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A B S T R A C T  

Tra di tional façade clean ing processes can be dan ger ous, labour - intensive, and im pairs the ease of façade main - 
te nance. Thus, in im prov ing the main tain abil ity of the façade sys tems, fa cil ity man agers search for novel 
strate gies to re duce the clean ing cy cles. Façade sys tems in trop i cal cities are fre quently and se verely af fected 
by bi o log i cal at tacks such as al gae. How ever, there is a con sid er able dearth of knowl edge on the ef fec tive ness 
of novel façade coat ing sys tems; pro posed to pre vent bi o log i cal growth in trop i cal build ings. As part of an on - 
going ef fort to cre ate a ma te r ial man ual, the ef fec tive ness of six com mer cially avail able façade coat ing prod - 
ucts on three dif fer ent sub strates (gran ite, alu minium, ren der ing ma te ri als), of a build ing un der Sin ga pore's 
trop i cal con di tions to in hibit bi o log i cal growth is eval u ated. 

On - site pho togram met ric data were col lected over six months to analyse us ing an up dated novel dig i tal 
im age pro cess ing pro ce dure to eval u ate the de vel op ment of bi o log i cal growth on the façade. A life cy cle cost 
(LCC) analy sis is car ried out for each type of façade coat ing ap pli ca tion. The analy sis from site mea sure ments 
showed that all prod ucts ex hib ited im proved per for mance on keep ing the sur faces cleaner than the un treated 
façade sur faces. As the level of im prove ment var ied be tween dif fer ent sub strates, a façade clean ing in dex is 
de fined for each coat ing sys tem. A life cy cle cost analy sis showed vary ing re sults on the im prove ment in the 
per for mance of the prod ucts ap plied. A gen eral re duc tion in clean ing cy cles favours the fa cil i ty's op er at ing 
costs for gran ite and alu minium sub strates. For ren der ing ma te ri als, the high cost as so ci ated with the ap pli ca - 
tion ap peared to make the LCC less at trac tive. 

1 . Introduction 

Build ing façade clean ing ex er cises are ex pen sive op er a tions due to 
its labour and ma chin ery in ten sive na ture and re lated safety con cerns, 
and high re source re quire ments [ 1 ]. This is es pe cially true for trop i cal 
cities such as Sin ga pore where façade sys tems face mul ti tudi nous 
stress con di tions un der its trop i cal con di tions; height en ing the ex po - 
sure for sur face de fects [ 2 – 4 ]. A com mon such sur face de fect can be 
iden ti fied as façade stain ing by at mos pheric ef fects; gen er ally due to 
stain ing by non - biological agents and stain ing by bi o log i cal agents 
prop a gated by wind or rain wa ter [ 5 ]. Bi o log i cal stain ing agents af fect 
build ing façades that are close to veg e ta tion. Un der trop i cal con di - 
tions, these may re fer to plant groups such as al gae, fungi, mosses, 
ferns, and figs [ 6 ]. The ap pear ance of bi o log i cal growth is abun dant 
in trop i cal re gions and is con sid ered a com mon sur face de fect found 
on build ings. 

Left unchecked, bi o log i cal growth on façade sur faces will cre ate an 
aes thet i cally sub jec tive dis coloura tion of var i ous colours and dif fer ent 
shades of green, or ange, black or blue. Look ing past the un pleas ant 
aes thet ics, bi o log i cal growth can con tribute to fur ther weath er ing and 
pre ma ture de te ri o ra tion of façade sys tems [ 6 ]. Var i ous so lu tions are 
pro posed for ex ist ing and new build ings as pre ven tive mea sures that 
may min i mize the oc cur rence of such de fects. Such bi o log i cal growth 
re sis tant coat ings can in clude bio ci dal films, self - cleaning su per hy - 
dropho bic and pho to cat alytic coat ings. 

Fa cil ity man agers bet ter equipped with a good un der stand ing of 
how bi o log i cal growth prop a gate and how these bi o log i cal growth re - 
sis tant coat ings can be used to in hibit it can make bet ter de ci sions in - 
cor po rat ing such so lu tions. This knowl edge can help the fa cil ity man - 
agers pre pare build ings against bi o log i cal growth in fes ta tions; in stead 
of merely con duct ing cor rec tive mea sures. There fore, de ter min ing and 
un der stand ing the ef fec tive ness of bi o log i cal growth re sis tant coat ing 
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sys tem per for mance in real life ap pli ca tions can lead to im proved 
main tain abil ity of build ings and can help achieve re al is tic bud get ing 
ex pec ta tions from such novel coat ing sys tems [ 7 ]. There fore, the ob - 
jec tive of the cur rent study is to study the ef fec tive ness of com mer - 
cially avail able façade coat ing sys tems to in hibit bi o log i cal growth on 
gran ite, alu minium and ren der ing ma te ri als un der trop i cal con di tions. 

1. 1 . Modes of biological growth removal from building façade 

The cur rent study con sid ers the ef fec tive ness of sur face prod ucts 
against a wide range of bi o log i cal growths (e.g. Chloro coc cum, 
Trentepohlia odor ata, cyanobac te ria, etc. ). Bi o log i cal growth on façade 
is char ac terised by two broad at tribut ing fac tors, i.e. fac tors at trib uted 
to the en vi ron ment and fac tors at trib uted to the build ing en ve lope 
[ 8 ]. The en vi ron men tal fac tors con sist of the cli mate, ther mal am pli - 
tude, pre cip i ta tion, hy grom e try (hu mid ity), dis tance from the sea and 
pres ence/ ab sence of veg e ta tion. Pre cip i ta tion and hy grom e try di rectly 
af fect the avail abil ity of wa ter on to build ing fa cades, which is widely 
known as one of the key re quire ments for bi o log i cal growth. In Sin ga - 
pore, the high hu mid ity and pre cip i ta tion re sult in build ings ex pe ri - 
enc ing high amounts of wa ter con tact through out the year. The close - 
ness of the build ing to the sea can also re sult in higher at mos pheric 
hu mid ity, lead ing to a greater chance of bi o log i cal growth. Build ing 
re lated fac tors af fect ing bi o log i cal growth are ex cess sur face mois ture, 
wind borne trans port (ori en ta tion), and rain streaks that carry the al - 
gae spores down a façade [ 5 , 9 ]. More over, façade sur face chem i cal 
char ac ter is tics dic tate how the bi o log i cal growth prop a gates, de pend - 
ing on the con sid ered bi o log i cal or gan ism. Ac cord ing to Ref. [ 10 ] the 
op ti mal pH range favour ing bi o log i cal growth can fall be tween 5 and 
7, as well as, be tween 2 and 11. Cer tain bi o log i cal growth can oc cur 
at even higher val ues (pH  >  11). In prac tice, car bon a tion caused by 
the use of high al ka line fresh con crete dur ing con struc tion low ers sur - 
face pH. This re sults in cre at ing a favourable en vi ron ment for bi o log i - 
cal growth on fin ished con crete sur faces [ 11 ]. On the other hand, 
mould and fun gus growth can be ex pected on façade ma te r ial such as 
con crete which pos sess pH val ues of over 12, due to cul tures trans - 
ported from sur face dust de posits [ 12 ]. 

A ma jor ity of bi o log i cal growth on build ings are at trib uted to im - 
proper de signs which re sult in wa ter re ten tion on the façade sur face, 
hence, the ob jec tive of many ob served pre ven tive mea sures against bi - 
o log i cal growth is to im prove the build ing de sign to pro vide proper 
drainage and to en sure high - quality work man ship [ 13 ]. Pre ven tion of 
façade wa ter con den sa tion is a vi able so lu tion for new build ings. 
How ever, ex ist ing build ings may find it dif fi cult to en gage in ma jor 
de sign over hauls or ren o va tion works. Re me dial ac tions for bi o log i cal 
growth in clude us ing high - pressure wa ter jet ting and man ual scrub - 
bing, bio ci dal wash, bi o log i cal growth - resistant paint, and ap ply ing 
af fected walls with anti - condensation coat ings. How ever, all these ac - 
tions carry cer tain lim i ta tions. More over, there is a con sid er able lack 
of knowl edge on the ef fi cacy of more re cent and in no v a tive so lu tions 

in pre vent ing mi cro bial growth on build ing façades un der trop i cal 
con di tions. 

Abra sive clean ing is heav ily re liant on man power, in creas ing the 
cost of fa cil ity main te nance. Fur ther more, it can dis rupt nor mal build - 
ing op er a tions, can dam age façade sur faces, and does not pre vent the 
bi o log i cal growth from form ing again. Chem i cal bio cides can be 
washed off the sur face and are found to be pho todegrad able, hence, 
can not be con sid ered a long - term so lu tion [ 14 , 15 ]. The runoff from 
these bio cides can some times be harm ful to the en vi ron ment [ 16 ]. Bi - 
o log i cal growth re sis tant paint can re strict the aes thetic lib er ties of a 
façade and fur ther can not be used over all types of sub strates such as 
mar ble or glass. 

Nanopar ti cle based bio cides such as sil ver, ti ta nium diox ide 
(TiO 2 ), sil i con diox ide and cop per have also been com monly used as 
bio cides due to their an timi cro bial prop er ties [ 17 ]. Pho to cat alytic 
coat ings such as TiO 2 cut dirt build - up on build ing fa cades; due to its 
self - cleaning, anti - bacterial, anti - viral, fungi ci dal, anti - soiling prop er - 
ties. TiO 2 is also both acid and al kali re sis tant and is harm less to hu - 
mans [ 18 – 26 ]. The hy drophilic and ox i da tion prop er ties of these 
nanopar ti cle bio cides can fur ther in hibit bi o log i cal growth on façade 
sur faces, po ten tially mak ing it a long term so lu tion [ 27 – 30 ]. While 
sig nif i cantly fewer bi o log i cal growth can be ex pected with the use of 
TiO 2 , com plete pre ven tion can not be ex pected [ 31 ]. Hy dropho bic sur - 
faces, on the other hand, where wa ter droplets form and cause to re - 
pel down are also pro posed as bi o log i cal growth mit i ga tion so lu tions 
as they re duce the wa ter pres ence on façades. Ad di tion ally, the “non - 
adhesive” ef fects of hy dropho bic sur faces can pre vent spores from at - 
tach ing to the sur face [ 32 ]. 

2 . Materials and methods 

2. 1 . Sampling and experimental setup 

Trop i cal cities such as Sin ga pore ex pe ri ences rel a tively high pre - 
cip i ta tion and hu mid ity all year - round, re sult ing in build ings ex pe ri - 
enc ing high amounts of wa ter con tact through out the year. This re - 
sults in build ings ex pe ri enc ing some form of bi o log i cal growth at tack 
or mi cro bial growth on most build ing façades. The cur rent study was 
con ducted at a spe cific build ing in Sin ga pore where re cur ring bi o log i - 
cal growth at tacks were preva lent ( Fig. 1 ). The 23,388  m 2 build ing 
façade has three dif fer ent types of façade ma te r ial, i.e. alu minium 
cladding, gran ite cladding and ren der ing ma te ri als (hereby re ferred to 
as alu minium sub strate, gran ite sub strate and con crete sub strate re - 
spec tively). 

Six façade ap pli ca tion sys tems were se lected for this study ( Table 
1 ). They were com mer cially avail able bi o log i cal growth re sis tant 
coat ing prod ucts cho sen for their ma te r ial prop er ties such as wa ter 
vapour per me abil ity, wa ter ab sorp tion, sur face tex ture, colour, re sis - 
tance to chem i cal at tacks and re sis tance to bi o log i cal growth; which 
de ter mine the sus cep ti bil ity of bi o log i cal growth on the sub strate ma - 
te ri als con sid ered at the site [ 3 ]. 

Fig. 1 . Bi o log i cal growth on ex ter nal façade. 
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Table 1 
Phys i cal and chem i cal prop er ties of se lected prod ucts (as de rived from sup pli ers, sub ject to change). 

Criterion Product 

 Product A Product B Product C Product D Product E Product F 

Properties Self - sanitize coating 
solution; 
Superhydrophobic; self - 
cleaning with rain from 
low adhesion properties of 
dirt particles; 
Ultra durable bonding 
with surface; reduced 
wettability with water; 
natural protection against 
algae and fungi 

Anti - algae/anti - microbial; 
water - based topcoat that 
can be independently 
used as an anti - algae 
coating 

Durable self - cleaning 
effect Highly effective 
against algae and fungi 
(biocide) 100% 
biodegradable Easy 
application 

Hydrophobic/oleophobic 
effects; stain resistant; 
algae growth prevention; 
reduce corrosion 

Hydrophilic coating;  self - 
cleaning of exterior 
surfaces reducing affinity 
dust, dirt accumulation; 

Superhydrophobic; 
Low toxicity bacterial, 
fungal and algal wash; 
Fungistat (prevent 
growth of fungi rather 
than killing) 

Areas of 
application 

Almost any surfaces; 
including fabrics, wooden 
furniture, glass windows, 
plastic, laminated surfaces 
and ceramics 

Ceramic tiles, roof tiles, 
marble, granite, stone, 
concrete, masonry and 
other mineral surfaces 

Exterior walls; tiles, 
bricks, aluminium 
cladding, cobblestones, 
etc. 

Glass, steel, metal, 
electronic boards, and 
automotive parts 

Cladding, painted 
surfaces, tiles, stone, 
ceramic, signage, 
aluminium, chromed 
steel, most plastic 
surfaces; not compatible 
with glass 

Paint, ceramics, glass, 
unsuitable to be 
applied on metallic 
surfaces 

Substrates 
applied to 
in current 
study 

Granite, concrete 
rendering, aluminium 
cladding 

Granite, concrete 
rendering, aluminium 
cladding 

Granite, concrete 
rendering, aluminium 
cladding 

Granite, concrete 
rendering, aluminium 
cladding 

Granite, concrete 
rendering, aluminium 
cladding 

Granite, concrete 
rendering 

Ingredients Includes Titanium Dioxide 
(TiO 2 ) 

Includes Titanium 
Dioxide (TiO 2 ) 

Not advised Perfluorobutane 
Sulfonate (PFBS) 
technology 

Not advised Biocidal product based 
on benzalkonium 
chloride and 
orthophenyl phenol 

Appearance Transparent Transparent Transparent Transparent Translucent Clear 
Solvent None Water Water (1:3 – 1:6) Water Water Water (1:10) 
Surface coats 1 coat 3 coats 1 coat 1 coat 1 coat 2 coats 
Curing 

period 
not advised 2 days 2 days not advised not advised 2 days 

Estimated 
life span 

3 years 3 years 3 year 3 years 3 years 3 years 

Coverage 0.02  L/m 2 0.04  L/m 2 0.125  L/m 2 0.15  L/m 2 0.04  L/m 2 0.25  L/m 2 

Price S$ 178.30/L S$ 53.33/L S$ 14.00/L S$ 51.95/L S$ 28.13/L S$ 26.00/L 

Con crete façade on - site is fin ished with a layer of plas ter and 
paint. Con crete be ing porous, read ily ab sorbs mois ture dur ing rain 
through cap il lary sorp tion and upon sat u ra tion; which can form lay ers 
of dirt that can as sist bi o log i cal growth. Nat ural stones such as gran ite 
and mar ble are durable and aes thet i cally pleas ing. They are porous by 
na ture and hence al low dirt to be re tained in their pores. With sur face 
treat ment such as seal ing and pol ish ing, their wa ter ab sorp tiv ity re - 
duces, and the for ma tion of stain streaks may be slowed down. Alu - 
minium fa cades in par tic u lar show more ease of stain ing due to its 
light colour and the de sign of the fa cades. Stain streaks form pri mar ily 
af ter light rain falls where the ac cu mu lated dirt on the sur face can not 
be washed off com pletely. Such stain streaks can be prime habi tats for 
bi o log i cal growth to de velop; such as al gae spores. Alu minium has an 
ab sorp tion co ef fi cient of al most zero. In this study, sam pling was done 
to in cor po rate all these three sub strates (see Fig. 2 ). 

As shown in Fig. 2 , The sur face ap pli ca tions for each prod uct were 
car ried out by the re spec tive sup pli ers ac cord ing to the man u fac tur er's 
rec om men da tions on a test sam ple area of 0.5  m  ×  0.75  m. The sam - 
ple spaces were se lected based on fac tors of ori en ta tion and sun path, 
ac ces si bil ity, and past bi o log i cal growth. Du pli ca tion of the same 
prod uct sam ples was car ried out to min i mize the im pact from ex ter nal 
fac tors such as pos si ble sur face de for ma tions, ex ter nal en vi ron men tal 
fac tors (e.g. ori en ta tion, light ing), and work man ship (i.e. man ual ap - 
pli ca tion and mixed pro por tions), to the study. The se lec tion of sam - 
ples was such that all sur face ap pli ca tions are in close prox im ity to 
main tain the same ex po sure con di tions through out all study sur faces. 
These sur faces re ceive di rect sun light up to 3  h each day and re ceive 
dif fused sun light all day. The con crete sam ples are ori ented to wards 
North West, while the gran ite and alu minium sam ples are ori ented on 
the South and West fac ing façades. Pre vail ing on site cli matic con di - 
tions are an im por tant fac tor con tribut ing to the ef fec tive ness of bi o - 

Fig. 2 . Ac tual site set - up for bi o log i cal growth re sis tant coat ings. 
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log i cal growth re sis tant coat ings. Due to the trop i cal weather con di - 
tions in Sin ga pore, the façade ex pe ri ences rou tine rain days with 
mean rain days and mean thun der storm days over half the year; apart 
from the North east mon soon in duced dry spell in Feb ru ary and 
March. 

Data col lec tion in this study was done us ing op ti cal in stru men ta - 
tion as pho togram met ric data col lec tion meth ods are found to be best 
suited in such stud ies for their mer its as a pre cise, quick, and non - 
contact sur vey tech nique [ 33 ]. The prop a ga tion of bi o log i cal growth 
on façade sur faces were cap tured us ing a dig i tal cam era (Nikon 
D7100, 35  mm fo cal length). Same man ual ex po sure set tings were 
used to main tain the con sis tency of the data col lected. Ob ser va tions 
for all sam ples were made ap prox i mately at the same time of date 
(around 11am) to main tain sim i lar ex po sure con di tions. The pho tos 
were taken from the same view point, from the same dis tance of 1  m 
from the façade sur face on all in stances. 

In field ex per i ments us ing pho togram met ric data col lec tion, one 
might be con cerned about the dif fer ing light ing con di tions ex pe ri - 
enced through out the ex per i ment pe riod. How ever, quan ti ta tive pho - 
togram me try analy sis can still be car ried out on sur faces us ing im age 
pro cess ing meth ods by nor mal iz ing the dif fer ences in light ing con di - 
tions ex pe ri enced in the field, as shown in pre vi ous stud ies [ 34 ]. Dur - 
ing the cur rent study, data col lec tion was car ried out on days with 
clear to slightly over cast skies to min i mize any sig nif i cant dif fer ences 
in il lu mi na tion con di tions. Data col lected dur ing days with heavy 
over cast or rain were processed out us ing weather records to ac count 
for out liers in the data. 

2. 2 . Digital image processing procedure 

Af ter six months of vi sual ob ser va tions, dif fer ent char ac ter is tics of 
each sam ple sur faces were iden ti fied. Based on the ex per i men tal 
setup, each sur face ap pli ca tion and its re spec tive con trol sur faces 

were ex posed to the same en vi ron men tal con di tions over the same pe - 
riod. Since all sur face ap pli ca tions con sid ered in the study are self - 
cleaning coat ing prod ucts, it is as sumed that the façade sur faces 
would re main free of any stain ing, soil ing or dirt ac cu mu la tion dur ing 
the ob ser va tion pe riod of the study, ex cept for the bi o log i cal growth 
on the sur faces. Any soil ing not caused by bi o log i cal growth is con - 
trolled by rain and light clean ing (us ing no chem i cals and scrub bing). 
There fore, it was hy poth e sized that any dif fer ence in the rate of bi o - 
log i cal growth on each sur face should be due to the bi o log i cal growth 
re sis tive abil ity of the sur face ap pli ca tions, which can then be iden ti - 
fied us ing dig i tal im age pro cess ing. The thor oughly cleaned sam ple 
sur faces with no bi o log i cal growth (i.e. Day 0 ) is pre sented in Fig. 3 . 
Pho tographs from Day 1, Day2, … Day n of the sur faces are used to 
mea sure the ef fects of bi o log i cal growth by com par isons to Day 0. 

The dig i tal im ages col lated over time were put through the process 
il lus trated in Fig. 4 , the im ages were con verted to greyscale to con trol 
the dis tri b u tion of the colours and a So bel op er a tor was ap plied, im - 
prov ing the pro gram ming ef fi ciency sim i lar to the ef fects that of [ 34 ]. 
Steps 1 to 3 in Fig. 4 were car ried out to can cel out any im pact from 
vary ing il lu mi na tion con di tions. Bi o log i cal growth is as sumed not to 
have a uni form dis tri b u tion on the sur faces. Af ter step 3, the re sul tant 
gra di ent im age (Ig) shows the amount of bi o log i cal growth. The im - 
ages were run through a clas si fi ca tion al go rithm in or der to com pute 
the ra tio of pix els in each im age in di cat ing bi o log i cal growth. The al - 
go rithm was re ferred from a sim i lar pho togram met ric ex per i ment 
[ 35 ]. 

2. 3 . Defining a façade cleaning index 

A façade sub strate de pen dent façade clean ing in dex (FCI) is de - 
fined to in di cate the ef fec tive ness of bi o log i cal re sis tant coat ing. This 
is com puted us ing the time se ries data of pixel ra tios show ing the oc - 
cur rence of bi o log i cal growth on each sub strate for each stud ied prod - 

Fig. 3 . Orig i nal sur face con di tions at Day 0. 

Fig. 4 . Dig i tal im age pro cess ing pro ce dure to de rive the pixel ra tio. 
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uct. For this pur pose, a curve fit ting ex er cise was car ried out us ing a 
data analy sis soft ware Orig in Pro (ver sion 2018b by Origin Lab Cor po - 
ra tion). The gra di ent of this model is de fined as the FCI as it is in dica - 
tive of the rate of change for bi o log i cal growth over time. The re sults 
are used for a com pre hen sive life cy cle cost (LCC) analy sis for the 
study build ing. The façade clean ing cost was based on the fre quency 
of façade clean ing. Since the FCI dif fers based on the type of façade 
sur face, the LCC were cal cu lated for each type of façade sub strate sep - 
a rately. 

3 . Results 

3. 1 . Determining the façade cleaning index 

Through im age pro cess ing the il lu mi na tion com po nents from both 
the con trol and ex per i men tal sur faces are can celled out. The out put of 
this pro ce dure is a pixel ra tio of a sur face be tween the Day 0 and Day 
n, a dif fer ence in dica tive of the bi o log i cal growth on that sur face. This 
process was re peated for all im ages to iden tify the trend of bi o log i cal 
growth on all sur faces. See Figs. 5 – 7 for the ob served pixel ra tios over 
the study pe riod for gran ite, con crete and alu minium sub strates, re - 
spec tively. All these curves were suc cess fully fit ted dur ing an in de pen - 

Fig. 5 . Quan tifi ca tion of vi sual ob ser va tion based on rule based clas si fi ca tions 
for gran ite sub strate. 

Fig. 6 . Quan tifi ca tion of vi sual ob ser va tion based on rule based clas si fi ca tions 
for con crete sub strate. 

Fig. 7 . Quan tifi ca tion of vi sual ob ser va tion based on rule based clas si fi ca tions 
for alu minium sub strate. 

dent fit for this model. The resid ual sum of squares were all small val - 
ues, in di cat ing a tight fit of the model with the data. 

As seen on Fig. 7 , the pixel ra tios for all prod ucts are grad u ally in - 
creas ing over time; in di cat ing a growth of bi o log i cal mat ter on that 
sur face. The gra di ent of the model rep re sents the rate of growth. For 
prod uct A ap plied on alu minium sub state this is 0.7269, which is the 
FCI for this prod uct. Sim i larly, FCI val ues for the other prod uct ap pli - 
ca tions on each of the sub strates are found in Table 2 . 

In Table 2 , the FCI val ues are com ple mented with qual i ta tive vi - 
sual ob ser va tions from the site. When com par ing the qual i ta tive and 
quan ti ta tive ob ser va tions herein, it is found that the more ef fec tive a 
bi o log i cal growth re sis tive coat ing is, the FCI value is lower. This in - 
dex is de pen dent on the façade sub strate and the ef fec tive ness of the 
bi o log i cal growth re sis tant coat ing. This in dex is then used to con duct 
a life cy cle cost (LCC) analy sis for ex ter nal façade clean ing at the spe - 
cific build ing. 

3. 2 . Economic implications of biological growth resistant coatings 

In the cur rent study, this ex pec ta tion is to main tain bi o log i cal 
growth free ex ter nal façade. Com par isons are made to iden tify trade - 
offs be tween the lower first cost of bi o log i cal growth re sis tant coat ing 
ap pli ca tions and their long term sav ings from vari a tions in re cur ring 
costs. Based on the de rived FCI val ues, the eco nomic im pli ca tions of 
each al ter na tive were com puted to pro vide de ci sion sup port to de ci - 
sion mak ers. FCI val ues are used herein to de rive the fre quency of 
façade clean ing re quired for each sur face ap pli ca tions. The re sul tant 
com par i son be tween the achiev able first year sav ings from each al ter - 
na tive is tab u lated in Table 3 (see sup ple men tary data for fur ther de - 
tails of the cal cu la tions). The ‘base case’ is where no bi o log i cal 
growth re sis tant coat ing sys tem is ap plied and façade clean ing is car - 
ried out as per cur rent prac tice. Un der the base case, two rounds of 
ma jor façade clean ing is car ried out an nu ally to deal with bi o log i cal 
growth prop a ga tion. The eco nomic ad van tage of sur face coat ings is 
as sumed to be the avoid ance of ad di tional cost on the re moval of bi o - 
log i cal growth for the base case. To this end, cost per for mance of the 
base case with each al ter na tive for each sub strate is com pared in 
Table 3 . 

As men tioned be fore, the FCI is used to de rive how many clean ing 
rounds are needed in one year to keep the façade in a bi o log i cal 
growth free state. Con sid er ing an il lus tra tive ex am ple of alu minium 
sub strate, if no ap pli ca tions are made to in hibit bi o log i cal growth an 
an nual main te nance cost of $5294.21 will in cur. As pre sented in 
Table 3 , if prod uct A is used, this will be re duced by 27% to 
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Table 2 
Quan ti ta tive and qual i ta tive ob ser va tions of bi o log i cal growth on study sam - 
ples. 

Alternative Granite substrate Concrete substrate Aluminium substrate 

 FCI Comments 
from visual 
observations 

FCI Comments 
from visual 
observations 

FCI Comments 
from visual 
observations 

Base case 
(Control) 

NA Severe 
growth 

NA Average 
growth, 
severe dirt 
accumulation 

NA Minimal 
growth, 
slight 
staining, 
dirt 
accumulated 

Product A 0.6997 Minimal 
growth, 
clean 
surface 

0.7495 Minimal 
growth, 
clean surface 

0.7269 Minimal 
growth, 
clean 
surface 

Product B 0.9705 Severe 
biological 
growth 

0.7534 Minimal 
growth, 
slight dirt 
accumulation 

0.7905 Minimal 
growth, 
slight 
staining, 
dirt 
accumulated 

Product C 0.7003 Minimal 
growth, 
clean 
surface 

0.7374 Minimal 
growth, 
slight dirt 
accumulation 

0.8923 Minimal 
growth, 
severe 
staining 

Product D 0.6655 Minimal 
growth, 
clean 
surface 

0.8549 Average 
growth, 
severe dirt 
accumulation 

0.9496 Minimal 
growth, 
severe 
staining and 
streaking 

Product E 0.7405 Slight 
growth 

0.8662 Average 
growth, 
severe dirt 
accumulation 

0.6083 Minimal 
growth, 
clean 
surface 

Product F 0.9352 Average 
biological 
growth 

0.8631 Average 
growth, 
severe dirt 
accumulation 

(Product F 
incompatible on 
aluminium 
substrates) 

Key: per cent age bi o log i cal growth on sam ple sur face area, min i mal growth 
(<5%); slight growth (5 – 15%); av er age growth (15 – 25%), se vere growth (> 
25%). 

$3848.20. On the other hand, if prod uct B is used, the sav ings are 
only 21% against the base case. Prod uct A has bet ter first year sav ings 
against the base case due to its lower FCI, how ever, prod uct B is 
cheaper to ap ply due to its lesser price. 

4 . Discussion 

The eco nomic im pli ca tions are com puted based on the no tion that 
there can be many al ter na tives to meet a build ings' user ex pec ta tions 
to an ac cept able de gree; whilst hav ing dif fer ent ini tial and re cur ring 
costs. The LCC analy sis was con ducted to as sess the ef fec tive ness of 
the dif fer ent façade coat ing prod ucts into the per spec tive of a fa cil ity 
man ager. Al though a fa cil ity man ager may be at tracted to the per for - 
mance of a cer tain bi o log i cal growth re sis tant coat ing, he or she must 
also con sider the long - term and im me di ate costs in volved be fore de - 
cid ing on which coat ing sys tem to choose for the build ing. In the case 
of alu minium sub strates, ac cord ing to the LCC analy sis, prod uct D had 
the high est cu mu la tive to tal cost, fol lowed by prod uct A, prod uct B, 
prod uct C and, lastly, prod uct E. Prod uct E was found to be the bet ter 
al ter na tive with hav ing the low est ini tial cost from all al ter na tives 
and promises the high est per cent age sav ings from the an nual clean ing 
costs. This ap pli ca tion, which is a hy drophilic sur face coat ing; shows 
min i mal stain ing and streak ing with com par isons to the con trol sur - 
face. It is ob served that this coat ing is good for in hibit ing bi o log i cal 
growth as well as keep ing off streak ing due to its self - cleaning prop er - 
ties. On the other hand, prod uct D is ob served to be eco nom i cally in - 

Table 3 
Bi o log i cal growth re sis tant prod uct op tions: ini tial and main te nance cost 
sum mary by al ter na tives (in Sin ga pore dol lars (S$)). 

Alternative Application 
cost 

Annual 
cleaning cost 

First year savings against base case 
(savings in S$/%) 

Aluminium substrate 
Base case 5,294.21 5,294.21 NA NA 
Product A 37,067.64 3,848.20 1,446.01 27% 
Product B 32,041.56 4,185.08 1,109.14 21% 
Product C 30,696.75 4,724.26 569.95 11% 
Product D 51,895.05 5,027.49 266.72 5% 
Product E 28,504.13 3,220.58 2,073.64 39% 
Granite substrate 
Base case 3,529.48 3,529.48 NA NA 
Product A 24,711.76 2,469.73 1,059.74 30% 
Product B 21,361.04 3,425.51 103.96 3% 
Product C 20,464.50 2,471.69 1,057.78 30% 
Product D 34,596.70 2,348.94 1,180.54 33% 
Product E 19,002.75 2,613.47 916.00 26% 
Product F 31,573.80 3,300.73 228.75 6% 
Concrete substrate 
Base case 14,117.90 14,117.90 NA NA 
Product A 98,847.04 10,582.00 3,535.90 25% 
Product B 85,444.16 10,636.36 3,481.55 25% 
Product C 81,858.00 10,410.96 3,706.94 26% 
Product D 138,386.80 12,069.25 2,048.65 15% 
Product E 76,011.00 12,228.50 1,889.40 13% 
Product F 126,295.20 12,185.44 1,932.46 14% 

vi able due to high LCC. This is due to the higher ap pli ca tion cost and 
the higher main te nance cost, re sulted by its higher FCI. 

Ac cord ing to the LCC analy sis on gran ite sur face ap pli ca tions, 
prod ucts F and D have the high est cu mu la tive to tal costs, fol lowed by 
prod uct A, prod uct B, prod uct C and, lastly, prod uct E. Whilst the best 
prod uct to in hibit bi o log i cal growth on gran ite was found as the prod - 
uct D, it had a higher to tal cost due to its con sid er ably higher ini tial 
cost. The prod uct B was found to have no much ef fect on this sur face. 
How ever, it was found to be bet ter than leav ing the gran ite sur faces 
un treated over the course of the façade lifes pan. The hy drophilic 
prod uct E showed some bi o log i cal growth (lesser in in ten sity than of 
the nearby con trol sur face). How ever, over the life time of the façade, 
it too can be a bet ter al ter na tive than leav ing the gran ite sur face un - 
treated. Both prod uct A and prod uct C were found to be highly ef fec - 
tive at con trol ling bi o log i cal growth at the site; with rel a tively low 
ap pli ca tion costs. How ever, since prod uct A is a hy dropho bic coat ing 
and prod uct C be ing a bio ci dal coat ing, other fac tors such as dura bil - 
ity of the coat ings and en vi ron men tal con sid er a tions such as runoff of 
tox ins need to be also con sid ered in pick ing an al ter na tive. As hy - 
dropho bic and hy drophilic coat ing sys tems can de liver sim i lar re sults 
on in hibits bi o log i cal growth, as a bio ci dal coat ing, the ad di tional 
ben e fits of self - cleaning prop er ties can also be con sid ered. 

Con sid er ing the LCC analy sis for con crete façade sur face ap pli ca - 
tions, the re sults are sim i lar to the ap pli ca tions on other two sub strate 
types; where prod uct D ex hib ited the high est cu mu la tive to tal cost, 
fol lowed by prod uct F, prod uct A, prod uct B, prod uct C and, lastly, 
prod uct E. How ever, con sid er ing the vi sual ob ser va tions, all sur face 
ap pli ca tions were found to be rel a tively in ef fec tive to con sis tently 
keep the con crete sur faces clean. It was ob served that all the study 
sur faces were sus cep ti ble to some de gree of dirt ac cu mu la tion, and 
even slight growth of black mould in cer tain cases. Even so, prod ucts 
A, B and C did have some de gree of ef fect on in hibit ing bi o log i cal 
growth when com pared to the con trol sur faces. Other al ter na tives did 
not have any sig nif i cant dif fer ence to the con trol sur face from the ob - 
ser va tions made. Al though there are some sav ings against the base 
case for these prod ucts, due to the rel a tively higher cost of ap pli ca tion 
the LCC sav ings can be neg a tive. 
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The sum mary of the find ings of the study on ef fec tive ness of com - 
mer cially avail able bi o log i cal growth re sis tant coat ings are tab u lated 
in Table 4 . 

Given the LCC sav ings, the prod uct E hy drophilic coat ing shows 
most promise for alu minium sub strates to in hibit bi o log i cal growth, as 
well as to main tain a stain free sur face. For gran ite sub strates, ei ther 
the prod uct B or the prod uct E hy drophilic coat ing can be con sid ered 
based on their sim i lar LCC per for mances. While the un treated sur face 
per forms best dur ing the LCC analy sis for the con crete sub strates, it 
can be rec om mended to use ei ther the bio ci dal prod uct B or hy - 
drophilic coat ing prod uct E on these sur faces to in hibit bi o log i cal 
growth and main tain the aes thetic ap pear ance on site. 

In terms of sim ple pay back, it was found that none of the coat ing 
sys tems can com pete with the base case of the tra di tional method of 
clean ing. Al though the prod ucts do not man age to reach the pay back 
pe riod with the base case in this study, it is in ac cu rate to con clude 
that none of the prod ucts is vi able for use. Prod uct D has the high est 
cu mu la tive to tal cost when ap plied to gran ite sub strate, but it also has 
the best per form ing FCI. Rec om men da tions can be drawn to aid de ci - 
sion mak ers as to which sys tems best suits the spe cific build ings in a 
trop i cal set ting based on this eco nomic base line. The find ings from 
the cur rent study con tribute to the im prove ment of fa cil ity man agers' 
bud get uti liza tion on façade clean ing and sur face re pair by fore cast ing 
the per for mance of sur face coat ing al ter na tives for dif fer ent types of 
façade sub strates. De pend ing on the de ci sion - maker, elim i na tion of bi - 
o log i cal growth may be per ceived to be of higher value than the costs 
in volved. Look ing at the re sults, there was no sin gle prod uct that con - 
sis tently ranked best across all sub strate types. There fore, the find ings 
of this study can be used by fa cil ity man agers to as sess their de ci sions 
be fore com mit ting to a sin gle strat egy for pre vent ing bi o log i cal 
growth on their build ing façades. 

Use of com mer cially avail able sur face ap pli ca tions did not fully 
stop bi o log i cal growth and prop a ga tion but de lay the un de sired ef - 
fects of bi o log i cal growth. It was fur ther ob served that two sam ples of 
the same generic chem i cal prod uct did have vary ing ef fects on slow - 
ing down the bi o log i cal growth; al beit not sig nif i cantly large vari a - 
tions. Façade sur face clean ing still needs to be car ried out. There fore, 
the to tal re liance on a pro hib i tive chem i cal so lu tion can not be ex - 
pected. Com bi na tions of dif fer ent strate gies and tech nolo gies dur ing 
build ing de sign and op er a tions are re quired to fur ther sub due bi o log i - 
cal growth prop a ga tion. Fur ther re search can be car ried out on the ef - 
fec tive ness of such strate gies; com ple mented with an un der stand ing of 
the root causes of bi o log i cal growth on dif fer ent façade sur faces. The 
method pro posed in this pa per can be used by build ing pro fes sion als 
to com pare the ef fec tive ness of these dif fer ent strate gies and ap pli ca - 
tions by col lect ing pho to graphic data. An on line plat form would be 
de vel oped to analyse the col lected data, mak ing it eas ier for fa cil ity 
man agers to use this method with out the need of an al go rithm ex pert. 

On the other hand, fa cil ity man agers are not re quired to choose 
the prod uct that per forms the best in all con di tions. Other con sid er a - 
tions such as an ac cept able de gree of bi o log i cal growth can be con sid - 
ered. This de gree of ac cep tance may vary from build ing to build ing, 
as such an al ter ation to the vi sual aes thet ics of the build ing will af fect 
the sell a bil ity of the build ing and is also af fected by ten ant ex pec ta - 

Table 4 
Sum mary of per for mance of prod uct in in hibit ing bi o log i cal growth. 

Substrate Products ranking in 
descending order 

Comments 

Aluminium E, A, B, C, D Product E clearly stands out with significant 
difference from the second. 

Granite D, A, C, E, F, B The difference between the first four 
products appears insignificant. 

Concrete C, A, B, F, D, E The difference between all six products 
appears insignificant. 

tions. De pend ing on the pur pose of the build ing (e.g. that of a man u - 
fac tur ing fac tory ver sus that of an up scale fi nan cial build ing), the vi - 
sual aes thet ics of the build ing will have dif fer ing im por tance and de - 
gree of ac cep tance of how clean the façade must be. This will be de - 
pen dent on the brand ing of the build ing, build ing oc cu pants and even 
pub lic opin ion. Thus, the de gree of ac cep tance is also de pen dent on 
other vari ables and will re quire fu ture sur vey - type re search meth ods 
to fur ther ex plore. Such fu ture re search can ex plore the per ceived 
weight of the dif fer ent fac tors con tribut ing to the se lec tion of a build - 
ing coat ing sys tem; con sid ered by fa cil ity man agers and re lated in dus - 
try pro fes sion als. 

5 . Conclusions 

This pa per in ves ti gates the ef fec tive ness of com mer cially avail able 
façade coat ing prod ucts to in hibit bi o log i cal growth on three dif fer ent 
build ing sub strates un der trop i cal con di tions. Spe cific con clu sions of 
this pa per are; 

• Site observations affirmed the products used in the study had a 
positive effect on keeping the surfaces cleaner than the untreated 
façade surfaces on the aluminium and granite substrates. 

• These surface applications can not completely stop biological 
growth but delays the undesired effects of biological growth. 

• Façade surface cleaning still needs to be carried out, albeit in a 
lesser frequency; depending on the type of product coated. 

• Sample products applied on duplicate samples had varying effects 
on certain surfaces. Proper cleaning prior to surface application, 
and close supervision and quality control during the surface 
application is urged to ensure the best performance of any of these 
products. 

• Proposed method of identifying pixel ratios is useful on sunny 
days. During highly overcast rainy days was found to interfere 
with the consistency of the results. 

• Proposed method has limitations when using in non - uniform 
surfaces such as the granite substrates, as indicated by the 
relatively small pixel ratio values and the relatively erratic trends 
of observed biological growth. Future work is proposed to 
overcome this limitation of this method. 

• Due to the limitations of the current assumption that the digital 
images showcase biological growth without any instances of 
surface soiling; further improvements to be made by distinguishing 
surface soiling from biological growth during data collection. 
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Appendix A . Supplementary data 

Sup ple men tary data to this ar ti cle can be found on line at https:// 
doi. org/ 10. 1016/ j. jobe. 2020. 101377 . 
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