systematic problem analys is as a shel l  context that helps map 

pol icy intervent ion opt ions.  

The systematic problems framework, as a tool for analys is,  helps pol icy 

makers to ident i fy the fo l lowing accord ing to Klein Woolthu is et  a l .  (2005) :  

-  The posi t ion where fa i lu re occurs ( i .e.  lack of  entrepreneuria l  sp ir i t  

h inders innovat ion).  

-  The actors or interact ions that should be addressed to make change 

possib le ( i .e.  prov ide venture capi ta l ) .  

-  The effect iveness of  pol icy for each indiv idual systematic  prob l em.  

The system prob lems should be addressed in a context rather  than 

independent ly,  as der ived from a mult i - leve l innovat ion system (3.3 .3iv),  due 

to the involvement  of  var ious actors,  inst i tut ions and complex mixture  of  

causes and ef fects.  The use of  a f r amework for system problems he lps 

prior i t ise the most s ignif icant problems; th is  leads to implement ing the most  

appropr iate innovat ion pol icy.  I t  a lso creates a clear -cut categor isat ion of  

systematic problems that serve as a rat ionale for government  interv ent ion. 

This f ramework was of ten used to evaluate an already implemented pol icy 

programme (Klein  Woolthuis  et  a l .  2005 ).  In order for  the categorised 

problems to lead to pol icy in tervent ion, Negro et  a l .  (2012a)  suggested 

mapping a clear l ink between the empir ical ly observed prob lems and the 

conceptual ly poss ible categories.  The categories of  system problems (Fig.  3 -

13) are expla ined hereafter a long with  the connect ion to empir ica l  

observat ions of  renewable energy technologies (RETs) wherever avai lab le 

by the researchers:   
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b.  LACK OF  ENTR EPR EN EU RIAL OR GANISATION AL EXPERIENC E  

This refers to the lack of  abi l i ty by entrepreneurs to lobby together,  to 

at ta in leg it imacy support  (Funct ion 7).  Ent repreneurs were most commonly 

not iced compet ing at  the early stage of  innovat ion deve lopment  ra ther than 

forming a coa l i t ion or a l l iance. Th is type of  compet i t ion increases the 

chal lenges towards regulat ions, res ources and creat ing a niche market.  

Another issue of ten reported is the incapabi l i ty of  ent repreneurs to formulate 

real ist ic expectat ions.  The inaccurately opt imist ic expectat ions, part icular ly 

when not fu l f i l led ,  leads to a mistrust  by innovat ion actors (Negro et  a l .  

2012a) and leads to  misguidance of  search (F unct ion 4 ).  

c. LACK OF  MA RKET  DEMA ND ART ICULAT ION  

This theme refers to end users who cann ot  generate enough demand. 

Most end users inf requent ly buy new technologies (e .g.  a dwel l ing owner 

who replaces the boi ler once in 30 years).  Those actors lack the capabi l i ty  

to formulate a demand due to their  lack of  exper ience (Johnson and 

Jacobsson 2000 ).  Thereafter,  Negro et  a l .  (2012a)  recommended inducement 

by intermediar ies to formulate the demand.  

d.  LACK OF  SKILL ED ST AFF  

The lack of  sk i l led staf f  f requent ly occurs in the occasions of  radical  

d i f ference between emerg ing and the exist ing technologies.  The new 

technological t ra jectory requires amendment to current educat ional and 

tra in ing syl labuses which usual ly takes t ime to incorporate as wel l  as for 

ski l led staf f  to graduate. Moreover,  snowbal l ing development of  innovat ive 

technologies is l ikely to employ the avai lable  t ra ined staf f  cr eat ing shortage 

in ski l led staf f  (Negro et  a l .  2012a).  This phenomenon becomes more severe 

for smal l  and medium enterprises with l imited funds and staf f  resources 

(Kle in Woolthu is et  a l .  2005 ).  

An increasing scarc i ty  of  ski l led technic ians and instal la t ion experts was 

observed by (Negro e t  a l .  2012b) in the Dutch PV innovat ion system. Th is 

lack o f  sk i l led personnel has lasted since 2003. The Dutch PV sector  has 

been sedentary since then, and pred icted by experts in the f ie ld to take 
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 SUMMAR Y  3.4

Build ing- integrated TSC is associated with the architecture of  bui ld ing 

envelopes. Therefore,  archi tectural integrat ion of  solar thermal technologies 

was descr ibed f rom l i terature  to understand the current  conf igurat ions of  

solar thermal in archi tecture.  To the knowledge of the researcher,  there was 

no related research avai lab le specif ic to  TSC technology in  terms of 

archi tectural in tegrat ion. The current BIST appl icat ions are most ly not 

aesthet ica l ly wel l -des igned as explained in sect ion 3.2.3.  In addit ion to the 

gap between the technical  performance of TSC and social  ac ceptance 

(sect ion 1.2),  there seems a gap in  design process i tse lf .  Therefore,  IDP was 

introduced as a suitab le process to fac i l i tate  appropr iate integrat ion of  solar 

technology. Furthermore, the ro le of  the architect  in the design process was 

descr ibed a long with the phase of  technologica l integrat ion and 

development.  This wi l l  be considered in deta i l  in chapters 5 and 7.  

Interre lated to architectura l integrat ion is the socio -technical part  of  the 

development.  TIS technology was found to adequately addres s such a 

technica l change and furthermore has been used to invest igate related 

energy and technology studies as described in sect ion 3.3.  The theoret ical  

parameters,  l i tera tures and st ructures of  TIS were descr ibed to provide a 

context for the research work to fo l low as directed by Bergek et  a l .  (2008) .  

In the context of  the a im and object ives of  th is research,  innovat ion studies 

could out l ine the chal lenges and opportunit ies for deve loping TSC 

technology in the UK.  This of fers the potent ia l  of  drawing relevant lessons 

from the North Amer ican example to dr ive socio -technical  change in solar 

thermal research and design.  
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software was used by Gunnewiek et  a l .  (1996) ,  Gunnewiek et  a l .  (2002) ,  

Dymond and Kutscher (1997)  and Wang et a l .  (2006) .  A three-d imensiona l 

CFD s imula t ion was used by Arulanandam et a l .  (1999) .  Simulat ion 

methodology us ing Transient System Simulat ion Software (TRNSYS) was 

conducted by Maurer (2004)  and Del is le (2008) .  Brown (2009)  has conducted 

simulat ion methodology using RETScreen® software  in his study to  evaluate 

the thermal performance of TSC.  

Simulat ion is foreseen as a useful  methodology to predic t  TSC 

performance and operat iona l chal lenges. To achieve th is  purpose, the 

fo l lowing few set -ups have to be sat isf ied:  

-  Credible s imulat ion software to predic t  the TSC performance and 

ef fect iveness parameters.  

-  The ava i lab i l i ty  of  comparab le data,  e i ther  publ ished data or f ie ld 

work measurements.  

-  A proper va l idat ion or corre lat ion regime; th is cou ld be conducted 

experimenta l ly  e i ther in the laboratory or in f ie ld work.  

 DET ERMINAT ION OF RESEARCH  METH OD OL OGY  4.3

Determin ing appropria te methodology is a chal leng ing task. I t  has to 

tackle the research variab les and prov ide a  useful approach to solving the 

problem ( Ismai l  2005).  There is no individual best methodology which 

sat isf ies the research aim and object ives. I t  is deemed appropr iate therefore 

to div ide the research methodology into two interre lated st rands connected 

to the two main resea rch di rect ions:  

1)  The f i rs t  st rand deals with arch itectural  integrat ion which mainly  

explores human desires percept ion and preferences re lat ing to TSC 

(sect ion 4.4) and supplementary prototypes exper imenta l un its  

(sect ion 4.5).  

A number of  methods were considered under to conduct th is st rand as 

out l ined in the in troduct ion (sect ion 4.1) .  The disqual i f ied methods were:   

-  Case study (sect ion 4.2.1) that  was exc luded due to not at ta in ing 

as an accessib le case (pro ject ) with in the t imeframe .  









http://www.limesurvey.org/
http://www.surveymonkey.com/
http://www.esurveyspro.com/
http://www.ibm.com/spss










http://www.architecture.com/
http://www.macmillandictionary.com/search-thesaurus/british/direct/?q=Internet
http://www.macmillandictionary.com/search-thesaurus/british/direct/?q=Protocol
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Table 4 -1 Continued: Examples of  the sources that have been used to 
t ransmit  email  assesses from, for  d i rect  invi ta t ions  

  Architects Engineers and Others 
Un

ite
d 

St
at

es
 o

f A
m

er
ic

a 
Academia (656) 

- Harvard University 
- Yale School of Architecture (YSOA) 
- University of Virginia, School of 

Architecture 
- University of Pennsylvania, School of 

Design 
- University of Cincinnati, School of 

Architecture and Interior Design 
- Cornell University, Department of 

Architecture 
- College of Environmental Design, 

University of California, Berkeley 
- Sci-arc University 

 

Professional (10,773) 

- American Institute of Architects (AIA) 
 

Academia (1,489) 

- Arizona State University, Engineering 
School 

- Massachusetts Institute of Technology 
- Binghamton University 
- College of Engineering at Colorado State 

University 
- Princeton University 
- Washington University 
- Brown University 

 

Professional (3,930) 

- National Society of Professional Engineers 
- Leadership in Energy and Environmental 

Design (LEED) 
- National Renewable Energy Laboratory 

(NREL) 
- Arizona Society of Professional Engineers 
- Association of Energy Engineers 
- California Society of Professional 

Engineers 
- Florida Engineering Society 
- Institution of Mechanical Engineers 
- Nevada Society of Professional Engineers 
- New York State Society of Professional 

Engineers 
- Texas Society of Professional Engineers 

M
ai

nl
an

d 
Eu

ro
pe

 

Academia (2,304 minimum) 

- TU Delft University, Energy - Netherlands 
- Zurich University, Department of Architecture 
- Munich University of Applied Sciences 
- Escuela Técnica Superior de Arquitectura de Madrid in Spain 
- University of Applied Sciences in Germany 
- The Faculty of Architecture in Alghero, Italy 
- Università degli Studi di Brescia, Italy 
- Higher Trade School of Hannover, Faculty of Architecture and Landscape Sciences 

 

Professional (12,822) 

- Royal Institute of British Architects (RIBA), European contacts 
- Architects Council of Europe (ACE) 
- Professional Associations in many European Countries 

Literature Review, Authors and Research Contributors (259) 

http://www.timeshighereducation.co.uk/world-university-rankings/2011-12/subject-ranking/subject/engineering-and-it/institution/massachusetts-institute-of-technology
http://www.timeshighereducation.co.uk/world-university-rankings/2011-12/subject-ranking/subject/engineering-and-it/institution/princeton-university
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very poor,  ( -1) poor,  (0) neutra l ,  (+1) good, and (+2) perfect .  This method of  

weight ing was inspi red by Probst and Roecker (2011)  and was used 

simi lar ly.  The Likert  scale is non -cont inuous data,  which might not 

somet imes match the princ ip le ru le of  mean value. The stat ist ical  mode or 

median cou ld also have been used, however,  i t  represents the most 

f requent ly selected rather than th e ranking. Furthermore, experts were 

consulted who conf i rmed the suitabi l i ty of  using the stat ist ica l  mean in th is 

case as stat ist ical  tests have a degree of  subject iv i ty .  Therefore,  th is 

technique was used to represent an ind icat ive v isua l isat ion of  the r ank 

among the rated examples.  

 EXPERIMENTAL F IELD ST UDY (PR OT OT YPE )  4.5

The exper imental f ie ld study is supplementary to  the main research 

direct ion, architectura l  integrat ion of  TSC. As inferred from sect ion 4.2.2, 

prototyp ing and test ing the TSC exper imental ly adds sign if icance to the 

survey resul ts.  After  invest igat ing the opt ions, the on ly  feas ible opt ion was 

to design and bui ld a prototype test ing r ig (Appendix D).  The prototype was 

sourced through the sustainable bui ld ing envelope demonstrat ion 

(SBED) pro ject  (www.sbed.card if f .ac.uk ).  The fo l lowing are mot ivat ions to 

select  the experimenta l pro totype to  match or  mismatch the survey results  as 

wel l  as to ver i fy the data being reported in  the l i te rature (sect ion 2.5):  

-  Develop a more thorough understanding and hands-on exper ience of  

the issues to be considered when insta l l ing a TSC.  

-  In prototype, a number of  d i f ferent scenarios can be presented by 

manipu lat ing d i f ferent  posit ions and conf igurat ions of  TSC.  This 

assists in understanding the impact these may have. However,  th is is  

beyond the contents of  th is study due to t imel ine commitment.  

-  Independent pract ical  assessment of  TSC performance. This he lps 

ef fect ive decision making in plann ing for wider use of  TSC.  

4.5.1  PROT OT YPE LOCATION  

A suitable locat ion for  the prototype as a test ing pro ject  was required.  

This locat ion would be away f rom possib le vandal ism or acc idental  damage. 

http://www.sbed.cardiff.ac.uk/
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recorded at  certa in occasions, especial ly  at  mid -day with high solar  

i r radiat ion. Th is d i f ference remains with in the to lerance range shown in 

Table 4 -5 above.  Dual measurements procedure was fo l lowed in many 

readings and remained in operat ion for a lmost the ent i re per iod of  data 

recording. Furthermore, in certa in areas, mult ip le  sensors were used in  

order to a l low for inst rumental fa i lu re .  

4.5.5  MONIT OR IN G PERIOD  

The monitor ing started in the late summer of  2013 and remained through 

the winter of  2013/2014. The monitor ing star ted af ter delays due to logist ic 

issues in del iver ing the TSC units and f inancial  and compliance issues in 

procur ing moni tor ing devices and other re levant materia ls  such as 

insulat ion, duct ing and framing.  

The data was col lected over two extended periods, f rom which re levant 

datasets were se lected for anal ysis.  The f i rst  per iod was f rom 2 n d  August 

unt i l  20 t h  September 2013, with sampling at  5 minute intervals.   The second 

col lect ion period was f rom 4 t h  December to 31 s t  January 2014 at 30 second 

intervals .  

 INTER VIEWS AND QUALIT ATIVE DATA  4.6

This sect ion is re la ted to the second main research d irect ion,  

technological innovat ion development of  TSC. The research parameters 

being explored include:  

-  Status of  knowledge creat ion and d if fus ion ( i .e.  academic research, 

research and deve lopment (R&D), patent ,  conferences,  media).  

-  Entrepreneuria l  act iv i t ies ( i .e.  ent rants into the market) .  

-  Actors,  inst i tut ions and networks ava i lab le to deploy TSC.  

-  Current status in  the market and technica l issues.  

-  Satisfact ion of  TIS funct ions and the in teract ion between these 

funct ions.  

The informat ion from the quest ionnaire ind icated that TSC is ready to 

become fu l ly commerc ial ised; the process o f  commercia l isat ion and further 
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 CONCLU SION  4.7

The scope of th is study covers interdiscip l inary topic which needed a 

combinat ion of  approaches. A var iety of  possible methods were explored to 

f ind the appropr iate methodolog y that sat isf ies the aim and object ives of  the 

study with in the pre -def ined t ime frame. This study considers t ranspired 

solar  col lectors not just  as a speci f ic  technology but includ ing the human 

dimensions of  the technology. Th is led to the select ion of  me thods related to  

socia l  explorat ion. The scope was d ivided into two in terrelated strands,  

archi tectural integrat ion of  TSC in bui ld ings and technological innovat ion 

development;  these both remain with in the human dimension explorat ion. A 

mixed-methodology was designed part icular ly  for  the architectural  

integrat ion which was further supplemented by an experimenta l prototype,  

whereas on ly the qual i tat ive method was used for the TIS analysis.  The 

experimenta l prototype method was deemed a support ive tool of  hands-on 

experience which was conf i rmed by respondents during the s tudy ( i .e.  

sect ion 3.3.4 i i ) .  The prototype was furthermore recommended as a 

knowledge creat ion and dif fus ion tool in the TIS l i terature and moreover by 

interviewees during the progress of  th i s s tudy. The appropr iate tools have 

been selected for  analysing the quant i tat ive and qual i tat ive  data ar is ing from 

these techniques.  
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vii i )  Invest igate the cont r ibut ion of  the technological innovat ion system 

to the development,  d i f fus ion and ut i l isat ion of  t ranspired solar 

col lectors ( i .e.  sect ions 7.5.2,  7.5.5,  7.6.1 ,  7 .6.4,  and 7.6.7).  

 

The remainder of this chapter presents the results relating to 

architectural integration.  

 

 PARTICIPAT ION OUTL OOK  5.2

The tota l  number of  returned quest ionnaires was 1,734;  of  which 938 

(54.1%) were completed, 357 (20.6%) part ia l ly f i l led,  and 439 (25.3%) empty 

and disqual i f ied repl ies.  The quest ionnaire  was considered empty i f  quest ion 

seven was not reached, and disqual i f ied i f  i t  conta ined jargon words; 

however,  on ly one individual case was recorded as disqual i f ied whereas the 

rest  were empty.   

The dis tr ibut ion of  the responses is i l lust rated in Table 5 -1.  I t  shows the 

direct  and indirect  campaigns and the complete,  incomplete and empty 

responses. A lthough the response rate is  never expected to be 100% 

(Baruch 1999),  the response rate f luctuated f rom 1.3% to  18.5%. The overa l l  

response rate  of  3.3% f rom di rect  inv i tat ions seemed fa ir ly low. However,  

the total  number of  responses was the highest yet in compar ison with 

re levant  prev ious studies that targeted arch itects and bui ld ing pract i t ioners.  

The rece ived responses in Probst and Roecker (2011)  were 170 (around 

11.3% response rate)  f rom main land Europe (sect ion 3.2.3 i i i )  whereas the 

number of  responses in Farkas and Horvat (2012)  in Task 41 was 903 

(sect ion 3.2.2 i) .  The response rate in Horvat et  a l .  (2011)  f luctuated from 

1.8% to 26% with an overal l  rate of  5.9%. Nevertheless, there is no standard 

benchmark for min imum acceptable response rates in academic researches 

as highl ighted by Baruch (1999) .   
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5.6.1  FUNCTION AL ASPECTS  

The mult i - funct ional ro le of  TSC integrat ion was considered as the 

combin ing of  arch itectural des ign elements and energy generat ion 

technologies.  Fo l lowing on from the mult i - funct ional i ty rat ing of  the 

examples presented in sect ion 5.5,  quest ions were posed to assess the 

percept ion and the va lue of  the mult i - funct ional ro le of  in tegrat ion. These 

include:  

 

-  Rating the funct iona l pr ior i ty of  TSC technology.  

-  Rating the prior i ty g iven to TSC versus other energy generat ing 

technologies in a new resident ia l  bui ld ing.  

-  Rating the prior i ty g iven to TSC versus other energy generat ing 

technologies in an exis t ing resident ia l  bu i ld ing.  

 

 FUNCTION AL PR IORIT Y  i)

The funct iona l pr ior i ty to be selected when including a TSC in a bui ld ing 

was addressed in re lat ion to:  

a. Funct ion as an energy generator  

b. Aesthet ics  

c. Mult i - funct ion as an archi tectural des ign e lement that sat isf ies 

technica l purpose in addit ion to the aesthet ics of  inte grat ion.  

Out of  957 respondents,  71.6% (n=685) rated the mult i - funct iona l ro le as 

the highest pr ior i ty ,  fo l lowed by funct ion (68.4%, n=655) and then aesthet ics 

(49.9%, n=478).  Part ic ipants also suggested economics, cost ef fect iveness ,  

sustainab i l i ty,  and l i fecyc le as prior i t ies to be considered (Fig.  5 -30).  
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The analysis  shows the ef fect  of  so lar  i rrad iat ion on output temperature 

r ise over ambient  temperature.  As solar i rrad iat ion r ises above 60W/m 2 ,  

output temperature  increases to 16 ºC above ambient  temperature in autumn 

(Fig 5-70 above) and 12 ºC above ambient temperature in winter.  That 

conf i rms the f indings of  previous studies such as Gunnewiek et  a l .  (1996) ,  

Ben-Amara et  a l .  (2005) ,  Wang et a l .  (2006)  and Chan et a l .  (2011)  as 

descr ibed in sect ion 2.5.4.  

The ideal  range of  so lar i r radiat ion for the TSC to funct ion (producing a 

temperature r ise of  10ºC above ambient ) is therefore greater than 400 W/m 2  

in Wales.  The maximum so lar  i rrad iat ion recorded is 941 W/m 2  in December.  

Many of  the prev ious studies (Gunnewiek et  a l .  1996 ; Wang et  a l .  2006;  

Leon and Kumar 2007 ; Badache et a l .  2012) analysed a solar i r radiat ion 

range of 400-900 W/m2  (sect ion 2.5.4) .   

b.  EFFECT OF A IR  FL OW A N D W IND SPEED  

The f low rate ins ide the duct seems to have an ef fect  on the overal l  

performance of the TSC as perceived f rom the ef fect  of  suct ion veloc ity in 

the l i te rature (sect ion 2.5.5) and as ment ioned by Badache et a l .  (2012) .  The 

usual average ai r f low in the duct ranged between 0.1 -0.9m/s with an 

average of  0.33m/s. F igure 5 -71 shows output and supply temperature r ise 

over ambient temperature in re lat ion to air  f low between 4 t h  and 31 s t  

December 2013.  

TSC temperature trends were found s ignif icant ly in harmony to ai r  f low in  

winter (Figs.  5 -67, 5 -69 above and 5-71) with a s lower response to solar 

i r radiat ion. The relat ion between ai r f low and temperature trends is 

interpreted due to the buoyancy ef fect  where higher solar i rrad iat ion 

creates hot ter a i r  in the col lector which dr ives a stronger ai r  f low. Figure 5 -

72 further shows a temperature r ise during 1 s t  to 5 t h  and 14 t h  to 31 s t  January 

2014 in re lat ion to  ai r  f low and wind speed . 

 




















































































































































































































































































































































































































































































































































































