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Preface



Globalenvironmentalchallengesareincreasing,suchasclimatechangeandrapidurbanisation,andhu-
maninfluenceontheenvironmentcontinuestogrow.Manyoftheresultingrisksleadtodiseasesand
negativeimpactsonhealthandqualityoflife.Itisnowessentialtodevelopmoresustainableandhealthy
environments,withagreaterfocusonpreventionthroughactionstargetingtherootcausesofdisease.

Urbancommunitiesplayacriticalroleinachievingsustainabilityoverall.Theyarewheremostofthe
world’spopulationlives,andtheycomprisehighconcentrationsofservices,consumption,andwaste.
Todateurbancommunitiesrelyheavilyonsurroundingperi-urbanandruralareastosustaintheirhighly
concentratedlevelsofconsumptionandwaste.Thisdisplacementofresourcingandsinkfunctionsrepre-
sentsanunsustainablepatternofurbanizationthatacceleratesthedeclineofglobalecosystemsservices
ratherthansupportingthemthroughthecompensatorycontributionsofperi-urbanandruralareas.

Byfocusingonreducingenvironmentalandsocialriskfactors,almostaquarteroftheglobalburden
ofdiseasecanbeavoidedthroughbetterhealthpromotionstrategies,improvedpreventionandhygiene
measuresandsafermanagementoftoxicsubstancesinhomesandworkplaces.

Inthiscontext,themainobjectiveofthisbookistohighlighttheinterdisciplinaryconnectionsbe-
tweentheenvironmentandhumanhealth,focusingmainlyonnewideasandsuggestionsforpromoting
bothsustainabledevelopmentandhumanhealthandwell-being.

Theoverallaimistocreateanewapproachtotheanalysisofhumanimpactsonthenaturalenviron-
mentand,conversely,todeterminehowtheenvironmentcanmodulatehumanlifestylesandbehaviours
andthushumanhealth.

Urban Sustainability and Energy Management of Cities for Improved Health and Well-Beingexplores
opportunitiesandchallengesurbancommunitiesface,astheyseektobecomesustainablesystemsem-
beddedintheirdiverseandcomplexsocialandenvironmentalcontexts.Weinvitecontributionsthat
envisionsustainablesolutionsforurbaninfrastructure,housing,foodandwatersecurity,ecosystems
services,qualityoflife,humanlivelihoods,governance,andpoliciesthatimprovethesustainabilityand
resilienceofurbancommunities.

Thisresearchbookwillupdatethecurrentstateofknowledgeonthesubject,sincetheauthorsof
thechapterswillallberesearchersandprofessorsfromprestigiousuniversities.Itwillnotbeatheoreti-
calbook,butwillbebasedonwherecurrentresearchistakingusintermsofurbansustainabilityand
energymanagement.

Thebookhasbeendividedintothefollowingchapters:
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CHAPTER 1: BIOCLIMATIC CHARACTERISATION METHODOLOGY 
OF A CITY – THE CASE OF MÁLAGA, SPAIN

Thereisatwo-wayinteractionbetweentheclimateandthecity.Significantthermaldifferencesmayap-
pearbetweenoneareaandanotherinbigurbanareaswithdiverseurbanfabric.Thisresearchdetermines
thebioclimaticcharacterisationofallcity’sneighbourhoods,focusingonthecasestudyofthecityof
Málaga,(Spain)usingthedefinitionofUrbanBioclimaticAreas(UBA).Themethodologyusedisbased
onselectingkeyfactors(geographicandclimatic)andinmulti-criteriaanalysis,appliedatterritorialand
urbanscale,byGeographicInformationSystems(GIS).Theresultsobtainedshowthemicroclimatic
thermaldifferencesinthecitythatmayhelptodevelopspecificurbanproposalstoachievetheSustain-
ableDevelopmentGoals:SDG.3-Healthandwell-being,SDG.11-Sustainablecitiesandcommunities
andSDG.15-Lifeofterrestrialecosystems,withintheframeworkofactionproposedbytheNewUrban
Agenda2030andheathierneighbourhoods.

CHAPTER 2: CONCEPTUALIZATION OF AN AIR-EXTRACTION 
SYSTEM TO MITIGATE COVID-19 TRANSMISSIONS 
INSIDE PUBLIC TRANSPORTATION BUSES

DatacollectedbytheUnitedNations(UN)suggestthatinfectionsariseafteraclosecontactwithinfected
peoplethroughnasalandoralsecretionsreleasedwhenaninfectedpersoncoughs,sneezesortalks.In
publictransportationbusesanimportantamountofpeoplegathereverydayforlongperiodsoftime,
makingtheairpollutioninsidethesetransportationsystemsamajorriskfortransmissions.Therefore,
theobjectiveofthischapteristoknowcriteriaandstrategiesforaconceptualizationofanair-extraction
systeminsidepublictransportationbuses,basedonthedetailedstudyapplicabilityofthe:a)product-user
interaction;technicaldata,dimensionalrelationshipandevaluation;b)creativeprocess,ideation,defini-
tion,evaluationandstructuration;c)sustainability,technicalspecifications,ergonomicsandproduction,
bymeansofunderstandingthedesign’slimitsandeffects.

CHAPTER 3: DYNAMIC GLAZING WITH HIGHER THERMAL AND 
OPTICAL PERFORMANCE FOR ZERO ENERGY BUILDING DESIGN

Oneofthemostcriticalobjectivesinbuildingsistheiradaptationtoenvironmentalconditionsinorder
tooptimizeenergyperformanceaswellasthethermalandvisualcomfortoftheoccupants.Thisissueis
relevant,forexample,inpublicbuildingsthatincorporatelargeglazedsurfaces,whereoverheatingand
alackofthermalandvisualcomfortarecommon,especiallyinMediterraneancountries.Theheadmost
causeof increasedairconditioning loads isdirect solar radiationon transparent surfaces.However,
thesignificantlossesthroughglazedsurfacesincoldclimatesalsocannotbeignored.Therefore,solar
protectionsmustbeused,thusobservingtheharmfuleffectsoftheabsenceofsolarradiationonenergy
loadsinwinter.Thischapteraimstostudyandcompareconstructionmaterialsrecentlyintroducedto
themarket,suchasdynamicglasses,withsignificantlyhigherthermalandopticalperformancethan
traditionalglasses.
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CHAPTER 4: DYNAMIC OF CONSTRUCTION ROBOTICS TO 
DEVELOP AFFORDABLE HOUSING IN LATIN AMERICAN CITIES

LatinAmericaisoneofthemosturbanizedregions.Itimpliesahighdemandforhousingforthelow-
incomepopulationofthisregioninthefaceofclimatechange.TheCOVID-19pandemiccausedadelayed
technologytransitionintheregion.AlthoughrecentlyitobservedthattheconstructionindustryandLatin
Americangovernmentsfromthepandemicpromotingdisruptiveactionsinthisindustry.Thepromotion
ofroboticconstructioninLatinAmericaisanalternativetothisproblem.ConstructionRoboticsisan
opportunityforsustainabledevelopmentinLatinAmerica.ItisessentialtoupdatetheConstructionSec-
torbyorientingittowardsimplementingthistypeoftechnology.Technologytransferplaysaprominent
roleinthedisseminationofthisnewparadigm.Whatisthedynamicofconstructionroboticstodevelop
affordablehousinginLatinAmericancities?Thischapteraimstoidentifythedynamicofconstruction
roboticstodevelopaffordablehousinginLatinAmericancities.

CHAPTER 5: GREEN INFRASTRUCTURE AS A NATURE-BASED 
RECOVERY FOR NATURAL AREAS IN DESERT DEVELOPING 
COUNTRIES OF THE SOUTH PACIFIC COASTAL STRIP – THE 
PERUVIAN CASE STUDY OF CHIMBOTE AND NUEVO CHIMBOTE

ThepresentresearchispartofawiderqualitativestudythataimstoassistcitiesinSouth-Pacificde-
velopingcountrieswiththerecoveryofnaturalareasthroughaGreenInfrastructure-basedapproach,
followingacasestudymethod:ChimboteandNuevoChimbote,Peru.Theoverarchingpurposeofthis
studyistopinpointrelevantcontributingelementsforthesuccessfulimplementationoftheGreenIn-
frastructureapproachaimingatprovidingPeruviancoastalcitieswithnovelsustainableenvironmental
policies.Tofostertheconservationofthenaturalorsemi-naturalecosystemsconvergingwiththecities,
thefollowingspecificobjectiveswereset:i.tocarryoutacomprehensivephysicalandspatialanalysis
ofthenaturalareasofChimboteandNuevoChimbote;ii.toreviewthePeruvianregulatoryframework,
atthenationalandmunicipallevels,aswellasinternationalstandardsontheconservationofnatural
areas;iii.toexploreascenariofeaturingthedisappearanceofthesePeruviancoastalnaturalspacesand
itsassociatedconsequences.

CHAPTER 6: GREEN KNOWLEDGE AND TECHNOLOGY AND 
ITS IMPLICATIONS IN ORGANIZATIONAL GREEN INNOVATION, 
URBAN GREEN INNOVATION SPACES, AND GREEN ROOFS

Thisstudyaimstoanalyzetheimplicationsofgreenknowledgeandtechnologyinorganizationalgreen
innovation,urbangreeninnovation,andgreenroofs.Theanalysisissupportedbytheassumptionthat
greensharingknowledgeandtechnologyisbasictoorganizationalgreeninnovationandurbangreen
innovationareaspractices,operations,andactivities.Themethodsemployedarebasedontheanalytical-
reflectiveanddescriptivesupportedwiththereviewoftheoreticalandempiricalliterature.Theanalysis
concludesthatgreenknowledgesharingisrelevanttocreateanddevelopthegreentechnologywith
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positiveimplicationsfororganizationalgreeninnovation,urbangreeninnovationareasandgreenroofs.
Keywords:Organizationalgreeninnovation,greenknowledge,greentechnology,greenurbanareas.

CHAPTER 7: LANDSCAPE AND WATER NETWORKS – 
IMPACT ON HEALTH FOR THE SMART CITY: CASE STUDY 
– EL PARDO AND THE MANZANARES RIVER BASIN

Historically,waterhasplayedanessentialroleinchoosingthelocationandsettlementofahabitatand,
consequently,intheconfigurationofthelandscape,building,andurbancontext.Thequalityofthein-
habitants’hygieneandhealthdependsonwaterandsewagetreatment.Watersupplyandsanitationare
crucialtoachievingend-userqualityandenjoymentofthehomeandthecity.Thiscasestudyfocuses
onthecityofMadrid,intrinsicallyrelatedtowaterfromitsoriginandname.Therefore,the“mayra”
aboundsinMadridandisthe“motherofwater.”ThelatterreferstoMadrid’slocationsurroundinga
largefountainthatproducedastreamthatflowedintotheManzanaresRiver.Itrecoversphotographsof
thelandscapefoundinunpublishedhistoricalandmilitaryarchiveswiththeintentionofshowingcer-
tainexcavationsthataffectedtheElPardoWoodlands,suchasJanini’sartesianwellsandothermissing
projectsintheManzanaresRiverbasin.

CHAPTER 8: METHODOLOGY FOR THE EVALUATION OF 
FIRE SAFETY IN EXISTING URBAN RESIDENTIAL AREAS IN 
SPAIN – THE CASE OF SOCIAL HOUSING IN PAMPLONA

MaríaFernández-Vigil,CarmenCorrales,RaquelGarín,JuanBautistaEcheverría
ResidentialbuildingsarethemostcommonscenariooffatalfiresinSpain,andoverthepastdecade

therehasbeennosignificantdecreaseoffatalitiesinthiskindofaccidents,evenaslightincreasein
recentyears.Inthiscontext,asystematicmethodologytoevaluatetherisklevelofresidentialbuildings,
previouslygroupedintobuildingtypologies,ispresented.Itsapplicationtodifferenthousingtypolo-
giesallowscoveringlargeurbanensembles,providinganimportantinformationtoregulatorsandfire
services.Thefactorsthatmostincreasetheleveloffireriskareidentified,analyzingthembothbytheir
constructionstageandbytheirmorphology.

CHAPTER 9: RESEARCH OF ALTERNATIVE ECOLOGICAL WASTE MATERIALS 
USED IN GEOPOLYMERS FOR SUSTAINABLE BUILT ENVIRONMENT

Infrastructureandindustrialprojectscontinuetoexpand,resultinginasteadyriseindemandforcement.
However,itisclaimedthatnatureandtheenvironmentsuffersignificantharmthroughoutthecement
manufacturingprocessduetothecementfactory’sgreenhousegasemissions.Additionally,economic
difficultieshaveemergedasaresultofenergyusageduringmanufacturing.Asaresult,wastemateri-
alshavebeguntobeutilizedingeopolymerconcreteinplaceofcement.Therefore,environmentally
friendlymaterialswithalowcarbonfootprinthavebeeninhighdemandacrosstheworld’sbuilding
sector.Activatorsareusedwithwastematerialsasbindersofgeopolymerswithoutusingcement.Thus,
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geopolymershavegainedimportanceduetotheirenvironmentalcompatibility,sustainability,anddurabil-
ity.ThisbookchaptercomprehensivelyreviewstheEnvironmentalsuitabilityofgeopolymerproduced
usingwastematerials.Inaddition,theauthorstriedtocollectmostgeopolymerphysical,mechanical,
microstructural,anddurabilityproperties.

CHAPTER 10: SMART CITY BUILDINGS FOR A 
RESILIENT, SUSTAINABLE FUTURE

Wearelivinginrapidlychangingtimeswheretheworldisrunninglowonitscarbonbudgetintrying
torapidlytransitiontonetzero.Wearealsolivingamidsttransformations,innovationandoperational
modernizationtobeabletoprovideforaSmartcity.Includingclimatehealth.FutureSmartcitiesdemand
abalancedblendofdataandtechnologytocreatediverselyinclusiveandsustainablesolutions.Inthis
chapter,theauthorfocusesonhowSmartbuildingscanbedesignedforasustainablefuture,exploring
thepossibilitiesofconvertingexistingbuildingsintointeroperablespaces,poweredbytechnologyand
data.WhiletheauthoroutlinesthedifferencesbetweenbrownfieldandgreenfieldSmartbuildings,he
makesacaseforeachandexplainstheirpotentialinachievingproductivesustainability.Thechapter
delineatessomeofthepolicyimplementationsrequiredtoalignSmartbuildingswithsustainableclimate
actionandsubstantiatesglobalpracticeswithROIdata.Theauthorconcludesthechapterbyoffering
thewayforwardintheurbansustainabilityjourney.

CHAPTER 11: SUSTAINABILITY AND HEALTH IN A SMART 
CITY – HEALTH AT THE HEART OF A SMART CITY

SmartCitieshavesofar focusedon improvingcitizens’standardof living,withemphasisonbetter
transportation,improvedhousingspacesandworkplaces,andenergyconservation.Apandemic-stricken
worldemergingtoadoptanewnormalhasshiftedthefocustohealthandhastenedtheneedforlever-
agingtechnology,includingbutnotlimitedtoBlockchain,ArtificialIntelligence(AI),andtheInternet
ofThings(IoT)toenableSmartCitiestomovetothenextlevelofwellbeing.Withpublichealthand
sustainabilityinthespotlight,civicagenciesandgovernmentbodiesarenowalerttopotentialfuture
contingenciesthatcannotberuledout.Thischapteremphasizestheneedforafuture-proofedhealthcare
systemwithinsustainableSmartCities,thatnotonlyforeseesandcontainspublichealthemergencies
butalsoprovidesforitscitizens’generalwellbeing.

CHAPTER 12: URBAN HEALTH IN VULNERABLE ENVIRONMENTS 
– WATER, SANITATION, AND HYGIENE IMPROVEMENT ACTIONS 
IN SCHOOL AREAS IN MAKENI, SIERRA LEONE

Adequateaccesstosanitationandsafewaterisamainchallengetoimproveurbanhealthinlow-income
countries.Diseasesderivedofprecarioushygieneconditionsareamajorburden inAfrican rapidly
growingurbanareas.Thesechallengesareembeddedincomplexstakeholdernetworksandjuxtaposing
processesofgovernance,management,andtechnicalupgradingandneedtobeaddressedthrougha
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holisticapproach.Itisarguedthatschoolsareakeyobjectiveforsanitation,water,andhygieneactions
inthecity.Concernsforimprovementofhygieneconditionsamongschoolchildrenhaveriseninthe
contextofcontemporarysanitarycrisis.Furthermore,schoolsplayapivotalrolebetweenthepublicand
theprivaterealmsandapotentialtofosterchange.ThestudyfocusesonWASHactionsimplementedin
schoolsofthecityofMakeni,SierraLeone.Itseekstodefineasetofcontextspecificrecommendations
toimprovethehealth-relatedconditionsintheschoolenvironment.

Recenteventshavechallengedthewaythebuiltenvironmentisdesigned,managedandexperienced.
Droughts,wildfiresandaglobalpandemichaveundoubtedlyforcedthebuildingindustrytofindways
tocopewithunpredictableeventsandtorespondtoabroaderandmorecomplexsetofrequirements.
Today’senvironmentdemandsnewdesignprocesses,constructiontechniques,occupancypractices,and
managementstrategiestoincreasetheresilienceofthebuiltenvironmenttoextreme,uncontrollable,
andunpredictableeventswhileprovidinghealthyandsustainableenvironmentsforpeople.ThisTopic
invitesresearchersthataddressthistopictoreflectonwhatthenewconceptofsustainabilityforthe
builtenvironmentshouldbe,andtoguidenewresearchdirections.

Inthisbook,welookforarangeofinnovativeresearchandevidence-basedpolicyideasthatdem-
onstratetheimportanceofhousingresearchandpolicyforhealthandwellbeing.

Editor

Roberto Alonso González-Lezcano
Universidad CEU San Pablo, Spain
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ABSTRACT

There is a two-way interaction between the climate and the city. Significant thermal differences may 
appear between one area and another in big urban areas with diverse urban fabric. This research 
determines the bioclimatic characterisation of all city neighbourhoods, focusing on the case study of 
the city of Málaga (Spain) using the definition of urban bioclimatic areas (UBA). The methodology 
used is based on selecting key factors (geographic and climatic) and in multi-criteria analysis, applied 
at territorial and urban scale, by geographic information systems (GIS). The results obtained show 
the microclimatic thermal differences in the city that may help to develop specific urban proposals to 
achieve the Sustainable Development Goals: SDG.3-Health and well-being, SDG.11-Sustainable cities 
and communities, and SDG.15-Life of terrestrial ecosystems, within the framework of action proposed 
by the New Urban Agenda 2030 and heathier neighbourhoods.

INTRODUCTION

Cities are located in places where the conditions of sun exposure, wind, surface or underground water 
courses and topography were decisive for their origin and foundation. However, with their growth, 
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evolution and transformation of urban uses and activities, the reverse has occurred, i.e., cities have con-
ditioned the temperature, humidity and local wind system, establishing a specific urban climate called 
urban microclimate (Oke, 1987). The microclimate has been analysed by many theoreticians, given its 
importance in the presence of the urban heat island phenomenon, together with the conditions of comfort 
for citizens in urban public spaces (Neila et al, 2020), among other issues. This research is focused on 
studying the significant differences in the microclimate that appear in urban contexts, of medium and 
large extension, between some areas of the city and others, with the aim of establishing the bioclimatic 
characterisation of the different urban areas. For this purpose, a selection of a city’s intrinsic and extrin-
sic conditions is undertaken, in order to determine urban areas with the same patterns of temperature, 
humidity and wind, establishing Urban Bioclimatic Areas (UBA). The spatial definition of these areas 
in a city is very appropriate in order to propose differentiated environmental planning measures, specific 
bioclimatic ordinances, or singular urban design proposals by areas. These serve to increase the hours of 
thermal comfort in urban public spaces, regulating air temperature, increasing environmental humidity, 
enabling pleasant breezes in the summer and curbing cold winds in the winter. Improving the urban 
microclimate positively influences the air quality and temperature in cities and can even help reduce the 
hours used for heating and cooling inside buildings. It also has a direct influence on the prevention of 
diseases caused by the characteristics of the urban environment and on promoting people’s health, due 
to reducing pollutants and improving outdoor conditions for outdoor activities (such as walking, sports, 
or, also, others mainly related to cultural, recreational and leisure events). All these measures make cities 
a driving force for action to achieve the Sustainable Development Goals, principally number 3-Health 
and Well-being and 11-More Sustainable Communities, within the action framework proposed by the 
New Urban Agenda 2030.

This paper, which is the result of a collaboration with the Urban Environment Observatory of Málaga 
(Observatorio de Medio Ambiente Urbano de Málaga -OMAU), aims to determine a multi-scale and 
spatial analysis methodology, which adequately integrates the extrinsic and intrinsic factors of a city to 
delimit differentiated Urban Bioclimatic Areas (UBA), and from there to enable actions and strategies to 
improve the urban microclimate so that they can be included in specific plans, projects or programmes. 
Once the methodology has been defined, it is applied to the case study of the city of Málaga, a city 
located on the southern coast of Spain.

BACKGROUND

Cities are located in places with specific geographical and climatic conditions, which influence the 
thermal comfort of the people who live there. Likewise, and mainly in medium and large cities, there is 
an urban microclimate that is differentiated from its surroundings, characterised by a decrease in relative 
humidity, higher temperatures and a complex wind system in its analysis. (Oke, 1987)

In fact, the city’s microclimate has been the subject of numerous theoretical and practical analyses 
since the 20th century, which have served to establish that the relief, geomorphology, presence of 
vegetation and surface watercourses are determinants of the microclimate for each location (WMO, 
1976). According to Landsberg (Landsberg, 1947), the microclimate is a factor related to land use, 
since, among other aspects, temperature is affected by the presence of vegetation and water as well as 
by soil and subsoil conditions. Of particular mention are the theoretical and analytical studies of one of 
the first environmental ecologists, Ian McHarg (McHarg, 1960), who proposed an analysis method that 
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superimposed sectoral layers to delimit territorial areas with intrinsic conditions and determinants that 
should be taken into account in environmental planning (Fanger, 1967). Also, on scales more related to 
architecture, the authors Maurice and Max, established principles of optimal bioclimatic design for heat 
loss and gain with respect to the comfort conditions of people and the climate of a place (Maurice & 
Max, 1990), which were already outlined in the four climatic regions proposed by the Olgyay brothers 
(Olgyay, 1963). However, there are fewer studies that establish the interaction between the city and its 
territory from the integration of external and internal variables to determine the urban microclimate, a 
factor that will be undertaken in this research.

The sensation of thermal comfort in a place is subjective and depends on the thermal conditions of 
the environment, solar radiation, air temperature, temperature of the surrounding surfaces, relative hu-
midity and wind speed, among the most significant extrinsic conditioning factors (Neila, 1990). To the 
above must be added the person’s age, activity they are engaged in, gender and clothes they are wearing 
(Santamouris, 2001). Taking these aspects into account, the local bioclimatic chart is shown in a graph, 
through the analysis of dry temperature in ºC and relative humidity in %, thermal comfort conditions of 
80% to 90% of people in a given place (Olgyay, 1963). The PET (Physiological Equivalent Temperature) 
index establishes comfort from the objective values (temperature, humidity) and subjective values of the 
subject (from their sensation of comfort). This index integrates external factors (Ali-Tourdert & Mayer, 
2006) with the subjective factors of the individual, which are considered very appropriate for the research. 
This research is based on the Adapted Comfort Climograph-ACC (Neila, 1990) to determine thermal 
comfort, using data recorded at various weather stations in the city, in order to subsequently establish 
the needs and strategies, month by month, to achieve comfort conditions for citizens.

Addressing climate from a mesoscale is truly complex, due to the large number of interacting fac-
tors. In this sense, research conducted for Hong Kong Bay (Ng, E., et al., 2004) is of particular mention, 
which resulted in The Urban Climatic Analysis Map (UC-AnMap), with significant contributions for 
the assessment and design with wind, beyond the previous assumptions (Garcia & Fuentes, 2005) and 
other previous manuals (Allard & Santamouris, 2003) whose approach was more generalist. However, 
the analysis unit selected for Hong Kong is not perfectly accurate for the detailed urban design, since 
the pixel size is excessively large, not coinciding with the morpho-typological characteristics of the 
city. Nor does it consider the thermal comfort of people in these areas. Both issues are addressed in the 
methodology proposed in this research.

Undoubtedly, the urban eco-systemic vision of the city in its territory has had important reflections 
that have been taken onto account for this research (Ferrão & Fernández., 2013) (Chrysoulakis et al., 
2014) (Li et al.,2018) (CDai et al., 2001), where the framework for the understanding of the flows of 
matter and energy is established, with the support of GIS tools. The relationships between the two 
systems that affect numerous disciplines are very complex (Dijst et al., 2018) and many previous stud-
ies bet on the singularized calculation in a city, such as the Chinese ones (Huiyue et al., 2019) (Zhang 
et al., 2013) where city form characteristics are incorporated from intensity, efficiency and impact, or 
those of Russian cities (Arefiev et al., 2015), or African (Nyeko, 2012), or Italian (Pollo et al., 2020), 
or Spanish (Galan & Perrotti 2019).

On the other hand, remote sensing systems using satellites and, in general, Geographic Information 
Technologies have introduced a real revolution in the generation of maps and data with a level of updat-
ing and detail that was unthinkable two decades ago, with advantages and disadvantages depending on 
the study to be conducted (Mojtaba et al, 2018). The realisation of maps to visualize the dynamics of 
the Urban Heat Island (UHI) by remote sensing has validated these systems in the analysis of cities in 
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the territory (Neila et al, 2020). This research is based on geospatial data from the Download Centre of 
the National Geographic Institute (Centro de Descargas del Instituto Geográfico Nacional -CNIG)1 and 
the Urban Environment Observatory (Observatorio de Medio Ambiente Urbano - OMAU)2 of Málaga to 
draw up both territorial and urban maps, with the aim of determining urban bioclimatic areas of the city.

In view of the advances and limitations of previous studies undertaken (Bourbia &Boucheriba 2010), 
(Geros et al., 2005), (Nikolopoulou & Lykoudis, 2007), the main objective of this research is to establish 
a methodology that integrates territorial and urban factors starting from the thermal comfort of people 
in hot and cold months. This is in order to delimit urban areas, using Geographic Information Systems, 
which have differentiated microclimatic conditions in accordance with their urban structure and morpho-
typology, and that will be called: Urban Bioclimatic Areas (UBA), differentiating between hot and cold 
months. The city’s characterisation in these UBAs will enable bioclimatic plans, programmes or projects 
to be drafted, which are differentiated by neighbourhoods or urban districts, specifically addressing the 
thermal and microclimatic conditioning factors that occur in each period.

METHODOLOGICAL STRUCTURE

The method proposed for this study consists of four distinct stages:
Stage One: Referring to the search and collection of data, where a series of extrinsic variables of a 

territorial nature were selected, such as climate, relief, slopes, surface water, solar radiation, wind and 
vegetation, and variables intrinsic to the city, such as density, urban structure, height of buildings, pres-
ence of trees in streets and green areas.

Stage Two: Local climate conditions are determined from people’s sense of comfort, both in winter 
and summer, using tools such as climographs, charts and solar arcs. Climate data from several weather 
stations should be recorded if the city is large. This stage is undertaken thanks to the city’s Adapted 
Comfort Climographs (ACC), conducted for cold and warm months.

Stage Three: Preparation of thematic cartographies, through Geographic Information Systems (GIS), 
to characterise the territorial and urban structure (neighbourhoods and large neighbourhoods), urban 
density, hypsometry, clinometry, green areas and ecosystems, solar radiation and wind in different periods 
(hot and cold), according to comfort conditions throughout the year obtained from climographs. From 
this information it has been possible to establish what the climatic, territorial and urban determinants of 
the city for bioclimatic characterisation are. The multi-criteria decisions of these spatial analyses have 
been contrasted with the contributions of specific studies (Malczewski 2010).

Stage Four: Stage related to the integration and synthesis of results obtained in the previous stages, 
through the reclassification of values and the application of algorithms using multi-criteria analysis and 
map algebra, which will allow the city’s Urban Bioclimatic Areas (UBA) to be delimited. The following 
figure shows this methodological process

INTRINSIC AND EXTRINSIC CONDITIONING FACTORS OF A CITY, IN THEIR 
TERRITORIAL CONTEXT, FOR BIOCLIMATIC CHARACTERISATION

The main innovation of the methodology used is the integration of territorial and urban parameters 
analysed with those obtained with respect to the thermal comfort of people and their differentiated 
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needs for summer and winter periods. A selection of climatic, urban and territorial factors that directly 
influence the determination of bioclimatic areas in a city was used for this, in order to analyse and rep-
resent them cartographically by creating sectoral maps (using Geographic Information Technologies). 
Subsequently, these values were reclassified in order to perform an integral analysis of all the variables, 
using the multi-criteria methodology, and differentiating between cold and warm periods, according to 
the results obtained by the Adapted Comfort Climograph (ACC).

The Adapted Comfort Climograph (ACC) creates an area of comfort based on the genetic fingerprint 
of the local people, who are adapted to their climate, the clothes they wear at different times of the year, 
the metabolic activity that may take place inside buildings or outdoors, and the internal temperature of 

Table 1. Methodological structure

Stage one: Search and collection of data

Climatic data Territorial data Urban data

Temperature 
Relative humidity 

Solar radiation 
Wind

Clinometry 
Hydrography 

Vegetation 
Soil uses 

Ecosystems

Administrative delimitation 
Density 

Building height 
Urban green areas 

Tree planting in streets

Stage two: Determining local climate conditions from a comfort level

Local bioclimatic needs according to Adapted Comfort Climographs (ACC)

Solar radiation Wind Relative humidity

Cold months, winter Hot months, summer Cold months, 
winter

Hot months, 
summer

Cold months, 
winter

Hot months, 
summer

Radiation capture Protection from 
radiation

Protection from the 
wind Exposure to wind Low humidity High/moderate 

humidity

Stage three: Urban-territorial analysis and drafting of thematic cartographies

Territorial scale Urban scale

Relief maps (clinometric) 
Hydrology maps 
Vegetation map 

Solar radiation map (winter and summer) 
Wind maps (winter and summer)

Urban relief maps (clinometry) 
Density map 

Building height map 
Map of urban green areas 

Map of tree planting in streets

Stage four: Integration and synthesis of results

Selection and reclassification of factors and decision-making criteria

Territorial scale Urban scale

Selection and reclassification of values. 
Period of cold months 

Selection and reclassification of values. 
Period of warm months

Selection and reclassification of values. 
Period of cold months 

Selection and reclassification of values. 
Period of warm months

Map algebra / multi-criteria analysis

Result: Bioclimatic characterisation of the city

Urban Bioclimatic Areas (UBAs)
Data sheets by Major Neighbourhoods - Cold Months 
Data sheets by Major Neighbourhoods - Hot Months

Source: Compiled by the authors
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the building’s surfaces, a consequence of the external conditions, temperature and radiation, the quality 
of the construction, mass and insulation, and the internal loads, equipment use, occupancy and activity.

The result is an area of relative temperatures and humidity, which provides conditions of comfort 
if the building or person is kept shaded and the air is calm, where there will be a maximum of 10% of 
unsatisfied people (PPI); there is a second complementary area with a maximum of 20% of unsatisfied 
people. The area varies in position according to the variables described above. Usually we work with 
only three different areas, linked to changes in clothing, one for summer conditions, when people wear 
light clothing; for the climographs we have used 0.4 clo, which is light summer clothing. For winter, 
a 0.9 clo clothing has been used, which is the classic clothing for an interior in slightly colder winter 
conditions. For transition periods, spring and autumn, an intermediate value of 0.7 clo has been used.

In the area where the comfort area is located, the local climate or microclimate is represented for the 
months in which the clothes used for that area are worn. If the whole day-types coincide within the area, 
it means that the climatic conditions are perfect and only the building has to be kept shaded, especially 
the openings, and the air is calm. If this is not the case, the climograph provides guidelines for designing 
bioclimatic strategies in outdoor and indoor urban spaces.

For example, it may show that there is a need to provide solar radiation, which will lead to a general 
design of public spaces, buildings or openings to facilitate this. In this case, the building envelope must 
be designed with capacity, thermal mass, to store the captured energy. If the need for capturing energy 
does not apply to the whole day, i.e. there are hours when solar energy must be collected and others 
when the openings must be shaded, then the climograph indicates the ranges of hours for each period.

The climograph can propose the use of ventilation, either permanent or occasional, in this case gen-
erally nocturnal. Ventilation may be thermal, to reduce the sensation of heat, or ventilation to remove 
excess humidity. If it is nocturnal, it will tell us that it is necessary to store that freshness in the build-
ing’s mass. It will indicate when internal loads may be sufficient to heat the interior and may propose 
evaporative cooling or simple supply of humidity, and the use of thermal insulation.

The following is an explanation of the territorial and urban factors taken into account, which will 
spatially discriminate some areas from others based on their bioclimatic nature, based on numerous 
environmental analyses (Mc Harg, 1969; Higueras, 2006). Relief, surface hydrography, vegetation, sun 

Figure 1. Adapted Climate Climograph (ACC) for Málaga, in winter and summer situation
Source: Compiled by the authors
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exposure and wind are considered in the territorial scale and density, building height, urban green areas, 
sun exposure and wind in the urban scale.

In the territorial scale, the topography can be assessed from hypsometry and clinometry. Hypsometry 
can condition the wind system, sun exposure of slopes, surface watercourses and vegetation growth. From 
a bioclimatic point of view, clinometry and orientation of the surface areas is an especially important 
variable to take into account because it conditions, among other things, the amount of radiation received 
by the surface areas, surface water courses, presence of vegetation and wind movement. The clinometric 
analysis conducted in this study establishes two major areas: those with flat, moderate slopes (0-4% 
/ 4-8% / 8-6%) and those with steep slopes (> 16%). The following table summarises the bioclimatic 
conditions in flat, moderate and steep soils.

With respect to surface water courses, these can function as microclimatic regulators, since they are 
low areas where humidity and water accumulate (either run-off, seasonal or permanent). In these areas, 
vegetation tends to grow with greater vigour and growth, directly related to the reduction of ambient 
temperature and the increase in humidity due to the effect of evapotranspiration. Therefore, there are 
two main areas to consider, which are summarised in the following table.

Closely related to water, the territorial green structure is a major microclimatic regulator, as plants 
increase evapotranspiration, retain suspended particles, provide oxygen to the air; they are carbon sinks, 
shade the soil, retain water, slow down erosion, attenuate low-frequency noise and provide shelter and 
habitat for a large number of species (Aram et al., 2019). Discrimination into two groups has been con-
ducted for this research, as follows:

Table 2. Territorial bioclimatic conditions of clinometry

Bioclimatic conditions
Clinometry

Flat and moderate 
0 -16% slope

Steep 
> 16% slope

Sun exposure on slopes Few hours of sunshine High solar radiation

Surface water courses With plains, meanders, sedimentary areas with 
high permeability

Relief embedded in valleys and mountains, high 
run-off and low permeability

Wind Little wind except for the area along the 
coastline Anabatic and katabatic winds, day and night

Green infrastructure and 
vegetation

Type of species according to soil composition 
and slope

Type of species according to soil composition 
and slope

Source: Compiled by the authors

Table 3. Territorial bioclimatic conditions of the blue infrastructure

Bioclimatic conditions
Blue infrastructure

Areas belonging to the surface water network 
and its area of influence Rest of Areas

Relative humidity High-Very high Medium-Low

Temperature reduction High Low

Natural ventilation Low Medium-High if they are dividing

Source: Compiled by the authors
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While the above sectoral analyses may be common in environmental and physical environment 
studies, sun exposure and natural ventilation studies, such as those presented below, are not as frequent. 
Wind conditions and incident solar radiation are absolutely key to delimit zones for the bioclimatic 
characterisation of an area. For this, it is necessary to previously consider the information obtained 
through the Adapted Comfort Climograph (ACC), mainly if there are significant differences in thermal 
comfort between the cold months (November, December, January, February and March) with respect to 
the hot months (June, July and August), as in the case study. If so, it is important to conduct differenti-
ated wind and solar radiation studies for both periods. The sun’s path in winter is shorter, with a smaller 
solar azimuth angle range than in summer and, above all, lower solar altitude. These two circumstances 
mean that radiation is reduced in the study area during the months of November, December, January, 
and February, with the minimum path being on 21 December (winter solstice). In addition, this period 
records the need to capture solar radiation, while in the hot period, which is when most solar radiation 
is received, there is a need for shading. As for ventilation, this will be necessary in the hottest months, 
but it will be necessary to protect against it in the coldest months, according to the results of the ACC. 
For the above reasons, it is necessary to have a detailed knowledge of these conditions, both at territo-
rial and urban scales.

Urban morpho-typology has been analysed, with maps of building density and heights, and the green 
and blue infrastructure present in the city in order to study the intrinsic bioclimatic conditioning factors 

Table 4. Territorial bioclimatic conditions of the green infrastructure

Bioclimatic conditions
Green infrastructure

Areas with little vegetation, crops, 
bushes, shrubs Areas with much vegetation, bushes and trees

Evapotranspiration. Low-medium. Medium-High

Oxygen supply and 
Carbon sequestration Moderate High

Solar filter Low Medium-High

Potential erosion brake Medium-Low High

Wildlife refuge Medium Medium-High

Source: Compiled by the authors

Table 5. Radiation, ventilation and humidity requirements for comfort in cold and warm months

Variables
Season of the year

Cold months, winter situation Hot months, 
Summer situation

Solar radiation Capture of solar radiation Protection from solar radiation, shading

Wind Wind protection Exposure to wind, breezes and mountain-valley 
winds

Relative humidity Low relative humidity High or moderate relative humidity if 
temperature is not excessively high

Source: Compiled by the authors
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of the city, since both green areas and the presence of water are important regulators of the microclimate, 
with differentiated effects in winter and summer.

SUMMARY THROUGH MULTI-CRITERIA ANALYSIS: MAP ALGEBRA

For the preparation of environmental assessment studies, plans, programmes and urban planning and/
or territorial scale projects, it is necessary to seek compatibility between the pre-existing physical and 
natural environment with the different uses that are potentially to be implemented in a given location. 
The joint assessment of the territory through comprehensive studies using multi-criteria assessment 
is an effective tool, where the use of Geographic Information Systems (GIS) is an important technical 
support. According to Barredo (Barredo, 1996): “Multi-criteria (and multi-objective) assessment is a 
set of techniques used in multidimensional decision and assessment models, within the field of deci-
sion making”, offering the opportunity to obtain a balanced analysis of all facets of planning problems 
(Nijkamp &Van Delft, 1977).

GIS allows the combination of different criteria that can be assigned different degrees of importance 
or weights through multi-criteria analysis; however, this combination must be done in such a way that 
one criterion does not overshadow the others, which is a determining factor in achieving the desired 
characterisation. The relevance of the method considers the incorporation of determining factors of the 
relationships between the city and the context, with the criteria of integration, balance, and interaction 
between them. This requires the factors to be truly determinant, so that they are easily aggregated from 
both scales and are correctly weighted. To this end, we have followed the contributions of Ferrão & 
Fernández (2013) Chrysoulakis, et al., (2014) and Dijst et al., (2018) among others.

In order to integrate all the factors examined in this study, a reclassification was previously conducted, 
where the rating scale ranged from 1 (extremely low) to a maximum value of 5 (extremely high). This 
5-value scale made it possible to differentiate between minimum and maximum values, with the exis-
tence of an intermediate value (3).

Table 6. Bioclimatic conditions at urban scale for cold and warm months

URBAN BIOCLIMATIC 
CONDITIONS

Season of the year

Cold months, winter situation Hot months, summer situation

Density Medium density zones that allow winter 
sunlight to enter the area

High density areas with shaded streets, but oriented 
according to prevailing winds

Height of the building Urban canyon that allows sunlight to enter 
the city Urban canyon to allow wind to enter

Urban green areas Deciduous trees to allow sun exposure Proximity to lush green areas within a proximity 
radius

Alignment of trees in streets Deciduous trees in streets to allow for sun 
exposure Street planting of trees to shade pavements

Solar radiation Need for high solar radiation on streets and 
public spaces

Need for protection from direct solar radiation, 
shading of streets, etc

Wind Need for wind protection Need for exposure to mountain-valley winds and 
breezes

Source: Compiled by the authors
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The final goal of this reclassification is to achieve the bioclimatic characterisation of Málaga’s urban 
areas using map algebra. In each of the reclassification maps of the territorial and urban determinants, the 
valuations are represented chromatically, with the criterion that the most favourable values, with respect 
to the bioclimatic analysis and according to the period of the year analysed, are in green; intermediate 
scores are represented with yellow, and the least favourable valuations are in red.

The general criterion for reclassification is that if the determinant is favourable in the period taken 
into account and according to the needs and strategies detected in the climographs, higher values are 
assigned (green) and if it is less favourable the score will be lower (red). Therefore, the reclassification 
of the variables has been established according to the thermal needs detected for each period, so that 
for some of them this process has had to be conducted twice, and in a different way, according to these 
criteria. For example, areas highly exposed to wind in summer have been rated very positively compared 
to less exposed areas, according to the data provided by the ACC. However, areas with high exposure 
during the cold months were rated as very unfavourable compared to protected areas, also based on the 
ACC results.

Once the reclassification of the parameters taken into account has been conducted, the combination 
of factors can be undertaken using map algebra to subsequently establish the bioclimatic characterisa-
tion of the city and the delimitation of the Urban Bioclimatic Areas (UBA). As mentioned above, a 
distinction has been made in this analysis between hot and cold months, due to the different bioclimatic 
strategies required. The following is the combination of variables conducted for each period, which 
will allow us to obtain two delimitation maps of Urban Bioclimatic Areas (UBA)The selection of the 
determining factors at both territorial and urban scale is a decisive step in the characterisation pursued. 
For this purpose, the territorial scale factors are selected from the extrinsic geomorphological conditions 
surrounding the city, such as the relief, hydrographic basins, sunny slopes, and origin of the prevailing 
wind. The assessment ranges for each of these factors are derived from the climogram conditions of the 
site, where the needs for thermal comfort in both winter and summer of the city are determined. This 

Table 7. Reclassification criteria

Scale for the valuation of bioclimatic variables

Extremely low Low Medium High Very High

1 2 3 4 5

Source: Compiled by the authors

Table 8. Reclassification - Exposure to solar radiation in cold period

Parameter taken into account Bioclimatic suitability Value - reclassification

<250,000 Wh/m2 Extremely low 1

250,000 Wh/m2 to 350,000 Wh/m2 Low 2

350,000 Wh/m2 to 450,000 Wh/m2 Medium 3

450,000 Wh/m2 to 550,000 Wh/m2 High 4

550,000 Wh/m2 to 603,000 Wh/m2 Extremely high 5

Source: Compiled by the authors
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will vary from place to place, and will determine the fact that wind, for example, can have positive or 
negative values for summer or winter in different contexts.

THE CASE STUDY: THE CITY OF MÁLAGA (SPAIN)

Málaga is a city located in Andalusia, southern Spain. Its municipal area has a population of 578,460 
inhabitants and an extension of 394.98 Km2 (SIMA, 2021) and the urban fabric has a heterogeneous 
structure, with a variety of urban areas and a unique geographical situation, with the Mediterranean Sea 

Figure 2. Fragment of sun exposure map and reclassification map in the cold months for the city of Málaga
Source: Prepared by the authors based on data from the National Geographic Institute (IGN).

Table 9. Variables for the multi-criteria analysis by period of the year taken into account

Period of the year Variables taken into account in the multi-criteria analysis

Period of cold months
Winds (cold months) + Solar radiation (cold months) + green areas and ecosystems 
(natural and artificial) + area of influence of tree-lined streets (equidistance of 15 m from 
street axis) + area of influence of parks (sup. > 20,000 m2) + urban density

Period of hot months
Winds (hot months) + Solar radiation (hot months) + green areas and ecosystems (natural 
and artificial) + area of influence of tree-lined streets (equidistance of 15 m from street 
axis) + area of influence of parks (sup. > 20,000 m2) + urban density

Source: Compiled by the authors
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to the south, the Montes de Málaga five kilometres to the north-east (with the 1032 m high Cresta de 
la Reina) and the Montes de Málaga Natural Park; to the west it is crossed by the Guadalhorce River in 
an enclosed valley. The Guadalmedina rRiver flows from the Montes de Málaga, with five well-defined 
stream basins (Arroyo de las Vacas, Arroyo Chaperas, Humaina, Hondo and Arroyo de Los Frailes).

As mentioned, there are very heterogeneous urban fabrics, some very dense, others less so, areas with 
greater pollution due to anthropic activities, presence of urban parks of different sizes, practically flat 
areas and others with considerable slopes, etc. Administratively, the city is divided into neighbourhoods 
(297), which in turn are grouped, according to their characteristics, into Large Neighbourhoods (20). All 
these characteristics, typical of the urban structure and the territorial context in which the city is located, 
provide unique conditions for the urban microclimate and, therefore, for the bioclimatic characterisation 
of these areas, which is the purpose of the study.

The city also has a Climate Plan, which is the framework for this study. This Plan, called ALICIA, 
began to be drafted in December 2018 and has a direct association with the 2015 Málaga Urban Agenda 
(linked to the United Nations New Urban Agenda) and the Covenant of Mayors for Climate and Energy. 
It was approved in March 2020 and is structured around four main points: urban model and mobility, 
urban metabolism, biodiversity and social and economic cohesion. In strategic line 1 of the first point, 
dedicated to the urban model, its main aim is “Adapting planning to the Urban Agenda and the Climate 

Figure 3. Hypsometry and spatial delimitation of the large neighbourhoods of the city of Málaga
Source: Prepared by the authors based on data from the National Geographic Institute (IGN in Spanish).
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Plan, the compact, complex and proximity city” and one of the proposed actions is defined as follows: 
Article 16: “To incorporate climate and energy efficiency criteria into urban planning. The Climate 
Plan requires that the tools for action on climate variables be taken into account in the city’s urban 
plans, for which the results of this Plan associated with urbanism and planning should be included in 
the next reviews of the Plan”

In this context, the study will provide information on the bioclimatic characteristics and conditions 
of the different neighbourhoods of the city, as issues to be taken into account and considered in the 
urban planning of the city and in other types of urban interventions, both for the existing city and for 
new developments.

DETERMINATION OF LOCAL CLIMATE CONDITIONS 
FROM A COMFORT LEVEL

As explained in the paper’s methodology, the first step consists of collecting data and determining local 
climate conditions from the comfort point of view, through producing Adapted Climate Climographs 
(ACC) of the city of Málaga. Climatic data have been obtained from the State Meteorological Agency 
(Agencia Estatal de Meteorología - AEMET) in order to prepare these charts, specifically Airport, Me-
teorological Centre and Port and also from the Environmental Quality System stations of the Junta de 
Andalucía, specifically El Atabal, Hilera and Martiricos.

The following figure shows the isopleth diagrams, which show the months of the year on the abscissa 
axis and the hours of the day on the ordinate axis. Each cell appears in a different colour with the fol-
lowing legend: in dark blue, the need for solar radiation to achieve thermal comfort; in light blue, the 
need for internal loads; in grey, the cells showing the periods of thermal comfort for 80% of people (with 
20% dissatisfied); in white, the cells with thermal comfort for 90% of the people (with only 10% dissatis-
fied); in yellow, the need for ventilation in order to feel comfortable; and finally in red, the hours of the 
day and months with excessive heat. Graphs corresponding to the climate change projections were also 
made, where the difference with respect to the previous graphs are crucially seen, with the presence of 
more hot hours than in the current situation.

The interpretation of the above diagrams shows three periods throughout the year: cold (winter), hot 
(summer) and intermediate (spring-autumn) months, with differentiated needs. They show the existence 
of thermal comfort in the middle hours of the day in the spring and summer months; they set out the 
need for solar radiation in the mornings in almost all months of the year, and the need for solar protection 
from the beginning of March to mid-September (south and west, very conflicting orientation). Natural 
ventilation would be required from mid-May to the end of August, from morning until dusk.

In addition to temperature and humidity, another determining factor for bioclimatic characterisation 
is wind. In this sense, the direction of the prevailing winds in the bay where the city of Málaga is located 
is shown, and in which the existence of a dominant direction throughout the year (WNW-SSE) can be 
appreciated, with two periods with different directions. In fact, in winter, winds predominate from in-
land to the coast, while in summer the direction is reversed, from the sea to inland. This circumstance 
is incredibly positive from a bioclimatic point of view for summer conditions, but negative during the 
colder months.

Finally, the study of solar radiation throughout the year will also be decisive, given that the sun’s path 
is different in cold and warm periods, and that the needs to achieve thermal comfort are also different, 
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a relationship can be established between these variables to help the architect in making decisions on 
his projects, whether new construction or renovation, on the public space or on the building. For this 
purpose, solar arc studies or solar charts are usually conducted for each specific location.

The cylindrical solar chart represents the path of the sun corresponding to the latitude of each location. 
It is a chart that determines the two angles that define the sun’s position on the celestial vault throughout 
the year: on the abscissa axis the solar azimuth angle (horizontal) and on the ordinate axis the solar 
altitude (vertical angle). The typical days of each month are represented by curves, where three singular 
points are highlighted: ortho (sunrise), zenith (maximum solar height, at 12 solar hours each day of the 
year) and sunset (dusk). The following figure shows how there is a need to capture solar radiation dur-
ing the cold months (January, February, March), when the solar path is shorter, and the mornings of the 
intermediate months (October, April, May), together with a need for radiation protection in the warmer 
months, when the solar path is longer, mainly in the evening hours (June, July, August and September)

URBAN-TERRITORIAL ANALYSIS AND THEMATIC MAPPING

The next methodological stage consists of preparing all the sectoral analysis maps, from the territorial 
and urban scale, to then proceed to their reclassification from the point of view of their bioclimatic 
suitability (differentiated by periods). This analysis has been supported by Geographic Information 
Systems-GIS (ArcMap 10.8.1, ESRI) and comprehensive national databases. The complementarity and 
integrated analysis of these sectoral maps will help to understand the relationships with this scale, which 
condition Málaga’s bioclimate, both in winter and summer.

Figure 4. Isopleth plots according to climate change projections (RCP4.5 and RCP8.0) and data from 
the Martiricos weather station, Málaga
Source: Compiled by the authors with data from AEMET

Table 10. Wind direction by months in 16-heading Rose

Period Cold Hot

Month NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT

Direction WNW WNW WNW WNW WNW SW S S SSE SSE S SW

Source: Compiled by the authors with data from AEMET
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As can be seen in the following figure, a high percentage of Málaga’s neighbourhoods are located 
on fairly flat terrain, with slopes ranging from 4-8%. However, there are certain urban areas that are 
located in areas with steep slopes (> 16%). Among the latter, we can highlight the following: El Palo-El 
Candado, Malagueta-Limonar, Segalerva-Olletas, Ciudad Jardín, Palama-palmilla, Suárez-Carlos Haya 
and Puerto de la Torre.

The research addresses a spatial approach of the qualitative aggregation of determinants at urban and 
territorial scale. Other authors have established comparative relationships via GIS for spatial analysis of 
territorial and urban data. Italian research by Riccardo Pollo, Matteo Trane, Matteo Giovanardi, (2020) 
and Galan J., Perrotti D., (2019); Chinese research by Huiyue W., Chen D., Duan H., Yin F., Niu Y., 
(2019) are valued for their methodology

The municipality is surrounded by areas of great eco-systemic and landscape value, such as the Montes 
de Málaga, to the north, or the mouth of the Guadalhorce River, to the south-west, where there is a small 
area of marshes. In the more urban area there is also a well-established structure of parks, as well as the 
presence, in some neighbourhoods, of abundant vegetation in private plots, streets and squares of the 
city. In this sense, the improvement of the microclimate is considered due to the presence of tree-lined 
streets, depending on the density of trees along the alignment, and of these large green spaces (surface 
area > 20,000m2), additionally establishing an area of influence around them (150 m).

The analysis of incident solar radiation shows that, in general, this area receives a large amount of 
Wh/m2 throughout the year, especially in the hottest months (when protection is needed as the main bio-
climatic strategy). In the colder months, when there is a need for solar gain, south-facing slopes receive 
the most solar radiation. In this sense, the areas of El Palo-El Candado, Malagueta-Limonar, Puerto de 
la Torre and Segalerva-Olletas are the most benefited, due to their geographic configuration.

It should be noted that this is a general study of the entire municipality of Málaga. The analysis of 
solar radiation at a more urban level and concerning buildings would require specific studies, almost 
at plot level, where street orientations, street width-to-building height ratio, presence of trees, etc., are 
taken into account.

In this sense, urban density (inhabitants/hectare) has also been taken into account. The analysis 
shows that there are areas with different densities. The most populated neighbourhoods are generally 
located in more central positions with respect to the municipality and are as follows: Parque del Sur, 26 

Figure 5. Cylindrical solar chart for Málaga (hot and cold period)
Source: Climate Consultant 6.
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de Febrero, La Palmilla, Miraflores de los Ángeles, Suárez, La Breca, Camino de Suárez, Los millones, 
Nueva Málaga, 4 de Diciembre, Santa Marta, La Asunción, San Rafael, Alaska, Regio, San Carlos 
Condote, Haza Onda, Las Delicias, Nuevo San Andrés, Vistafranca, La Luz, Los Girasoles and La Paz.

Finally, as mentioned in previous sections, the wind analysis was conducted on a territorial scale, 
determining the areas most and least exposed to natural ventilation in the different periods considered. 
It has been found that there is a huge variation in wind exposure during the cold months, where the most 
affected areas are located in the Guadalhorce valley, compared to the warm months, where the most 
exposed areas are concentrated along the seafront.

Table 11. Analysis of the variables of the urban-territorial environment

Variable Map Objective Ranges

ANALYSIS 
OF URBAN-

TERRITORIAL 
SUPPORT

Administrative 
delimitation

Large 
Neighbourhoods and 
Neighbourhoods of 
the city of Málaga

Establish the spatial units of 
analysis

Delimited according to Málaga 
General Plan documents

Neighbourhood 
population density Density inhab/ha Determine the densest areas 

from the least dense ones

< 50 inhab/ha 
50-150 inhab/ha 
150-250 inhab/ha 
250-450 inhab/ha 
> 450 inhab/ha

Relief_altitude Hypsometric Determine areas according 
to altitude 50 m intervals

Relief_slopes Clinometric Determine flat, moderate 
and steep areas

0-4% slope 
4% -8% slope 
8-16% slope 
> 16% slope

Green areas 
and ecosystems 
surrounding the 

city

Green areas and 
ecosystems 

Urban trees and area 
of influence of large 

parks

Delimit the green areas 
and natural, anthropic 

ecosystems on the perimeter 
and interior of the city

Natural, anthropic ecosystems, 
private green areas, tree-lined streets 
(tree density per street), urban green 
areas >20,000m2 and their areas of 

influence (150 m)

Radiation in hot 
months

Solar radiation on the 
substrate in the hot 

months established by 
the local climograph

Know the areas with the 
highest solar irradiance in 

the warm months

> 450,000 Wh/m2

450,000-550,000 Wh/m2

550,000-600,000 Wh/m2

600,000-705,000 Wh/m2

Radiation in cold 
months

Solar radiation on the 
substrate in the cold 
period established by 
the local climograph

Know the areas with the 
highest solar irradiance in 

the cold months

> 250,000 Wh/m2

250,000-350,000 Wh/m2

350,000-450,000 Wh/m2

450,000-550,000 Wh/m2

550,000-603,176 Wh/m2

Wind in the cold 
months

Neighbourhoods 
in the cold period 
established by the 
local climograph

Determination of wind 
exposure, windward and 
leeward areas and wind 
channels. Cold months

Exposure to wind: Extremely low, 
low, medium, high, extremely high

Wind in hot 
months

Neighbourhoods 
in the hot period 

established by the 
local climograph

Determination of wind 
exposure, windward and 
leeward areas and wind 
channels. Warm months

Exposure to wind: Extremely low, 
low, medium, high, extremely high

Source: Compiled by the authors
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INTEGRATION AND SUMMARY OF RESULTS

As we have seen in previous points, the urban microclimate is unique and differentiated from that of 
the areas surrounding the city. For this study of bioclimatic characterisation of the city of Malaga, the 
analysis of the territorial scale has been considered relevant for the definition of urban bioclimatic area 
for the following reasons:

1.  Málaga is a city by the sea. From a bioclimatic point of view, the sea is a thermal regulator that 
softens temperatures both in winter and summer, establishes the determination of sea breezes, 
and provides a complementary level of humidity to the environment by direct evaporation (more 
pronounced in the months of July and August)

2.  The city is located on a fluvial plain of the Guadalhorce River and the Guadalmedina River val-
ley, where there are conditions of higher humidity and channelling of the winds, which have a NE 
component in most months of the year, coinciding with the Guadalhorce valley

3.  Málaga is located on the slopes of the Montes de Malaga, with some of its neighbourhoods in 
areas of moderate and high slope, which conditions sun exposure, as they have a south, south-east 
orientation of the slopes (sunny spot), which favours the capture of solar radiation.

Figure 6. Clinometric map, neighbourhoods and large districts of Málaga
Source: Prepared by the authors based on data from the National Geographic Institute (IGN in Spanish).
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4.  Important ecological areas are appearing around the city and many of them will become part of 
Málaga’s Green Belt. These are areas with permeable, natural soil, and with the presence of veg-
etation (sometimes tall and sometimes short or crops), which function as thermal regulators of the 
whole and contribute both to the sequestration of carbon produced in the city and to the supply of 
oxygen, in an incredibly significant manner.

These four factors have a different influence on the hot and cold months and, therefore, will also 
result in different strategies in each case. However, it should not be forgotten that there are more cold 
months than warm ones, that almost the entire morning period is cool, cold or very cold, and that there 
are lengthy periods of thermal comfort in the midday hours; there are also periods of over-heating in 
the early afternoon in June, July, August and September, always with high ambient humidity values.

In terms of urban scale, as we have seen above, Málaga is made up of heterogeneous urban fabrics, the 
result of its growth over the centuries. This heterogeneity is reflected in the 11 ordinances of Málaga’s 
General Urban Development Plan. The study of density, the location of urban green zones and areas, 
the degree of exposure to natural ventilation and solar radiation will also be decisive in the bioclimatic 
characterisation of the city.

In this methodological stage, the reclassification of the various aspects analysed is conducted, as 
explained in the methodology section, in order to subsequently conduct the multi-criteria analysis, sup-

Figure 7. Green areas, natural and anthropic ecosystems of Málaga
Source: Prepared by the authors based on data from the IGN and the Urban Environment Observatory
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ported by map algebra (conducted with GIS). The following is an example of some of the results of this 
process. Firstly, those obtained with respect to wind assessment:

The differentiation of the assessment of the same aspect with respect to the period taken into account 
is emphasized. For example, for the ventilation analysis the resulting maps are as follows:

As for the valuation of green areas, they function as “refreshing” elements within the city, both in 
winter and summer. Through evapotranspiration, they improve the environment, trap CO2, supply oxygen, 
lower the temperature and increase the humidity of the environment due to a photosynthesis process. In 
cities, vegetation can be found within the general system of public green spaces, in streets, and in the 
private landscaped areas of some plots. The presence and density of green areas is a determining factor 
for the city’s microclimate. Its study has been detailed in two analyses, on the one hand, the one corre-
sponding to the surface of green areas in urban and peri-urban areas and, on the other hand, the number 
of trees per linear metre present in streets, both with their respective areas of influence.

With regard to the justification of the categories and valuation adopted, the city of Málaga is devel-
oping the Green Infrastructure Plan in which the land outside the urban land is categorised into areas of 
green infrastructure, private green areas, artificial canals, beaches, agricultural land and others. To these 
are added the urban green areas, with the determinations of singular spaces, beaches, areas of natural 
vegetation and wetlands. For this study, the integration of all these aspects is understood to visualise the 

Figure 8. Urban trees and areas of influence of Málaga’s large parks
Source: Prepared by the authors based on data from the IGN and the Urban Environment Observatory
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concept of green infrastructure and ecosystems, combining the territorial and urban scales in a spatial 
and environmental continuum.

Furthermore, it should be borne in mind that green areas with a larger surface area and density of 
trees have a positive bioclimatic effect on the urban fabric and people (parks larger than 20,000 m2 were 
taken into account for this study). For this reason, these areas and their area of influence (150m from 
the perimeter of these areas) have been integrated in the final calculation, which has been valued with 
1 extra point. The same assessment has been made with respect to the presence of private green areas.

Below are excerpts from some of the maps made for the characterisation and assessment of the aspects 
discussed above. In this case, we observe the presence of trees in streets.

Finally, once all the parameters considered have been reclassified, a map algebra is created that inte-
grates them jointly, using Geographic Information Systems, and in which the Urban Bioclimatic Areas 
(UBA) are determined geographically, with different degrees of bioclimatic suitability of the municipality 
of Málaga, for hot and cold months.

In the case of the cold months, it is clearly observed how neighbourhoods more exposed to natural 
ventilation, located in the Guadalhorce valley, and with worse orientation with respect to solar gain have 
a lower valuation with respect to their bioclimatic characterisation. On the other hand, large neighbour-
hoods such as Malagueta-El Limonar or El Palo-El Candado have better ratings, among other aspects 

Figure 9. Solar radiation at the winter solstice in Málaga
Source: Prepared by the authors based on data from the National Geographic Institute (Instituto Geográfico Nacional –IGN).
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due to their good orientation (southern slope) and, therefore, better exposure to solar radiation during 
this period, as well as being protected from the prevailing cold winds.

During the warm months, the Urban Bioclimatic Areas (UBA) with the highest ratings do not coin-
cide exactly with those of the cold period. In this case, the coastal front at the mouth of the Guadalhorce 
River is the most highly valued, due to its good exposure to the wind and the presence of vegetation. 
However, inland neighbourhoods, located in the central part of the municipality, are less well rated due to 

Figure 10. Urban density of Málaga
Source: Prepared by the authors based on data from the IGN and the Urban Environment Observatory

Table 12. Reclassification - Wind exposure in hot period

Parameter taken into account Bioclimatic suitability Value - reclassification

Large neighbourhoods on the waterfront Very High 5

2nd line from the waterfront High 4

3rd line from the waterfront Medium 3

4th line from the waterfront Low 2

No breeze Extremely low 1

Source: Compiled by the authors
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Table 13. Reclassification - Wind exposure in cold period

Parameter taken into account Bioclimatic suitability Value - reclassification

Windward with respect to prevailing wind Very High 1

2nd windward line High 2

3rd windward line Medium 3

Sheltered Extremely low 4

Very sheltered Extremely low 5

Source: Compiled by the authors

Figure 11. Reclassification for multi-criteria analysis. Wind exposure - cold months
Source: Prepared by the authors based on data from the IGN and the Urban Environment Observatory

Figure 12. Reclassification for multi-criteria analysis. Wind exposure - warm months
Source: Prepared by the authors based on data from the IGN and the Urban Environment Observatory
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their high density, low exposure to ventilation and lower presence of green areas and trees in the streets. 
This is the case, for example, of Trinidad, La Unión-Cruz del Humilladero or Portada Alta-San Rafael.

In other words, the city’s Urban Bioclimatic Areas (UBA) vary throughout the year, depending on 
the needs that arise to achieve comfort according to the period of the year.

Table 14. Reclassification - Green areas and ecosystems

Parameter Aptitude Reclassification value

Natural ecosystems

Unique spaces_ Very High 5

Wetlands High 4

Beaches High 2

Anthropic ecosystems

Urban and peri-urban green areas Medium 3

Agricultural area-others Medium 3

Beaches Medium 2

Private green areas Private green areas Extra valuation 1

Large green areas Urban green area > 20,000 m2 Extra valuation 1

Influence Area Area of influence of Large Urban Green 
Areas - 150 m Extra valuation 1

Source: Compiled by the authors

Figure 13. Reclassification - Area of influence of green areas and urban trees (map fragment)
Source: Prepared by the authors with data from IGN and OMAU
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Finally, descriptive sheets are prepared for each of the 20 large neighbourhoods examined, in order 
to clearly and synthetically summarise, for each of them, the determinations on their territorial and ur-
ban conditioning factors, as well as their bioclimatic suitability. The data sheets contain the following 
information:

1.  Urban structure
2.  Urban determinants

Administrative delimitation of the Large Neighbourhood
Density
Green areas and ecosystems
Tree planting in streets

3.  Climate determinants
Solar Radiation in warm/cold months
Wind in warm/cold months

4.  Multi-criteria Assessment
5.  Bioclimatic characterisation Cold Period
6.  Bioclimatic characterisation Warm Period

Figure 14. Bioclimatic characterisation in the period of cold months for Málaga
Source: Prepared by the authors with data from IGN
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CONCLUSION

The degree of territorial suitability, according to certain activities, is different in each place. Their analy-
sis and determination are key for harmonisation actions with the environment; they reduce impacts and 
improve the climatic conditions of each area, which means an increase in the health and quality of life 
of the people who live in these places. In this study, based on examining information in open databases 
and multi-criteria analysis using map algebra (GIS), specific cartographies have been obtained that 
visualize the different bioclimatic conditions throughout the year (hot and cold periods) in the different 
neighbourhoods of the city of Malaga. This study starts from the well-being of people and the extrinsic 
and intrinsic conditions of the place so as to make diagnostic decisions using geospatial data analysis. 
The results cannot be extrapolated to other contexts, but the methodology used will serve to adapt them 
to other urban situations.

The proposed methodology spatially integrates the conditioning factors of the physical environment 
outside and inside the city, understanding that there is an interaction between the two. The city is located 
in a climate, but activities and urban structure also condition the local microclimate. Both circumstances, 
related to geographical and climatic conditions, are analysed at the same level through the territorial and 
urban sectoral maps. In addition, discrimination of suitable areas is established based on the thermal 

Figure 15. Bioclimatic characterisation in the period of warm months for Málaga
Source: Prepared by the authors with data from IGN
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comfort conditions offered by the Adapted Comfort Climograph (ACC), with almost identical periods 
(equinoxes), and totally opposite periods, with cold (winter) and hot (summer) months. Depending on 
these climatic aspects, the sectoral maps are reclassified according to thermal comfort and the needs 
of sun exposure, wind or evaporation, which are the three main bioclimatic strategies established by 
Victor Olgyay (1963).

Due to the detailed information obtained in the existing databases (with high resolution digital models) 
it has been possible to make a spatial delimitation in accordance with the urban structure, starting from 
a morpho-typological analysis unit, which fits with the spatial relationship of the city. Although based 
on the principles of bioclimatic urban planning, it is not possible to establish final patterns that could 
be extrapolated from one place to another. The research proposes a general methodology that must be 
adapted and completed for each local context. The innovation of this research is to propose the weight-
ings of the sectoral maps according to the thermal needs of people in each period of the year. Thus, in 
the case of the city of Malaga, it is necessary to think about the conditions during hot and cold months. 
In other Spanish territories, the needs will be different.

New research lines may continue with this research by establishing new projects that help to under-
stand the intrinsic relationship of city factors in relation to a climate change scenario. It is also important 

Figure 16. Multi-criteria assessment of the Large Neighbourhood Centre of Málaga
Source: Prepared by the author
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to add other determinants of the urban heat island, such as urban surface finishes (mainly on pavements 
and façades).

The bioclimatic characterisation determined, with the delimitation of the Urban Bioclimatic Areas 
(UBA), will be key to draft a Local Bioclimatic Ordinance for the city of Málaga, with strategies for the 
bioclimatic design of urban public spaces to achieve more hours of thermal comfort; strategies to reduce 
the phenomenon of the urban heat island of the city; drafting of bioclimatic recommendations in urban 
areas with worse conditions in winter and summer; proposals for measures to improve the conditions of 
the urban environment, prevention of extreme heat stress and diseases the population suffer, related to 
the lack of comfort in buildings and public spaces. All this in order to achieve maximum adaptation of 
urban layouts and typologies to the microclimatic conditions of each area of the city, in order to establish 
the most appropriate guidelines and strategies in each of the locations and urban typologies.

The results obtained show the differences between some neighbourhoods and others in terms of mak-
ing urban proposals that make it possible to achieve the Sustainable Development Goals: SDG.3-Health 
and well-being, SDG.11-Sustainable cities and communities and SDG.15-Life of terrestrial ecosystems, 
within the framework of action proposed by the New Urban Agenda 2030 and healthier urban commu-
nities (Higueras et al., 2021).
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KEY TERMS AND DEFINITIONS

Bioclimatic Urbanism: Planning by knowing the sun and wind conditions of a place in order to 
establish recommendations to improve the peoples´ thermal comfort in outdoor spaces.

Climate Change Scenario: Knowledge of the changes in temperature, winds, rainfall patterns and 
periods of drought that will occur in cities and take them into account in order to establish adaptation 
and mitigation strategies for urban areas.

Healthy Neighbourhoods: Addressing health problems that are concentrated in urban areas due to 
the presence of pollution, poor accessibility to green spaces and sedentary urban lifestyles, by urban 
regeneration

Spatial Algebra Analysis: Use of map algebra to establish a multi-criteria sectorial analysis to make 
an integrated synthesis map for complex decision making.

Sun Exposure: The relief conditions where a city is located and the solar radiation of the city at each 
time of the year. This can be used as a factor in urban design through the bioclimatic design of the city.

Urban Bioclimatic Areas: Are defined as homogeneous urban areas where the same urban microcli-
mate conditions are found. These areas are affected by conditioning factors ranging from the territorial 
scale (geomorphology, wind, sun, and green structure) to urban conditioning factors (as density, street 
geometry, and presence of vegetation).

Urban Thermal Comfort: Thermal comfort of most people in a city. It is a subjective feeling, but 
it is possible to determine a degree of satisfaction of 80% of people in both hot and cold weather.
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Wind: Relief conditions and the presence of the coastline determine the wind regime of a place. This 
circumstance can be used to improve the thermal comfort of cities through bioclimatic urban planning 
design.

ENDNOTES

1  Download Centre of the National Geographic Institute (Centro de Descargas del Instituto Geográ-
fico Nacional -CNIG): https://centrodedescargas.cnig.es/CentroDescargas/index.jsp

2  Urban Environment Observatory (Observatorio de Medio Ambiente Urbano - OMAU): https://
www.omau-malaga.com/
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ABSTRACT

Data collected by the United Nations (UN) suggest that infections arise after a close contact with infected 
people through nasal and oral secretions released when an infected person coughs, sneezes, or talks. In 
public transportation buses, an important amount of people gather every day for long periods of time, 
making the air pollution inside these transportation systems a major risk for transmission. Therefore, the 
objective of this chapter is to know criteria and strategies for a conceptualization of an air-extraction 
system inside public transportation buses, based on the detailed study applicability of the 1) product-
user interaction (technical data, dimensional relationship, and evaluation); 2) creative process, ideation, 
definition, evaluation, and structuration; and 3) sustainability, technical specifications, ergonomics, and 
production by means of understanding the design’s limits and effects.

INTRODUCTION

The World Health Organization (WHO) in collaboration with the University of Bath (United Kingdom) 
have developed an air-quality model to collect data from satellite measurements monitored in cities and 
rural areas from over 3,000 locations. Such model confirms that 92% of the world’s population inhabit 
in areas that exceed limits established by the organization (WHO, 2020). Exposure to polluted air is 
related to more than 3 million deaths per year. In addition, humanity suffers from a pandemic derived 
from a SARS-CoV-2 disease, which produces pneumonia and a severe breathing difficulty syndrome. 
The current pandemic has generated concern among the world community, Covid-19 is rapidly spread-
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ing in many ways and one of them is ventilation and air conditioning systems, which work with air 
transporting a group of pollutants, virus and bacteria while moving. In the case of public transportation 
the same phenomenon occurs when people get exposed according to the place and time they use for 
transportation; if there is a Covid-19 infected person inside the transportation system, he or she will 
excrete drops of saliva when sneezing, coughing, breathing or talking out loud, and the extension size of 
such expelled particles is from 1 to 5 mm in an approximate space of 1 to 2 m (Yu. et al., 2004). Drop-
lets excreted by the infected person will become bioaerosols (Adhikari et al., 2019), and the particles 
have an approximate diameter of 0.3 to 100 μg; in such a way that the breathable fraction of 1 a 10 μg 
is worrisome (Tindale et al., 2020).

Therefore, bad air quality increases death rates every year (European Environment Agency, 2005). 
Recent studies show that the atmospheric aerosol contains solid or liquid particles that are suspended in 
the air of relatively closed spaces. The United States Environmental Protection Agency (EPA) affirms 
that particle contamination is a combination of solid particles (dirt, dust and smoke) or liquid drops in the 
air; while human sight only sees a few, others can only be analyzed with an electronic microscope. PM10 
particles are formed by thick mode particles (10 micrometers and smaller), while PM2.5 are formed by 
fine mode particles (2.5 micrometers) (EPA, 2006). According to the Agency, an acceptable PM standard 
in the atmosphere for short-term health is defined as: (daily average of 24 hours) 35 μg/m 3 for PM2.5 
and 150 μg/m 3for PM10. The standards for the World Health Organization (WHO) are set as.5 25 μg/m 
3 for PM2 and 150 μg/m 3 for PM10. However, they highlight the fact that even low standards could 
affect human health (WHO, 2016). This Organization’s statistics show that 4.6 million people die each 
year due to bad air quality illnesses (Cohen et al., 2017). For ventilation and air conditioning systems 
in public transportation, the air filter is an important component in order to stop and possibly eliminate 
Covid-19 particles (Elsaid and Ahmed, 2021). Different public transportation systems address mobility 
needs; however, buses are the main base in different countries around the world, and along the use of 
fuel, air filtration of old buses and interior designs as well as ventilation, among others, make a vehicle 
a high risk place to get Covid-19 if used as a work place or a transportation system.

Nowadays, natural ventilation with fresh air can be controlled with different technical solutions, its 
efficiency and simplicity considerably improve energy savings and its limits depend on exterior air in 
great measure, such limits are found in an air temperature of 20-26 °C (Axley and Emmerich, 2002). 
For instance, current ventilation designs for new commercial and residential buildings are not enough 
to provide ventilation rates that prevent infections inside (Morawska et al., 2020). The Federation of 
European Heating, Ventilation and Air Conditioning Associations (REHVA) recommended an increase 
in air supply with a greater exchange rate of air and to avoid its recirculation; they have also published 
documents where the use of air systems is recommended in order to damp exterior air by means of open 
spaces disposition, considering 100% in order to eliminate recirculation (REHVA, 2020). Consequently, 
design as an environment-transforming discipline must be implemented as a group of creative activities 
that are managed with systematic methods and techniques, efficiently implementing hidden opportunities 
in everyday technology. This project does not only develop its possible implementation, it also proposes 
a practical exercise of interdisciplinary collaboration, a technical data analysis suitable for future projects 
and important information for designers, producers, teachers, users, etc.

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



34

Conceptualization of an Air-Extraction System to Mitigate COVID-19 Transmissions Inside Public Buses
 

BACKGROUND

Recent research makes evident that SARS-CoV-2 transmission is given by aerosols, some doctors and staff 
inside hospitals have used clear plastic barriers and plexiglass boxes to prevent solid and liquid particles 
from spreading; however, these actions limit patient access and medical activities. According to Matava 
and Denning (2020), an alternative to reduce aerosol spreading and to not affect procedures and personal 
follow-up of patients may be a high-flow air extractor, which is defined as a high-efficiency portable 
filtration unit that allows 235 L s−1 (500 feet3 min−1) and has the capacity to modify a conventional room 
into a negative pressure room. The extractor is composed by a HEPA (High Efficiency Particulate Air) 
filter that eliminates 99.97% of all 0,3 μm or larger pathogens in the air, then filtered air can be adapted 
to a purged system or direct it to the exterior. High flow directed extraction combines a high-efficiency 
particulate air (HEPA) filter and a high-flow suction system, this technique is characterized by the high-
flow air extractor functioning. Scientists developed an experimental model to determine efficiency of 
particle elimination that is similar to human aerosols; they simulated aerosols by means of using two 
particles: ultrafine testing dust which varies in size from 1 to 20 μm and essential oils with a variation in 
size from 1nm to 1μm; they also worked with an essential oil diffusor as a continuous feeder of aerosol 
in order to simulate human breathing in a determined time period.

Other projects work to promote natural ventilation by using heating and radiative refrigeration, which 
is developed through infrared radiation exchange among people gathered in a determined place and 
the surrounding area; it works with minimum energy in air-based systems of intensive use in order to 
generate thermal comfort. Heat transference exchanged by radiation to surfaces and to air convection in 
environmental conditions with similar temperatures is nearly equivalent (Chowdhury et al., 2008), that 
is 50% of one’s thermal perception is increased by the area’s temperature. In that way, when manipu-
lating the area’s temperature going up or down, comfort can be kept in a larger air temperature range, 
which allows for natural ventilation hours to increase considerably (Aviv et al., 2021). It is important to 
highlight that efforts to mitigate the pandemic are permanent, such is the case of the United Christian 
Hospital in Hong Kong that modified its technical structure based on positive pressure into a negative 
pressure for patients with viral infections spread by air, and as a result propagation of infected people with 
the virus decreased (Cornelius et al., 2020). Likewise, in Singapur hospitals the use of high-technology 
particle air filters facilitated the use of negative pressure with exhaust fans connected to high-efficiency 
microfilters into windows, this proposal eliminated 99% of fine material, as the air exchange is set at a 
speed of 25 times per hour (Gralton et al., 2011; Phoon et al., 2019).

In the other hand, UV technology and air filters such as the HEPA and electrostatic ones work to 
improve air quality. For instance, ultraviolet radiation eliminates virus and bacteria, and ultraviolet 
rays disintegrate DNA in cooling files, burning external walls of virus and microbes to avoid their con-
tamination (Elsaid and Ahmed, 2021). HEPA (High Efficiency Particulate Air) filters are used to stop 
contaminants from coming through and to destroy 99.97% of all air pathogens, 0,3 μm or larger; they are 
used in airspace, microelectronic, optics, food processing and chemical industries, among others (HEPA 
filter, 2021). Electrostatic filters adapt to different ventilation systems to purify air. The electrostatic 
term is related to incoming positive charge particles, which are attracted by surfaces in the opposite 
charge filters and vice versa; in this step all air articles are magnetically added to the filtering system 
and remain together until the system is cleaned out (Brinner, 2021).

Although aerosols exposure can be mitigated by means of social distancing and use of face masks, 
smaller volatile particles must be controlled with efficient ventilation systems design. In countries such 
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as India, being exposed to PM related to public transport during short distance trips has proven effects 
in health (Knibbs et al., 2011), evidence shows air in the bus cabin may be contaminated by external air. 
The risk estimator due to COVID infection in the air, developed by Miller et al. (2020), helped estimate 
infection probabilities in taxis and buses, these operations considered an assumption of only one infected 
person, the latent period of infection is larger than the mathematical model length, then infectious aerosols 
move uniformly throughout the vehicle’s interior volume and are destroyed by means of the vehicle’s 
air filtration, viral inactivation, gravitational deposition and air change per hour, so the chance of being 
infected is related to the number of inhaled virus.

Therefore, it is important to recover using public transportation within the last stages of an extended 
pandemic, but always in a safe manner for users, and this will be possible if every country’s authorities 
study the people’s demand to mitigate the risks of getting infected. The WHO recommended the world 
governments and transportation providers to clean out any crowded area or objects one has contact with 
(WHO, 2020). It has been shown that in tropical countries such as Brazil, wind speed, and radiation and 
temperature increase are all very important weather factors in order to gradually reduce the pandemic 
effects (Rosario et al., 2020). Hence, avoiding infections inside public transportation such as buses is not 
restrictive to theory, technique, system, model or concept, the important part will be finding a formula 
to develop a system that avoids this killing virus from spreading.

METHOD

This research considers three stages that are related to the proposed objectives, and has a descriptive 
character, starting with the design’s theory to identify the process’ general needs, the research’s current 
state and the practice in order to determine the design’s criteria and strategies when conceptualizing an 
air extraction system in public transportation buses in order to avoid Covid-19 infections. This work 
takes as a reference the Metropolitan Area of Guadalajara (ZMG, acronym in Spanish), capital of the 
State of Jalisco in Mexico, as it has a type C mesothermal mild weather with some variations during 
dry and humid seasons.

First Stage

Applicability Study

According to Davydova and Frías (2016), for the ZMG minimum and maximum day temperatures and 
warm nights often increase during spring. Inside public transportation, thermal stress is present due to 
local climate change, therefore passengers’ health is threaten by external factors, such as carbon diox-
ide or particulate matter. Also, a lack of ventilation along user-saturation, particularly those who are 
developing biological respiration processes, degrade interior air quality. From all auxiliary components 
in vehicles, air conditioning systems are the ones that use more energy, dynamic modelling of steam 
compression systems (white box models) are not adequate to develop air conditioning models for buses 
due to alterations caused by opening and closing doors, shades in streets and random number of possible 
passengers getting in and off the vehicle (Chen et al., 2021). These assessments are the beginning of a 
detailed analysis based on factors interconnecting ideas from a design’s creative process. Determina-
tion of formal properties (functional and structural links) will allow developing a coherent unit from 
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producer to user so as not to conceal structural weaknesses, but to define the object’s properties. Inside 
design theory, research based on recognizing social research’s reflexive character as part of a real event 
to build a concept must be gathered, and observations need to be orderly so as to build a comprehensive 
interpretation of the designing team, producers, suppliers, external actors, buyers, distributors, and 
users. It must be highlighted that design from its first stages may favor access control and passenger 
saturation for any transportation system, according to the needs and mobility demand of users. Figure 1 
shows the integral thinking basic structure for a project’s requirements, prior to defined first activities 
for developing a product or social service.

Second Stage

Ergonomic Variables for the System

The proposal includes making use of environmental factors and anthropometry as two relevant com-
ponents of ergonomic variables, so as to move from the analysis to the design based on modelling data 
relying on the design’s specific requirements. Understanding interactions among people using the bus for 
transportation and the system’s elements are based on ergonomic intervention (man and built environ-
ment) stages; the best performance is sought, as well as the best way to adapt the air extractor’s technical 
and operative characteristics when handling it, perceiving the object and communication, all based on 
behavior derived from social distancing protocols and interactions with different systems and subsys-
tems in the built environment, which can be defined as the group of human being’s concrete products 
(handrail, support straps, seats, control buttons, information dials, foldout chairs, etc.). Also, ecological 
and sociocultural factors condition interaction. Figure 2 shows such determinants.

As long as the system to be conceptualized (air extractor) has operative elements according to the 
user’s interaction needs, the operator will also have handling ability for optimizing and improving the 
equipment’s performance. Sensitivity, and physical and psychosocial motivation favor the interaction 
system. Therefore, in order to identify problems with interactions, it is necessary for the air extractor 
that will work as a simulator to be precise in its general structure, as the objective is to avoid mistakes 
already identified in previous projects, as well as to establish the moments when a functional alteration 

Figure 1. Integrated thinking for project requirements
Source: Own elaboration
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could happen, which provides with knowledge about the environment’s components or elements that 
could affect the sequence of use.

Environmental Factors

Making temperature equal to the interaction mean, by yielding or accepting heat from convection, is 
a physiological quality of the human body, this depends on the difference or gradient of temperature 
between the skin and the air, or in the heat exchange due to radiation with the objects it interacts with 
directly or indirectly, it is also possible with heat transference due to evaporation or conduction. Crank 
operations or wheels are objects that promote conduction due to friction and the materials they are made 
of. In that way, the main physiological mechanism to dissipate heat is sweat; however, it is an indicator 
of discomfort that must be considered in conceptualization. Skin temperature fluctuates around 33ºC 
and when environmental temperature is above, cold or heat sensations are produced. Comfort is dis-
rupted with: a) air speed; b) relative humidity; c) radiant temperature; d) air temperature; and e) activity 
level. Every alteration gives place to different comfort sensations in equipment operators, transporters, 
distributors, technicians, buyers and users.

Anthropometry for Design

Precision in anthropometric aspects defines risks and promotes the system’s stability. In order to define 
the components’ place in an equipment, it is necessary to work with anthropometric studies in a deter-
mined population; the population is divided for implementing purposes from the smallest (in dimension) 
to the largest according to measurement type (height, weight, leg extension, etc.). Distribution curve of 
standard frequency is used to represent percentiles. Anthropometric characteristics of target population 
support conceptualization of the design by using the following lines: a) design for average population; 
b) design for the extreme, working with a variable’s maximum and minimum of population that will 
be adjusted; c) design for rank, working with an heterogeneous mixed population, precise demand to 
define parameters to be used; and d) design for an adjustable range, it is possible to adjust dimensions 
of equipment’s components according to the user’s needs. Percentiles indicate people percentage among 
the population based on dimension, from the smallest to the largest according to a measurement type 

Figure 2. Conditioning factors (interaction system)
Source: Own elaboration
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(height, weight, leg extension, etc.); Gaussian curve or distribution curve of standard frequency help 
represent percentiles. If a large population sample is taken and anthropometric parameters are evaluated, 
a statistically normal population distribution can be identified in a “Gaussian bell.

Third Stage

Design Proposal

Definition of a design project based on sustainability has become one of the most viable alternatives to 
transform exponential progress of environmental pollution, producers require to reassess their production 
lines, procedures, and human and environmental factors. Therefore, ISO14006 must be applied to develop-
ing, implementing and strengthening ecological methods of innovation and design, with special attention 

Figure 3. Environmental factors
Source: Own elaboration

Figure 4. Anthropometric graph
Source: Own elaboration
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on the product’s life cycle. It is required to know every life-cycle stage in order to avoid environmental 
impacts, whilst guaranteeing legal agreements fulfilment of every team member so as to strengthen in-
novation to promote permanent improvements in critical points that refer to taking environmental care. 
In view of the foregoing, conceptualization to design an air extraction system to mitigate Covid-19 
infections or any of its variants in public transportation buses could be worked based on the following:

• Analysis stage
 ◦ Closely look, analyze and synthetize everything related to extraction and filtration systems.
 ◦ Identify technical, social and environmental problems and subproblems derived from the 

system’s conceptualization.
 ◦ Analyze historic, psychological and political circumstances to encompass knowledge on the 

subject.
 ◦ Analysis of buses and their air conditioning systems.

• Creation stage
 ◦ To determine shape, function, material and general structure to be used in the design’s con-

cept from different techniques so as to gather, improve and validate information.
 ◦ To develop different conceptual alternatives with viable, desirable and feasible solution 

answers.
 ◦ To evaluate and select the alternative that has previously been through the selection matrix, 

which has been approved and has the best score in different design requirements.

The following proposal has the intention to show an air extraction system alternative, so as to imple-
ment practical applications in public transportation buses, and somehow contribute in the efforts to 
reduce Covid-19 infections and to minimize death rates in places where it is applied. The intention is to 
use a high-flow air extractor that allows 235 L s−1 (500 feet3 min−1) and to have the capacity to modify 
the inside of a bus (passengers space) into a negative pressure space; such extractor may be composed 
of an HEPA (High Efficiency Particulate Air) filter, which can eliminate 99.97% of all air pathogens of 
0,3 μm or larger. Air inside buses’ cabin will be renewed every 5 minutes with exterior air that does not 
bring pathogens in. Therefore, recycled air in the cabin will go through an HEPA filter, guaranteeing 
pure air; its circulation will be from top to bottom coming in through the ceiling and going out through 
the floor; this allows to minimize longitudinal air flows throughout the cabin to avoid any type of infec-
tion. It is recommended to activate ventilation systems before passengers get on the bus and to activate 
the air extraction and depuration system. Figure 5 shows the proposal.

CONCLUSION

Existing technology must find different applications via designers, the current pandemic has significantly 
worried the whole scientific community, public transportation systems are modifying their safety and 
logistics protocols in general. This proposal is only one of many applications that can be promoted in 
order to decrease infections and deaths, among the most delicate problems. The project leaves an open 
possibility to adapt and utilize these systems in private cars, public transport collective systems, and 
any other space where people gather. Different ventilation, filtration and depuration systems such as the 
HEPA (High Efficiency Particulate Air) filter, electrostatic filters, air treatment units, air disinfection 
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and purification systems, extraction units and ventilation units, must be put to the best use and be applied 
also in hospitals, educational and sports centers, shopping malls and possibly at home. Therefore, design 
as a creating activity that solves problems in an integral manner plays an important role in developing 
products that are manufactured with a specific goal and are usually multifunctional to increase people’s 
life quality, and to keep a balanced utilization of natural, economic, cultural and political resources, while 
promoting equality and equity in perception, use, selling and utilization of any useful object. Therefore, 
it is necessary to work on a change in the personality of the designers and modify the basic principles 
of professional teaching in the area, based on a new dissemination of methodological proposals, adding 
the combination of technical criteria and quality of life.

It is important to mention that the presented theory along with the proposal’s possible implementa-
tion in developing countries and first world countries is applied in a different manner; in the first case 
implementation possibility is conditioned to strong investments from the private sector, development 
and implementation of legislative and environmental measures, reconfiguration of objectives defined 
by entrepreneurs and collaborative work agreed upon achieving the purpose; in the second case it is 
required to update objectives permanently according to new technologies and to develop programs to 
consolidate and reach proposed long-term goals.

Figure 5. Air extraction and purification system
Source: Own elaboration

Figure 6. Air circulation
Source: Own elaboration
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KEY TERMS AND DEFINITIONS

Anthropometry: Scientific tool that sizes the different segments of the human body for the design and 
adaptation of the physical environment that surrounds man’s activity and with which he interacts directly.

Circumference: It is a closed measurement that follows the contour of the body. Therefore, this 
measure is not necessarily circular.

Curvature: It is a measurement from one point to another, following a contour, which is not usually 
closed or circular.

Distance: A straight line that measures from one point to another, between two marks on the body.
HVAC: Heating, ventilation, and air conditioning.
REHVA: Federation of European heating, ventilation, and air conditioning associations.
Scope: It is a measure from point to point, following along the axis of the arm or leg.
Thickness: Straight line that measures from one point to another horizontally, from front to back of 

the body.
Width: Straight line that measures from one point to another horizontally, crossing the body or a 

segment of it from side to side.
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ABSTRACT

One of the most critical objectives in buildings is their adaptation to environmental conditions in order 
to optimize energy performance as well as the thermal and visual comfort of the occupants. This issue is 
relevant, for example, in public buildings that incorporate large glazed surfaces, where overheating and 
a lack of thermal and visual comfort are common, especially in Mediterranean countries. The headmost 
cause of increased air conditioning loads is direct solar radiation on transparent surfaces. However, 
the significant losses through glazed surfaces in cold climates also cannot be ignored. Therefore, solar 
protections must be used, thus observing the harmful effects of the absence of solar radiation on energy 
loads in winter. This chapter aims to study and compare construction materials recently introduced to 
the market, such as dynamic glasses, with significantly higher thermal and optical performance than 
traditional glasses.
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INTRODUCTION

Optimizing the energy performance and the thermal and visual comfort are the most important goals 
for new buildings design. This issue is relevant, for example, in public buildings, generally in those 
that incorporate large glazed surfaces, because of overheating problems and lack of thermal and visual 
comfort, especially in Mediterranean latitudes, such as in Spain. As mentioned, the most crucial cause 
of the increase in air conditioning loads, among others, is direct solar radiation on transparent surfaces. 
Accordingly, solar shielding elements are recommended, even though the absence of solar radiation can 
cause adverse effects on energy loads.

The first point that must be addressed in dealing with innovative transparent materials is to establish 
which ones are considered dynamic or static glasses. On the other hand, there are categories of insu-
lating or low-emissive materials that have already been in the market for years and have significantly 
higher optical performance than traditional glasses. This consideration makes it necessary to include all 
the transparent elements whose optical and thermal characteristics differ from single glass or standard 
double glazing in this chapter. Therefore, the apparent differences found in these new products compared 
to simple glass or that with an air chamber are due to:

• A higher thickness.
• Deposition of a thin film (of various natures) on the flat glass.
• Filling the double-glazed chamber (with insulating materials, vacuum, or low emissive inert 

gases).

In the background section of this chapter, the double-skin facades will first be studied, then moving on 
to the study of glass, distinguishing between them in static and dynamic, focusing on Water Flow Glaz-
ing facades. Next, different solutions, including glass types and energy systems, will be tested through 
theoretical models to study the dynamic Water Flow Glazing’s capabilities to improve their environments’ 
energy saving and comfort. Finally, an economic analysis will show the Return of Investment (ROI) of 
different scenarios to explain the balance between cost and efficiency.

BACKGROUND

The Energy Performance Buildings Directive (EPBD) encourages procedures and materials to design 
energy-efficient and decarbonized facilities by 2050 (European Union, 2018). Zero-energy buildings 
generate as much energy from renewable technologies as their energy consumption (Sudhakar et al, 2019). 
Therefore, developing passive strategies is the first step to accomplishing Net Zero Energy goals. Further 
action comprises the integration of technologies for energy production and management (Frattolillo et 
al, 2020). It is a fundamental aspect of this chapter to differentiate between static glasses, those that do 
not change their properties over time and dynamic ones, those that are able to modify them, either by 
the external climatic conditions or by the user (Casini, 2015).
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Static Glasses

Within static glasses, Allen et al. (2017) showed that the construction industry had several glazed prod-
ucts that improve the energy performance of single pane glass by addressing its weaknesses, such as 
thermal losses or low insulation in cold weather and thermal gains from warm weather. Solar Control 
Glasses have been the first improvement over traditional clear glasses that reduce the thermal load and 
excess lighting due to incoming solar radiation, either with the use of colored glasses in their mass or by 
utilizing surface chemical deposits in which the radiation was reflected directly to the outside (Hermanns 
et al., 2012). These glasses had advantages such as reducing the solar heat gain coefficient, aesthetic 
qualities due to the chromatic effects, and allowing views of the exterior space during the day from the 
inside, but not vice versa. The reduction of the solar heat gain coefficient was not always a positive fact 
during the year, especially in winter time.

A low-e coating worked as a trap for radiation, while simultaneously remaining transparent to daylight, 
and in some cases, to incoming solar radiation (Arici et al., 2015). Compared to the spectral characteristics 
of single glass, the transmittance was significantly reduced, and reflectance was up to 75% higher in the 
far-infrared (Cui and Mizutani 2016). Placing the film on face 2 (inner face of outer glass) reduces the 
U-factor and solar factor, as radiation was absorbed in the proximity of the external surface. However, 
suppose the film was placed on face 3 (outer face of the inner glass). In that case, the radiation passing 
through the external glass would hit the internal glass. Due to the presence of the external glass, it can-
not return to the internal one, operating the window as a solar capture.

Aerogel is a material made up of silica particles and approximately between 90 - 99.8% air. It is 
characterized by a transparent and low-density open porous structure, giving it optimal optical and en-
ergy performance (Thapliyal and Singh 2014). However, so far, monolithic aerogel has been expensive, 
brittle and its transparency is not perfect (Smirnova and Gurikov 2018). The granule aerogel, called a 
nanogel, turns the glazing translucent, losing transparency and views. Therefore, these glasses provide 
high insulation values in exchange for sacrificing the views.

The fundamental principle of vacuum glass is to remove any gas in the chamber, thus improving its 
thermal insulation by dispensing the conductivity and convection of the gas present in the chamber (Lyu 
et al., 2019). The main advantage is the independence of the insulating properties of the glass concerning 
the thickness of the chamber, and the use of these low-e glasses, to reduce transmission. On the other 
hand, its main drawback is that the external and interior pressures generate tensions compressing glass 
panes towards the inside, with the risk that they will touch in the center.

A double-skin façade is a constructive solution that improves the envelope’s energy efficiency, in-
corporating different types of glasses, both static and dynamic. The use of double-skin facades has been 
gradually imposed. Thus, there is a first glass surface (which forms the proper exterior façade) separated 
from a second glass surface (which constitutes the limit of the living space of the building), allowing, 
with restrictions, the movement of air in the chamber that define both surfaces (Van Roosmalen et al., 
2021). Optimization of the double-skin façade would incorporate dynamic glass to it, and therefore 
capable of reducing the energy loads inside the house. The concept of the operation of a double skin of 
air is the circulation of a gas or a fluid, which after pre-heating or pre-cooling, is able to heat or cool 
the house, by introducing that air or by heat transmission in the case of glass with water (Norouzi and 
Motalebzade 2018). Double-skin facades enable the use of large glass enclosures. The negative impact 
on the energy behavior of the building is minimized through the study of the air chamber and the analy-
sis of the thermo-fluid-dynamic problem (air circulation) to obtain energy savings in the house’s air 
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conditioning using the preheated air. An optimization of the double skin could be the incorporation of 
dynamic glass, as it would reduce the use of solar protection and even more the energy loads of heating 
and air conditioning.

In addition, by adding a third chamber, glass with water circulation could be incorporated into the 
study. However, if we compare both systems, as indicated by Lyu et al. (2018), the heat extraction capac-
ity of glass with circulating water is much better than a double skin with air.

Dynamic Glasses

In this section, different dynamic glasses have been studied. From chromogenic glasses to circulating 
fluid glazing, both technologies have been in the process of research and commercialization over the last 
few years. Chromogenic materials can provide the building with an improvement in energy performance 
and avoid the lack of comfort produced by solar protections by changing its optical and solar properties 
(luminous transmittance and solar factor). However, its behavior would not be as effective, in principle, 
to avoid losses. Therefore, studying the characteristics of these types of glass and the analysis of others 
within the group of dynamics will allow us to find out which type of glass is more efficient against heat 
losses and gains.

Chromogenic glasses change their color-opacity either depending on the external conditions they are 
exposed to or by applying a slight electrical tension. The advantage of using these glasses is that they 
can work in hot and cold climates, both in winter and summer. In winter periods or cold temperatures, 
the glass can remain clear to allow the maximum entry of solar radiation, reducing the cost of heating 
and energy consumption by eliminating the use of blinds or solar protections. On the other hand, in hot 
periods or summer periods, radiation can be absorbed or reflected by the change of color or transpar-
ency of the window, reducing the interior temperature of the environment, with the consequent energy 
savings in air conditioning. According to Casini (2015) these glasses can be classified into two types, 
which we will describe and study separately.

Thermochromic glasses change their transparency in response to temperature, which is induced by a 
chemical reaction. The materials are polymer hydrogels, which vary from a transparent state (when the 
temperature drops) to a color diffusion, and white (when the temperature rises) which reflects light. In 
its activated state, the vision through it is dull. Thermochromics are essentially designed for skylights 
because, in their opaque state, they do not interfere with views as much as in a standard window.

Photochromic glasses change their transparency in response to light intensity, darkening as a response 
to radiation, typically ultraviolet, between wavelengths ranging from 300 to 400 nm and returning to 
their original properties in the dark. The phenomenon is the reversible change of a chemical reaction 
between two energy states with distinct absorption spectra. This change of state is usually induced by 
electromagnetic radiation.

Dispersed Liquid Crystals are an intermediate phase between crystalline solids and isotropic liquids. 
They are ordered fluids with anisotropic properties (Abdulmohsin et al., 2020). A variety of physical 
phenomenon makes them one of the most exciting subjects of modern science. Its unique properties due 
to their anisotropic optics and high sensitivity to external electric fields allow numerous practical ap-
plications. However, although these materials have reached a reasonably high maturation in the market, 
they are not very interesting from the point of view of energy efficiency for various reasons. First, in the 
transparent state, they must be continuously fed with energy consumption (20 W/m2), in addition to the 
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difference in global transmittance between the transparent and opaque state (between 20 and 30% respec-
tively in the visible and solar spectrum) with even more minor variations of the solar factor parameter.

Suspended Particle Devices (SPD) are electrically controlled glass which uses a thin layer of liquid, 
in which numerous microscopic particles have been suspended. The particles are messy and partially 
block solar transmission and sight in a dull state. Transparent electrical conductors allow the application 
of an electric field in the film of dispersed particles, aligning them and thus increasing the transmittance 
(Ghosh et al., 2015). The ignition requires about 100 volts, from the off state (colored, cobalt blue) to the 
on (almost transparent), and can be modulated to any intermediate state. The power required is 0.05W, 
both to turn it on and keep it in a constant transmission. Recent studies have proposed new models, 
which require a voltage below 35 volts, and new suspensions that would give different colors (green, red, 
and violet). These laminated glasses can be manufactured today in sheets of dimensions of 1.2x2.4 m, 
both flat and curved. However, the durability and solar optical properties have yet to be verified. These 
products are currently entering the market but at a high cost (Ghosh et al., 2016)

Electrochromic glazing (EC), a set of thin films applied to glass or plastic, can change its appearance 
from a clear yellow to a dark blue when a small voltage is applied, always allowing vision through it. A 
reversible electrochemical action causes the appearance of tinted glass. When the glass is not activated, 
the transmission is about 85%. The window allows a perfect view without distortions or fog in any state. 
The visible transmittance (Tv) and solar heat gain coefficient (SHGC) vary depending on the composi-
tion of the material. The U factor is not affected by dyeing, always remaining unchanged. Generally, the 
range between on and off varies according to the outdoor environmental conditions. The electrochromic 
window is set on a double insulating glass panel, where the EC layer is applied to the inner surface of 
the external glass. The ignition range is not only determined by the EC layer but also by the insulating 
glass panels. The external glass can be tinted or clear, and the internal glass can be of any type. The data 
of an EC glass is exposed when both outer glasses are updated laminated glasses. Macêdo et al. (1992) 
provided the following visible properties: visible transmittance ranges from 0.50 to 0.60 for the off state 
and 0.10 to 0.25 for the fully colored. The solar heat gain coefficient (SHGC) ranges from 0.48 to 0.09, 
and the U factor from 1.59 to 1.87 W/(m2ºC). Finally, the Shadow Factor varies from 0.67 to 0.60 for the 
off state and 0.30 to 0.18 for the fully colored. For EC windows with intermediate state control, one of 
the benefits would be a significant increase in views to the outside compared to conventional windows 
with sun protection. In critical situations, these windows would have the blinds lowered. Still, the visual 
characteristics are improved in the EC glass, in its colored state, concerning the comfort needs of the 
person in relation to the vision towards the outside. The reduction of solar heat gains can lead to sig-
nificant savings in electrical energy in hot climates and when EC glass facades are located to the South, 
East, and West. On the other hand, EC glazing can cause glare since sometimes the EC is insufficient 
to control the luminosity. In addition, they cannot provide complete control of direct radiation, causing 
effects such as glare. Finally, long ignition time and non-uniform final color are visual problems that 
will have to be addressed in the future.

Water Flow Glazing’s fundamental feature is a circulating water chamber between two laminated 
glass panels, providing the thermal load’s control by absorbing infrared radiation in the water chamber. 
The circulating water, connected to a circuit driven by a pump, recirculates the fluid in a closed-loop 
(Gutai et al., 2020). This enclosure optimizes solar collection in winter and neutralizes thermal losses 
by circulating warm water through it. Overheating in summer is neutralized by circulating cold water 
through the chamber.
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A typical U value of a double glass with an air chamber is 2.7 W/m2K. The stagnant water without 
circulation would achieve only the absorption of infrared radiation, which would radiate it inside once 
heated. The absence of the air chamber makes the U value rise to reach 5 W/m2K. When the water cir-
culates, it absorbs all the excess heat, thus reducing the energy consumption inside the house. The Water 
Flow Glazing system can be applied to curtain walls, interior partitions, or glazed roofs. The system 
consists of two close-loops. The primary circuit consists of a circulation pump and an energy source 
for heating or cooling water. In contrast, the secondary distributes the water to the interior partitions or 
the glass facade and uses a mass flow rate of 0.1 l/s (Moreno et al., 2020). The energy between closed 
loops is transferred through a heat exchanger. The energy source can be a boiler, a heat pump, or solar 
thermal panels. Using a geothermal exchanger in winter and summer allows the water to be cooled or 
heated when it runs through the buried pipes. Gutai and Khebary (2021) introduced the Smart Water-
filled Glass (SWFG), which includes the modification of transparency of the façade component by dying 
the fluid that circulates through the glazing. The findings confirm that the SWFG can save from 0% to 
5.28% for climates with cooling demand and from 0.25 to 3.39% for cold climates, compared to WFG.

MATERIALS AND METHODS

In this section, the authors intended to explain the simulated facility and the different scenarios that has 
been considered, from the existing single glazing to the Water Flow Glazing coupled with a geothermal 
heat exchanger. Scenarios using conventional double glass has been simulated using Design Builder 
software with the Energy+ engine. The Water Flow Glazing scenario has been simulated with the tool 
validated in Moreno et al. (2020).

Description of the Prototype

The studied prototype was an entirely detached building of lightweight construction and a floor area of 
41 m2, raised 0.5 meters from ground level. Figure 1 shows the main volume of the prototype and the 
proposed geothermal heat exchanger coupled with a water-to-air heat pump. The heat exchanger was 
made up of 400 meters of pipes buried at a depth of 5 meters. The external diameter of the pipes was 
32 mm. A soil density of 2600 kg/m3 and a 2.6 W/(mK) thermal conductivity have been considered to 
simulate the performance of water-to-air heat pumps (Torregrosa-Jaime et al., 2019).

The composition of the opaque enclosures was a sandwich panel with interior and exterior 4mm 
aluminum layer and a 4cm polyurethane foam. The thermal transmittance of these enclosures was 0.48 
W/(m2K) for walls and roofs and 2.45 for the floor. The relationship between the glazing and the opaque 
enclosures in which they were located (Window to Wall Ratio or WWR) was 20% in the Northern façade, 
40% in Southern and Western facades, and 85% in the Eastern elevation. The Window-to-Floor Area 
(WFA) was 30%. In addition, an aluminum frame with thermal break and a thermal transmittance U = 
4 W/(m2K) has been considered according to UNE-EN ISO 10077-1 (2010), representing 10% of the 
glazing area. In the different simulated scenarios, infiltrations equivalent to 0.27 per hour have been 
considered, corresponding to the air permeability of non-practicable window carpentry per the UNE-EN 
12207 (2000) windows and doors standard. The opening hours were from 8:00 a.m. to 10:00 p.m. with 
internal loads of 2 people sitting, according to ISO 7730 (2005). When it came to internal loads, com-
puter equipment of 230 W has been considered. The properties of glazing are reflected in Table 1. The 
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existing glazing was a single SGG Stadip Clear 44.1 8 mm. Scenario1 was simulated with clear double 
glazing (6mm/air cavity 8mm/6mm). Scenario 2 included double glazing with solar control. Finally, 
Scenario 3 considered WFG with laminated glass panes and a 12 mm water chamber.

Figure 2 explains the thermal behavior of water flow glazing. θIN represents the inlet temperature of 
the circulating water, while θOUT represents the outlet temperature. R and T are the variables that measure 
the reflectance and transmittance of the glazing, and i0 represents the total incoming solar radiation. The 
temperature of the glass panels is considered steady over time. Finally, the spectral properties of the 
glazing assembly are dependent upon the variable incoming solar radiation, i0.

Figure 1. Description of the prototype. 1. simulated prototype, 2. geothermal heat exchanger

Table 1. Thermal properties of the simulated glazing

ṁ=0 Liter/ (min m2) ṁ=1 Liter/ (min m2)

Glazing U (W/m2K) g U (W/m2K) g

Single Glazing Clear 8 mm 5.42 0.75

Double Glazing clear (6/8/6) 3.21 0.72 - -

Double Glazing Solar control (6/8/6) 2.72 0.35 - -

Water Flow Glazing (6+6/12/6+6) 4.79 0.45 0.56 0.22
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Equation (1) shows that U value in WFG depends on several variables.
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where Ui measures the heat transfer between the water chambers and indoors, while Ue measures 
the heat transfer between the water chamber and outdoors, ṁ is the mass flow rate, and c is the specific 
heat capacity of the fluid. Equation (2) shows the expression for the g factor for WFG taken from Sierra 
and Hernandez (2017).
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where T is the glazing transmittance, Ai, the constant part of the internal heat transfer factor, and Av, 
the net absorptance of the water.

RESULTS

This section shows the simulation conditions that have been considered, the energy demands of the 
analyzed prototype, and the consumption resulting from simulations. The original case study considered 
clear double glazing and air-to-air heat pumps. The rest of the scenarios considered a water-to-air heat 
pump fed by a horizontal geothermal exchanger. Table 2 explains the main features of air-to-air and 
water-to-air heat pumps, according to the values taken from Priarone et al. (2020).

Figure 2. Description of water flow glazing with dynamic U and g values. Solar radiation (i0) on the 
glazing is divided into the reflectance (R), the energy transmittance (T)
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The first step in analyzing the contribution of active glass has been to determine the energy demands 
of the prototype in its current situation. The existing glazing of the tested space was SGG Stadip Clear 
44.1 8 mm laminar glass units from Saint Gobain. Therefore, it constituted the primary reference with 
which the rest of the scenarios proposed were compared and represented the existing state of the tested 
prototype. The thermal conditioning was made of an air-to-air heat pump with a Coefficient of Perfor-
mance (COP) of 3.61 and an Energy Efficiency Ratio (EER) of 3.21. Figure 3 shows the monthly and 
annual energy demands the diagram of the heating, cooling and ventilation system (HVAC) correspond-
ing to the original prototype. It shows that the maximum heating demand is 1177.9 kWh in December, 
followed by that obtained for January with 1109.4 kWh. The maximum cooling demand turned out to 
be 1082.3 kWh, and it occurred in July.

Scenario 1: Prototype Equipped with Geothermal Powered Water-
to-Air Heat Pump and Clear Glass with Air Chamber

In this scenario, the energy consumption of a water-to-air heat pump was compared to the air-air heat 
pump with which the prototype was equipped in the first analysis. Its performance data was based on 
the temperature of the water and air. In scenario 1, insulating glass units with an air chamber in a 6/8/6 
configuration had been used. The glass thermal transmittance (U) was 3.21 W/(m2K) and the solar heat 
gain coefficient (g) was 0.72. The conditioning system was based on a water-to-air geothermal heat 
pump. Figure 4 shows the schematic view of the prototype’s HVAC system used to maintain the interior 
conditions of the prototype within the control limits required by the RITE (2016). The blue and red lines 
represent the flow of water between the geothermal exchanger and the heat pump. It shows the heating, 

Table 2. Specifications of the simulated heat pumps

Heating Power (kW) COP Cooling Power (kW) EER

Air-to-air heat pump* 11.60 3.6 11.40 3.2

Water-to-air heat pump** 13.17 4.8 10.32 4.6

* Original case study. ** Scenarios 1, 2, 3

Figure 3. Energy demand of the case study. 1. clear 44.1 8 mm laminar glass, 2. air-to-air heat pump
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cooling, ventilation and pumping consumption. The maximum demand in winter was 301.9 kWh in 
December, whereas the maximum demand in summer turned out to be 389.6 kWh, and it occurred in 
July. The total yearly demand was 3406.74 kWh.

Scenario 2: Prototype Equipped with Geothermal Powered Water-
to-Air Heat Pump and Solar Control Glass with Chamber

In this new scenario, the prototype was equipped with static solar control glass with a configuration 
6/8/6. The glass thermal transmittance and solar heat gain coefficient were U = 2.72 W/(m2K) and g= 
0.41, respectively. Regarding the conditioning system, the water-to-air heat pump equipment already 
indicated has been used. Figure 5 shows the schematic view of the prototype’s HVAC system. The only 
difference from scenario 1 was the solar control glazing used in the simulation. It shows the heating, 
cooling, ventilation and pumping consumption. The maximum demand in winter, including heating, 
cooling, ventilation and pumping energy, was 317.9 kWh in December, whereas the maximum demand 
in summer was 343.87 kWh in July. The total yearly demand was 3203.48 kWh.

Scenario 3: Prototype Equipped with Geothermal Powered Water-
Air Heat Pump and Glass with Water Chamber in Continuous 
Operation Associated with the Conditioning System

The dynamic glass performed a dual function simultaneously. On the one hand, it reduced the solar 
loads that reached the interior of the building. However, at the same time, it acted as a solar collector, 
generating a certain amount of water at a temperature higher than the environment. In the simulation 
of dynamic glass, the reducing effect of solar charges had been achieved by identifying an equivalent 
static glass shown in Section 6.4 Simulation of glass with circulating water chamber. Therefore, from 
using this equivalent glass, it would be possible to simulate its influence on the interior environment of 
a specific room. Thus, once the states of dynamic glass had been characterized with water in circula-
tion using different static glasses, evaluating the behavior of a system equipped with a glass of this type 

Figure 4. Scenario 1: consumption of the prototype and schematics. 1. clear double glazing, 2. geother-
mal heat exchanger, 3. water-to-air heat pump
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required alternating between one glass and another within the same simulation. Subsequently, utilizing a 
control element of the simulation program, the selection between one or the other would be carried out, 
emulating the activation of the water circulation, depending on the interior temperature of the module, 
as it occurred in the experimental installation. Equations (1) and (2) have shown how the values of the 
parameters U and g change with the mass flow rate. The role of Water Flow Glazing as a solar collec-
tor had been simulated considering two laminated glass panes (6+6mm) separated by a 12 mm water 
chamber. The water temperature leaving the chamber was given by equation (3).
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mc U U
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+ + +

+ +
0
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It was necessary to determine the values of the absorbance of the layers that made up the glazing. 
In this case, Av was calculated from the absorbance for the external glass (A1), the water chamber (Aw), 
and the internal glass (A2). These values, shown in Table 3, had been obtained from the Window v7.4 
program and Sierra and Hernandez (2017).

The implementation of the model allowed the use of water heated by the glass to feed an air-water 
heat pump so that the thermal jump of the fluid that fed the heat pump was reduced, thus improving its 
efficiency. In addition, in an actual building, this water could also be used for the preheating of DHW or 
the thermal regeneration of the land in contact with the borehole heat exchanger if there was no demand 
for heating. Figure 6 illustrates that the maximum demand in winter, including heating, cooling, ventila-

Figure 5. Scenario 2: consumption of the prototype and schematics. 1. double glazing with solar control, 
2. geothermal heat exchanger, 3. water-to-air heat pump

Table 3. Thermal and spectral parameters of Water Flow Glazing

A1 * A2 * Aw ** Av **

Water Flow Glazing 0.585 0.037 0.514 0.412

* values taken from Window v7.4 ** values taken from Sierra and Hernandez (2017)
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tion and pumping energy, was 267.9 kWh in December, whereas the maximum demand in summer was 
183.87 kWh in July. The total yearly demand was 2160.26 kWh.

ECONOMIC ASSESSMENT OF SCENARIOS

The measures to improve their energy performance must consider profitability in terms of cost-effec-
tiveness, among other factors. Thus, an economic evaluation of the simulated scenarios was presented, 
according to the Construction Price Generator of CYPE Engineers in Spain. This evaluation consisted 
of determining the Net Present Value (NPV) of the investment necessary to rehabilitate the facility as-
suming 30 years, understood as the difference between the current value of the action of the change of 
glass and facilities of the prototype, and the cost of carrying them out. In addition, the internal rate of 
return (IRR) and the return of investment (ROI) were calculated as well as the cash flows for each of 
the scenarios are included. Equation (4) shows the expression for Net Present Value, where Rt is the net 
cash inflow-outflows at year t, i is the discount rate, and t is a period of 30 years.

NPV
R

it

n
t
t

=
+( )=

∑
1 1

.  (4)

The electricity price was 0.25 €/kWh, and the discount rate was 2.5%, with a yearly increase of energy 
price of 10%. Equation (5) shows the expression for the return of investment.

ROI
CurrentValueof Investment Costof Investment

Costof
=

−� � � � �
� �IInvestment

.  (5)

Figure 6. Scenario 3: consumption of the prototype and schematics. 1. heat plate exchanger, 2. water 
pump, 3. water flow glazing, 4. geothermal heat exchanger, 5. water-to-air heat pump
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Economic Assessment of Scenario 1

In scenario 1, there was a double-glazing envelope and a water-to-air heat pump with buried horizontal 
heat exchangers. As a result, Table 4 shows the budget of materials and equipment that made the glazing 
and heating and cooling system. The Net Present Value (NPV) turned out to be 16241.08€. In addition, 
the IRR was 6%, although the return of investment (ROI) was 19.7 years.

Economic Assessment of Scenario 2

Scenario 2 differed from scenario 1 in replacing the clear double glazing with solar control double 
glazing while maintaining the same configuration. Regarding the conditioning system, the water-to-air 
heat pump was maintained. Solar control glasses had a higher cost than clear glasses, so the renovation 
budget increased to 18956.38€, as shown in Table 5, and the prototype’s cost per unit of area amounts 
to 517.02 (€/m2). In this case, the NPV obtained was 35121.07€, while the IRR reached 8%, and the 
estimated return of investment (ROI) was 16.7 years.

Table 4. Material cost of scenario 1

Materials and units Amount Cost (€/unit) Total Cost (€)

Double glazing (m2) 30.17 64** 1930.88

Water-to-Air Heat Pump 1 8200** 8200.00

Horizontal heat exchanger 1 2560** 2560.00

Control system 1 1975** 1975.00

PE pipes (m) 20 78.76** 1575.20

Total 16241.08

** Values taken from Construction Price Generator of CYPE Engineers

Table 5. Material cost of scenario 2

Materials and units Amount Cost (€/unit) Total Cost (€)

Double glazing with solar control coating (m2) 30.17 154** 4646.18

Water-to-Air Heat Pump 1 8200** 8200.00

Control system 1 1975** 1975.00

Horizontal heat exchanger 1 2560** 2560.00

PE pipes (m) 20 78.76** 1575.20

Total 18956.38

** Values taken from Construction Price Generator of CYPE Engineers
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Economic Assessment of Scenario 3

In scenario 3, passive glasses were replaced by active glasses with a circulating water chamber. Its opera-
tion, in this case, was associated with the conditioning system. Table 6 shows that this scenario implied 
an increase in the complexity of the facility, which directly affected the budget that rose to 24293.70€. 
The NPV was 23.076,80 €, the IRR was 5%, and the return of investment (ROI) was 20.5 years.

Table 7 summarizes the performance of the prototypes considering the three different scenarios 
introduced in the mathematical model. As expected, scenario 3 showed the best energy performance, 
although it had the highest cost due to the price of the Water Flow Glazing components. Scenario 2 
showed a good balance between the energy savings and the Return of Investment (ROI).

FUTURE RESEARCH DIRECTIONS

Overall, this book chapter has shown that a set of algebraic equations from a simplified mathematical 
model helps architects and engineers understand the complex behavior of dynamic WFG envelopes at an 
early stage of the project. Future research could develop a complete mathematical model and its integra-
tion in commercial software to validate the hypothesis in a transient state over the years.

Table 6. Material cost of scenario 3

Materials and units Amount Cost (€/unit) Total Cost (€)

Water Flow Galzing (m2) 25.50 225* 5737.50

Double glazing with solar control coating (m2) 6.30 154** 970.20

Circulating system (ud) 1 1200* 1200.00

PE pipes (m) 40 78.76** 3150.40

Other - - 550.60

Water-to-Water Heat Pump 1 8200** 8200.00

Horizontal heat exchanger 1 2560** 2560.00

Control system 1 1975** 1975.00

Total 24293.70

* Values taken from Santamaria et al. (2021); ** Values taken from Construction Price Generator of CYPE Engineers

Table 7. Energy and economic assessment of the three scenarios

Energy consumption (kWh/year) Total Cost (€) IRR (%) ROI (years)

Scenario 01 3406.74 16241 6 19.7

Scenario 02 3203.48 18956 8 16.7

Scenario 03 2160.26 24293 5 20.5
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CONCLUSION

Static glazing can play a passive role in managing the interior comfort conditions by utilizing glazing 
coatings and gas cavities. On the other hand, dynamic glazing acts as an active facade component to 
handle the incoming solar radiation and keep indoor comfort. The most relevant finding of this research 
verified the dynamic condition of WFG through variable U value and g factor. The U value ranged from 
5 to 0.66 W/(m2K), and the g-factor ranged from 0.45 to 0.24 when varying the mass flow rate from 0 
Liter/(m2min) to 2 L/(m2min). Furthermore, WFG technology could be coupled to water-to-water, or 
water-to-air heat pumps, increasing the Coefficient of Performance (COP).

The main conclusion of this chapter is that WFG contributed to energy efficiency, reducing CO2 
emissions and energy consumption.

The scenario with the lowest total energy consumption through the year was Scenario 3, with 2160.26 
kWh. Its energy consumption was 32.5% lower than Scenario 2 and 36.6% lower than Scenario 1 (the 
highest energy consumption 3406.74 kWh).

However, it was pertinent to consider the economic factors to analyze the scenarios properly. In this 
case, Scenario 3 had the highest initial total cost of 24,293.70€, and Scenario 1 had the lowest initial 
total cost of 16,241.08€. Therefore, scenario 3’s initial cost was 28.2% higher than Scenario 2 (being 
18,956.38€) and 49.6% higher than that of Scenario 1.

Scenario 3, having such a higher cost than the others, was due to the fact that it had a significant 
increase in the complexity of the building and required 8 initial purchases whereas scenarios 1 and 2 
only required 5. Moreover, the only difference in cost between Scenarios 1 and 2 was that of the double 
glazing (in scenario 1) and double glazing with solar control coating (in scenario 2). However, in sce-
nario 3, while some of the things purchased were the same prices as scenarios 1 and 2, it also required 
additional, costly materials such as its water flow glazing, circulating system, and other, which added a 
total of 7,488.10€ to the initial total cost than that which was necessary in either scenarios 1 or 2.

Provided that Scenario 3 had the lowest energy consumption while simultaneously also having the 
highest total cost, it is of interest to analyze the ROI, NPV, and IRR of each of these scenarios to find 
the scenario most beneficial in terms of investments.

The lowest ROI between the scenarios was Scenario 2 with a ROI of 16.7 years. This was 18.0% less 
than Scenario 1 (which had the second lowest ROI of 19.7 years) and 32.3% less than Scenario 3 (which 
had the highest ROI of 20.5 years). Scenario 2 also obtained the highest NPV of 35,121.07€. Lastly, 
Scenario 2 had the highest IRR of 8% compared that of Scenario 1 (being 6%) and that of Scenario 3 
(being 5%).

In conclusion, Scenario 2 was the most beneficial in terms of long-term investments while also hav-
ing a total energy consumption 6.3% lower than that of the highest (Scenario 1) and an initial total cost 
which was 28.2% lower than that of its highest (Scenario 3).
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KEY TERMS AND DEFINITIONS

Building Envelope: The integrated elements of a building that separate its interior from the outdoor 
environment.

Circulating System: A group of devices that allows the water flow through the Water Flow Glaz-
ing and it is made of at least a water pump, a heat plate exchanger, and a precision flow meter and a 
thermometer for monitoring the inlet and outlet temperature.

Dynamic G-Factor: The coefficient used to measure the glazing’s ability to transmit solar energy 
can change in response to an environmental, temperature, or electrical control. Water Flow Glazing can 
vary its dynamic g-factor by changing the mass flow rate.

Dynamic U-Value: A measure of heat loss in an element of the building envelope depending on 
the variable mass flow rate through the water flow glazing. It is indicated in units of Watts per meter 
squared per Kelvin W/(m2K).

Mass Flow Rate: The mass of a fluid which passes through the water flow glazing cavity per unit 
of time. It is indicated in units of kilogram per second.

Water Flow Glazing: A double or triple glazing with a water chamber connected to a circulating 
device allowing the flow of water through the glass panel in a closed-circuit exchanging heat with the 
environment.
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ABSTRACT

Latin America is one of the most urbanized regions. It implies a high demand for housing for the low-
income population of this region in the face of climate change. The COVID-19 pandemic caused a delayed 
technology transition in the region. Although recently it has been observed that the construction industry 
and Latin American governments from the pandemic are promoting disruptive actions in this industry. 
The promotion of robotic construction in Latin America is an alternative to this problem. Construction 
robotics is an opportunity for sustainable development in Latin America. It is essential to update the 
construction sector by orienting it towards implementing this type of technology. Technology transfer 
plays a prominent role in the dissemination of this new paradigm. What is the dynamic of construction 
robotics to develop affordable housing in Latin American cities? This chapter aims to identify the dynamic 
of construction robotics to develop affordable housing in Latin American cities.

INTRODUCTION

We are living in a crucial moment in Latin America. Significant world changes affect the future devel-
opment of the region. One of them is the fourth industrial revolution. This new industrial revolution 
disruptively transforms the different structures of world society. But the fourth industrial revolution is 
not only the implementation of digital technologies. It represents considerable changes within the region 
companies that will impact their ability to survive locally and internationally (Rossato, 2018). That is why 
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the impacts of this revolution in Latin American countries will probably be more disruptive than in other 
parts of the world. The challenge for the regional industry is enormous to adapt to this new revolution.

Many jobs are at risk in Latin America. It estimates that 27% of formal employees are doing routine 
tasks. These jobs could replace by robots. In this area, Latin America has 31.6% of the companies look-
ing for qualified workers, which is higher than the world average of 21.2% (Framil & Ovanessoff, 2018). 
If robots take over routine tasks in Latin America, regional companies can unleash innovation. Also, 
they can invest in jobs that emphasize human skills, and they will appreciate these experiences because 
they are essential for change. With machines that do heavy technical work, it is possible to drive multi-
disciplinary environments with higher productivity.

The fourth industrial revolution is an opportunity to close the gap with advanced economies. The 
introduction of this type of technology may favour the region. Latin America needs to design strategies 
that are relevant to its economies. It means understanding the strategic industrial areas like the construc-
tion sector that will be growth leaders in the region (R. A. Cubillos-González & Cardoso, 2020). The 
population growth of the region demands a high production of housing. Therefore, Latin American gov-
ernments must turn the fourth industrial revolution into an opportunity (R.-A. Cubillos-González, 2021).

The Covid-19 pandemic can reconsider the relationship between architecture and medicine. In other 
words, between the daily human habitat and health. To promote Health environments. That will be a 
Latin American opportunity for the construction sector to develop new technologies that give better en-
vironments to the city (López-Escamilla et al., 2020). So, the fourth revolution could offer new tools to 
develop an innovative process in the Latin American construction sector. For example, the introduction of 
construction robotics in housing development in Latin America could change productivity in the region.

Besides, the COVID-19 pandemic consequences pose a restructuring of the labour market and a 
change in the urban structure in the long term (Kang et al., 2020). On the other hand, the high demand 
for housing implies thinking about the better development of Latin American cities. If human beings want 
to be healthy, we need a healthy environment (Ng, 2020). What commits governments and companies to 
meet the sustainable development goals (SDG). The resilient design in buildings increases well-being 
and reduces vulnerability to new pandemics. Construction robotics is an opportunity to add resilient and 
sustainable strategies in the design of housing in Latin American cities.

Construction robotics adoption improves productivity in the construction industry. This process 
confronts two main challenges (Yahya et al., 2019): first, the high cost to maintain the robotic technolo-
gies. Second, constructions firm could have a strategic partnership with high technology. Because this 
is the best method to improve robotics implementation. The technological development of construction 
robots is underway globally. Technology scenarios are crucial for workers’ skills to use construction 
robots’ technology (Pan et al., 2020). The integrated scenario approach is the axis for developing the 
construction robotics industry in Latin America.

Automation technologies are implementing in the housing industry around the world. Those technologies 
help form strategies this industry requires to meet sustainability criteria (Bannova & Kristiansen, 2014). 
Construction robotics without human supervision has crucial economic benefits (Melenbrink et al., 2017). 
So, the integrated scenarios approach robotic assembly considers affordances of on-site construction in 
the housing production as the main benefit to reduce cost in the Latin American construction industry.

Construction Robotics focuses on the implementation of automation to renew the construction industry 
and to stop its current low productivity (McKinsey Global Institute, 2017). Currently, the implementa-
tion of new technologies is lagging because of the lack of digital technology in construction. Robotic 
industrialization refers to the transformation of low-level components into higher-level components 
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robot-supported industrial (Thomas Bock & Linner, 2015). Conventional construction reached its limits. 
Because automation in construction could achieve what other manufacturing industries have already 
successfully shown. Then world construction industry would elevate the sector to the level of the rest of 
the manufacturing fields (T Bock, 2014; Thomas Bock, 2007; Thomas Bock & Linner, 2015).

On another hand, the world’s population is ageing at an unprecedented pace, and it is not only a severe 
crisis in the developed world. So, it is needed to develop smart housing and cities that integrate Automatic 
assistive technologies developed in a better sustainable environment for people. Robotic automatization 
could provide an innovative affordable housing solution to mitigate the impact of an ageing society.

This chapter will answer the question What is the dynamic of construction robotics to develop afford-
able housing in Latin American cities? The chapter aims to identify the dynamic of construction robotics 
to develop affordable housing in Latin American cities. It describes the barriers and opportunities to 
impulse innovative technologies. It explains the new construction systems opportunities in affordable 
housing in the region. After, it shows the role of innovation in Latin American affordable housing in 
cities. Finally, it presents the conclusion.

BARRIERS AND OPPORTUNITIES TO IMPULSE INNOVATIVE 
TECHNOLOGIES IN LATIN AMERICAN CITIES

The World Economic Forum (WEF) proposes six main challenges for the construction sector at the 
international level (Castagnino et al., 2018): 1) Urbanization and housing crisis. 2) Energy consump-
tion and climate change. 3) Great infrastructure gap worldwide. 4) The construction industry is a global 
consumer of resources. 5) Great demand from the construction sector in emerging countries. 6) Aging 
workforce. These six challenges imply notable challenges for the construction sector worldwide, as this 
industry must face crucial disruptive technological changes (see Figure 1).

These challenges directly affect Latin America. The construction sector faces barriers and opportuni-
ties to respond to the need for technological change. Planners will have analysed the urbanization process 
of Latin American cities. The increase in demand for housing implies an unusual emphasis on the ap-
propriate model of sustainable buildings in the region. On the other hand, the region faces changes in a 
short time in the industrialization paradigms. Latin America has not consolidated the processes before 
the fourth industrial revolution. At the same time, the Latin American construction industry needs to 
strengthen its capacities more quickly.

The Latin American construction industry requires the strengthening of four factors (Castagnino et al., 
2018): High Levels of Productivity, Efficiency, Innovation, Technological Digitization. The strengthening 
of capacities will allow the construction sector in Latin America to develop solutions in virtual environ-
ments. Then, the construction of smart cities will allow the consolidation of sustainable buildings in 
the region. It will let improvements in the productivity levels of the sector. So, Construction firms have 
to identify the speed of digital technology adoption (García de Soto et al., 2019). Likewise, it is crucial 
to differentiate the requirements of each of these four levels. Each construction firm’s capabilities are 
different, that advisable to evaluate differentiated strategies for each construction firm.

However, the Latin American construction sector faces barriers to robotization adoption in Latin 
America, such as the climate change effects in the region. Lack of responses to rapid urbanization in 
Latin America. Depletion of resources in the sector. Loss of competitiveness in the construction sector 
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in the face of New Global Changes (see figure 2). Another factor is the technological obsolescence of 
the construction industry in the region.

Indeed, it seems a technology difference between Latin American construction firms. They generated 
a technological exclusion between these actors. That is one of the main barriers to overcome. In other 
words, there is a need for digital technology transfer between the different constructions firms that build 
the Latin American city. Which should establish a dialogue between them that allows the change that 
the region requires.

We should carry out an adequate technology transfer to the construction sector in Latin America. 
Since we run the risk of technological exclusion for the Latin American city.

How to overcome the barriers of technological exclusion? The answer is to strengthen the industry 
through technological innovation that provides quality to inhabitants of Latin American cities. Latin 
America is full of opportunities for the technological development of the construction sector. Figure 3 
shows the four opportunities that should focus on the region.

Figure 1. Challenges of the construction industry worldwide
Source: Own elaboration (2021).

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



66

Dynamic of Construction Robotics to Develop Affordable Housing in Latin American Cities
 

Promoting construction robotics is an opportunity to reduce the poverty gaps that still exist in Latin 
America. Robotization is not an issue alien to the region (Müller et al., 2019). The participation of Latin 
American countries is not insignificant for the region. Mexico and Brazil have consolidated interna-
tionalized experiences with the robotization of their industries (Lee, 2019). It can transfer and adapted 
to other Latin American countries.

Latin American Universities plays an important role in this process. The academy must take an ac-
tive position to develop the Construction robotics process for the production sector in each country of 
Latin America. Strengthening the current innovation model of the three propellers, to then migrate from 
the linear models of technology transfer to the new parallel non-linear models of technology transfer 
(Hilkevics & Hilkevics, 2017).

The exponential development of the adaptation of construction robotics will allow the implementa-
tion of physical-digital collaboration environments that will permit the region to take a great leap in its 
technological development processes. It leads us to strengthen Collaborative processes in the construction 
industry. It will introduce Man-Machine Environments, which let us build an integrated city balanced 
with Nature. It will admit a significant reduction in environmental impacts in the region to a high degree.

Figure 2. Barriers to the implementation of construction robotization in Latin America
Source: Own elaboration (2021).
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Some research works propose a concept of dynamic vertical urbanism (Hu et al., 2020), featuring 
constant vertical urban transformation by applying construction robotics technologies. This vertical city 
concept integrates functions with the help of construction robotics technologies, open building principles, 
and the BIM process (see figure 4). The concept of Robot-Oriented Design emphasizes the idea that all 
parameters shall have been considered at the earlier design and production stages (T.-A. Bock, 2017). 
The authors explain that this concept can evolve following social, economic, and environmental. This 
concept could provide different actors with a new design tool for future Latin American cities.

Other authors (Hazem et al., 2021) explain that construction faces problems after the pandemic 
construction firms need to provide a safe environment for working. So, using robots to mitigate the 
pandemic in different construction tasks is a better idea. Also, this solves congestion on construction 
sites which is necessary for the pandemic constraints. It is an opportunity to give better work conditions 
to the construction workers in Latin America. Because construction firms can develop their worker’s 
skills and give a high level of training.

Figure 3. opportunities for the implementation of construction robotization in Latin America
Source: Own elaboration (2021).
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Despite the described above, there is a crucial opportunity in Latin America. Some studies (Biörck 
et al., 2020) explain the short and long-term trends of how the construction sector can emerge after the 
pandemic. So, this region is full of opportunities that offer the construction sector a significant change 
based on adequate management of its resources. These opportunities will allow the region to focus its 
efforts on the following changes:

Short terms

• Increased digitization. The construction industry is shifting to remote ways of working. For ex-
ample, it will be a big drive to use building information modelling (BIM).

• Supply chains resilient. Contractors are building chains resilient and identifying alternative sup-
pliers to mitigate future extreme events.

Figure 4. Dynamic vertical urbanism
Source: Own elaboration (2021) adapted from (Hu et al., 2020, 37).
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Long terms

• Augmented consolidation. The industry is consolidated to economies of scale and support in-
vestment in R&D, and technology.

• Vertical integration. The industry is starting to vertically integrate to increase efficiency and as a 
route to standardization and control of design and execution.

• Further investments in digital technology and building systems innovation. Construction ro-
botics is proven to increase productivity will become even stronger. It will see an increase in R&D 
spending to develop new standardized building automation systems.

• Increase in off-site construction. It expects to see the industry gradually push fabrication off-site 
and manufacturers to expand their range of prefabricated subassemblies.

• The acceleration toward sustainability. Governments will encourage measures to meet carbon 
reduction and demand toward more sustainable buildings that promote healthier lifestyles.

NEW CONSTRUCTION SYSTEMS OPPORTUNITIES IN THE 
AFFORDABLE HOUSING IN THE LATIN AMERICAN CITIES

Construction robotics can increase production rates in the construction industry. It leads to significant 
time-saving in the construction process. Construction robotics allow a tenfold reduction in construction 
time. For example, these innovations have developed the concrete printing process in the industry (Soto 
& Skibniewski, 2020). There are a big number of constructions robotics systems, but it will explain 
only three mains of them that will have a crucial drive-in housing production, particularly to affordable 
housing production in Latin America.

• Parallel Kinematic Manipulation (PKM). The PKMs is used in-situ and for prefabrication pro-
cesses. (Klöckner et al., 2020). These robots operate in  different machining tasks. Wall masonry is 
adapted to the PKM structure. The robot is placed parallel to the wall it wants to build at a distance 
from the wall. The robot will be used for the pick-up, place of blocks, and building of the wall.

• Single-task construction robots (STCR). STCRs execute a single task on-site. This robot does 
not try to automate the main sections in the construction site. So it avoids large investments 
(Linner et al., 2020).

• Robot Oriented Design (ROD). ROD is the management of robotic technology that generate 
life cycle oriented in the construction context. It was developed for improving the construction 
processes and component design (T. Bock, 2015).

According to an international report (OECD et al, 2020), digital transformation can help Latin 
America to recover more quickly from the COVID-19 crisis. The construction sector in Latin America 
got an additional challenge the climate change. so digital transformation will be a tool to give answers 
to this difficulty.

It is crucial to increase the innovation processes that allow the execution of actions that respond to 
the effects of climate change. Indeed, promoting robotization in the construction industry could increase 
productivity by 50 to 60 per cent for companies in the region oriented to innovation (McKinsey Global 
Institute, 2017).
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This type of industry needs to change to take actions that interrupt the climate change effects. So, 
the construction sector has an important role in these actions (Castagnino et al., 2018). Therefore, the 
construction sector needs to develop collaborative management models from robotization (see figure 
5). That would allow a quick technology innovation in the construction sector. This is particularly true 
about affordable housing demand.

To Latin America, the concept of affordable housing goes beyond the cheap housing concept. If 
people cannot have cities services next to them, it cannot be said to be affordable. The reasons for a lack 
of affordability vary from country to country. But commonly include incoming costs and changes in 
family composition. Latin American construction sector must consider different forms of tenure. They 
can offer more options to city residents’ demands, for example, they include build-to-rent or co-housing 
(W.E.Forum, 2019).

In affordable housing production land and construction cost is often the biggest barriers in developing 
housing. To reduce these costs down it has to include (Darko et al., 2017; W.E.Forum, 2019; Witthoeft 
& Kosta, 2017):

Figure 5. Collaborative management models from robotization
Source: Own elaboration (Rolando Cubillos, 2021)
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• Minimizing bureaucracy can add significantly to project costs. The technology to provide solu-
tions here.

• Emerging construction digital technologies like construction robotics could bring down opera-
tional costs.

• Drive green technologies to support developing alternative construction materials.
• Developing collaborative public-private partnerships on training to address construction sector 

skills.

THE ROLE OF INNOVATION IN THE LATIN AMERICAN 
AFFORDABLE HOUSING IN THE LATIN AMERICAN CITIES

Latin American cities governments must define long-term plans for increasing affordable housing pro-
duction to the increased population demand. They need to minimize urban sprawl and evaluate their 
future densities. So, it is crucial to reduce political considerations that could stop the development of 
new affordable housing in their cities. Innovations in affordable housing in Latin America should include 
the following technology drives: 1) 3D-printed housing. 2) Design for Manufacture and Assembly. 3) 
Construction Robotics. 4) Prefabricated Housing.

Affordable housing in Latin America requires to drive technology that can be housing built faster and 
cheaper to respond to current demand. Construction robotics provides quality and speed of production. 
It is a positive impact on the environment and city communities. This digital technology should develop 
large-scale affordable housing and reduce emissions in the city.

The COVID-19 pandemic has highlighted the shortcomings of current urbanization patterns in Latin 
America. The informal and formal developments require special attention on quality and affordability 
for low-income families (Cities Alliance, 2020). For that reason, the construction sector must focus its 
efforts on innovative processes that allow the production of affordable housing with quality and low 
cost (Jennifer Graeff, 2015).

The industry must identify the low-income families’ needs demand in Latin American cities to help for 
reducing social inequity and drive economic growth. Besides, the Construction industry, the government, 
and academia must work together to design public policies strategies to develop better cities in the region.

SOME INNOVATION CASE OF STUDY IN LATIN AMERICA

Innovation in Latin America has been assumed as a strategy to improve the competitiveness of companies 
and products. The literature review identified a prevalence of studies in Brazil, Mexico and Colombia 
(Quintero Sepúlveda et al., 2021) This study shows that innovation has been the right path for the region 
to promote a better standard of living and enhance the functioning of institutions in the region.

The relationship between the variables that make up the innovation index and innovation capabilities 
is observed as a priority in the Latin American context. The results of this study indicate that technical 
efficiency indices are similar in Latin American countries. Therefore, the greater the innovative capacity, 
the higher the rate of innovation in the region.

Regarding the market outlook (Triton-Market-Research, 2021) the industrial robots market in Latin 
America will increase at an annual growth rate of 9.21% during the years evaluated from 2021 to 2028. 
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Brazil, Mexico, and the rest of Latin America make up the overall market in the study region. For ex-
ample, according to the report, the Argentine government encouraged investors by enacting laws that 
benefit technology-based companies. This has led to an increase in the number of companies employing 
AI, machine leadership and robots. In addition, federal regulations can help companies improve their 
product offerings and meet the growing demand for robots. These factors expand the growth of the 
industrial robot market in Argentina.

On the other hand, Chile is concentrating on robotics to improve productivity in multiple industries. 
Along with this, several international players are establishing business operations in the country, which 
will increase the adoption of robots. The adoption of robots accelerates the development of the industrial 
robot market in Chile.

According to the International Federation of Robotics-IFC (Müller et al., 2019) for 2019, within the 
first ten countries that implemented robotic technologies to the industrial sector, in ninth place of the 
first ten countries, is Mexico in the representation of the Latin American region.

According to the Inter-American Development Bank citing the IFC (Lee, 2019), Mexico had 27,010 
units (64.25%), was the first country in the Latin American region to incorporate robots in its industry. 
Followed by Brazil had 12,373 units installed (29.43%).

Argentina had 2,238 installed units (5.32%). Also, Chile had 182 installed units (0.43%). Finally, 
Colombia had 149 installed units (0.35%). Robotization in Latin America is not an issue foreign to the 
region. The participation of Latin American countries is not insignificant and presents an opportunity 
for change.

CONCLUSION

The fourth industrial revolution affects the future development of Latin America. The impacts of this 
revolution in the region will probably be more disruptive than in other parts of the world. The challenge 
for the regional industry is enormous to adapt to this new revolution. Many jobs are at risk in Latin 
America. These jobs could replace by robots. If robots take over routine tasks in Latin America, regional 
companies can unleash innovation. The fourth industrial revolution is an opportunity to close the gap 
with advanced economies.

The Covid-19 pandemic can reconsider the relationship between architecture and medicine to promote 
healthy environments. Besides, the pandemic consequences pose a restructuring of the labour market 
and a change in the urban structure in the long term. On the other hand, the high demand for housing 
implies thinking about the better development of Latin American cities. The resilient design in buildings 
increases well-being and reduces vulnerability to new pandemics. Construction robotics is an opportunity 
to add resilient and sustainable strategies in the design of housing in Latin American cities.

Construction robotics adoption improves productivity in the construction industry. The technological 
development of construction robots is underway globally. This scenario is the axis for developing the 
construction robotics industry in Latin America. On other hand, automation technologies are implement-
ing in the housing industry around the world. So, housing production is the main benefit to reduce costs 
in the Latin American construction industry.

Construction Robotics focuses on the implementation of automation to renew the construction in-
dustry and to stop its current low productivity. Because automation in construction could achieve what 
other manufacturing industries have already successfully shown. Then world construction industry 
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would elevate the sector to the level of the rest of the manufacturing fields So, it is needed to develop 
smart housing and cities that integrate Automatic assistive technologies developed in a better sustainable 
environment for people. Robotic automatization could provide an innovative affordable housing solution 
to mitigate the impact of an ageing society.

The World Economic Forum proposes six main challenges for the construction sector at the inter-
national level. These challenges directly affect Latin America, because the region has not consolidated 
their industrial processes before the fourth industrial revolution. The Latin American construction indus-
try requires capacities that will allow the construction sector in Latin America to develop solutions in 
virtual environments. Then, the construction of smart cities will allow the consolidation of sustainable 
buildings in the region.

Each construction firm’s capabilities are different, that advisable to evaluate differentiated strategies 
for each construction firm. It seems a technology difference between Latin American construction firms. 
They generated a technological exclusion between these actors. That is one of the main barriers to over-
come. It should carry out an adequate technology transfer to the construction sector in Latin America. 
Since we run the risk of technological exclusion for the Latin American city.

We should carry out an adequate technology transfer to the construction sector in Latin America. 
Latin America is full of opportunities for the technological development of the construction sector. For 
example, Mexico and Brazil have consolidated internationalized experiences with the robotization of 
their industries. It can transfer and adapted to other Latin American countries. On other hand, Latin 
American Universities plays an important role in this process. The academy must take an active position 
to develop the Construction robotics process for the production sector in each country of Latin America.

The exponential development of the adaptation of construction robotics will allow the implementa-
tion of physical-digital collaboration environments that will permit the region to take a great leap in 
its technological development processes. It will admit a significant reduction in environmental impacts 
in the region to a high degree. Some research works propose a concept of dynamic vertical urbanism, 
featuring constant vertical urban transformation by applying construction robotics technologies.

The concept of Robot-Oriented Design emphasizes the idea that all parameters shall have been con-
sidered at the earlier design and production stages. This concept could provide different actors with a new 
design tool for future Latin American cities. Other authors explain that construction faces problems after 
the pandemic construction firms need to provide a safe environment for working. It is an opportunity to 
give better work conditions to the construction workers in Latin America. Because construction firms 
can develop their worker’s skills and give a high level of training.

Some studies explain the short and long-term trends of how the construction sector can emerge after 
the pandemic. These opportunities will allow the region to focus on the following changes 1) Short 
terms: Increased digitization. Supply chains resilient. 2) Long terms: Augmented consolidation. Verti-
cal integration. Further investments in digital technology and building systems innovation. Increase in 
off-site construction. The acceleration toward sustainability.

Construction robotics can increase production rates in the construction industry. For example, these 
innovations have developed the concrete printing process in the industry. According to an international 
report digital transformation can help Latin America to recover more quickly from the COVID-19 crisis. 
The construction sector in Latin America got an additional challenge the climate change. So, It is crucial 
to increase the innovation processes that allow the execution of actions that respond to the effects of 
climate change. Therefore, the construction sector needs to develop collaborative management models 
from robotization. That would allow a quick technology innovation in the construction sector.
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To Latin America, the concept of affordable housing goes beyond the cheap housing concept. If people 
cannot have cities services next to them, it cannot be said to be affordable. Latin American construction 
sector must consider different forms of tenure. They can offer more options to city residents’ demands, 
for example, they include build-to-rent or co-housing.

In affordable housing production land and construction cost is often the biggest barriers in developing 
housing. Emerging construction digital technologies like construction robotics could bring down opera-
tional costs. Drive green technologies to support developing alternative construction materials. Finally, 
developing collaborative Public-private partnerships on training to address construction sector skills.

Latin American cities governments must define long-term plans for increasing affordable housing 
production to the increased population demand. Construction robotics provides quality and speed of 
production. It is a positive impact on the environment and city communities. This digital technology 
should develop large-scale affordable housing and reduce emissions in the city.

The COVID-19 pandemic has highlighted the shortcomings of current urbanization patterns in Latin 
America. The informal and formal developments require special attention on quality and affordability 
for low-income families. The industry must identify the low-income families’ needs demand in Latin 
American cities to help for reducing social inequity and drive economic growth. Besides, the Construc-
tion industry, the government, and academia must work together to design public policies strategies to 
develop better cities in the region.

What is the Dynamic of Construction Robotics to Develop 
Affordable Housing in Latin American Cities?

In conclusion, the dynamic of construction robotics to develop affordable housing in Latin America 
follows the next steps (see figure 6):

• Robots will take over routine tasks, and regional companies will increase the innovation process.
• Construction robotics will add resilient and sustainable strategies to affordable housing production.
• Automation technologies will reduce costs and integrate digital technologies to build a better 

sustainable environment.
• The concept of Robot-Oriented Design (ROD) will push building systems like Production 

Kinematic Manipulation (PKM) and Single-task construction robots (STCR).
• The innovation processes will develop collaborative management models from robotization be-

yond the cheap housing concept.
• Green technologies will develop alternative construction materials. That will give the possibility 

to elaborate large-scale affordable housing and reduce the CO2 emissions in the city.

Finally, innovation in Latin America has been assumed as a strategy to improve the competitiveness 
of companies and products. The literature review identified a prevalence of studies in Brazil, Mexico, 
and Colombia. This study shows that innovation has been the right path for the region to promote a better 
standard of living and enhance the functioning of institutions in the region. The relationship between 
the variables that make up the innovation index and innovation capabilities is observed as a priority in 
the Latin American context.
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Regarding the market outlook, the industrial robot market in Latin America will increase at an an-
nual growth rate of 9.21% during the years evaluated from 2021 to 2028. Brazil, Mexico, and the rest 
of Latin America make up the overall market in the study region. Robotization in Latin America is not 
an issue foreign to the region. The participation of Latin American countries is not insignificant and 
presents an opportunity for change.
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Figure 6. Dynamic Construction Robotics in Latin America
Source: Own elaboration (2021).
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ABSTRACT

The present research is part of a wider qualitative study that aims to assist cities in the South Pacific 
developing countries with the recovery of natural areas through a green infrastructure-based approach, 
following a case study method. The overarching purpose of this study is to pinpoint relevant contributing 
elements for the successful implementation of the green infrastructure approach aiming at providing 
Peruvian coastal cities with novel sustainable environmental policies. To foster the conservation of the 
natural or semi-natural ecosystems converging with the cities, the following specific objectives were 
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INTRODUCTION

It is well known that Green Infrastructure is a natural life support system that interconnects cross-scale 
natural and semi-natural areas (Allen, 2012) while providing a wide array of ecosystem services. More-
over, it is considered to be a strategic tool for addressing current global environmental challenges such 
as climate change, which have been attracting the attention of many researchers (Caparrós et al., 2021). 
The substantial interest generated by Green Infrastructure emphasises the value of nature’s benefits to 
human society and the need to mobilise investments to sustain and reinforce them (“Green Infrastructure 
(GI)”, 2013; “The Multifunctionality of Green Infrastructure”, 2012).

It is noteworthy that some European countries such as, inter alia, Spain, Germany, England, and 
the Netherlands, have been taking this issue increasingly seriously since 2013. These heighten the need 
for implementing comprehensive development policies in line with those established in the European 
Commission’s White Paper and investing in Green Infrastructure-based urban planning models (“Green 
Infrastructure (GI)”, 2013) where it plays a key and central role towards smart habitat conservation 
for the 21st century (Benedict & McMahon, 2002) rather than merely assuming a beneficial scenic or 
recreational value for human physical and mental health. Thus, the singling out of Green Infrastructure 
initiatives as a European investment priority comes as no surprise (“Green Infrastructure (GI)”, 2013).

Europe offers an encouraging outlook on this issue based on the implementation of strategic green 
space networks across several cities such as Manchester in England (“A Green and Blue Infrastructure 
Strategy for Manchester”, 2015) and Vitoria-Gasteiz in Spain (“The Urban Green Infrastructure of 
Vitoria-Gasteiz”, 2014). Specifically, Vitoria-Gasteiz’s urban green belt is a set of periurban parks of 
high ecological and landscape value arising from an ambitious restoration and recovering project of the 
city’s outlying areas, with an environmental and social focus. This sustainable urban policy allowed for 
the recovery of the Salburua wetland park, which was subsequently recognised as a Wetland of Inter-
national Importance by the Ramsar Convention in 2002.

A vast array of wetlands can be found across the globe, as is the case with Peru’s coastal desert re-
gions. As illustrated in Fig.1, this area exhibits protected wetlands, e.g. the Paracas National Reserve, the 
Manglares de Tumbes National Sanctuary, the Pantanos de Villa Wildlife Refuge, the Lagunas de Mejía 
National Sanctuary and the Pacaya Samiria National Reserve off the coast (“The Ramsar Convention on 
Wetlands”, 1971), in addition to other wetlands which are yet to be covered by governmental protection. 
Yet, a worrying statistic reveals Latin America as the leading world nation in loss of wetlands, with urban 
growth as one of the main culprits (Rojas et al., 2020). In fact, previous research has shown that there 
is a significant correlation between residential development and wetland loss (Halls & Magolan, 2019).

set: 1) to carry out a comprehensive physical and spatial analysis of the natural areas of Chimbote and 
Nuevo Chimbote; 2) to review the Peruvian regulatory framework, at the national and municipal levels, 
as well as international standards on the conservation of natural areas; and 3) to explore a scenario 
featuring the disappearance of these Peruvian coastal natural spaces and its associated consequences.
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The current climatic, political, social, and economic conditions of the South Pacific coast vastly dif-
fer from European ones. The former is still home to developing countries such as Colombia, Ecuador, 
Peru, and Chile, all of which are particularly vulnerable to climate change. Yet, the shared geography 
and climate features of Peru and Chile make them unique: their location in a desert strip characterised 
by extreme temperatures combining lacking vegetation and overpopulation is conducive to urban grey 
infrastructure growth at exponential and uncontrollable rate.

Figure 1. Map of Peru displaying the Ramsar sites, the natural, artificial, and coastal river-mouths 
wetlands
(Source: own elaboration based on the document Wetlands of the Peruvian coast, 2010).
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Taking the case of Peru as an example, its horizontal urban growth leads to an ever-increasing need 
for developable land, resulting in the development of informal settlements and the change of land-use 
patterns in natural areas. Furthermore, the Peruvian expert Espinoza (2021) highlights the lack of com-
mon and systematic understanding of the benefits linked to Green Infrastructure, which translates into 
monofunctional engineering processes that ignore the solutions provided by nature. Although attempts 
have been made at regulating the construction of artificial wetlands, only very generic guidelines were 
produced.

By the same token, in Chile, although the potential of Green Infrastructure is increasingly being 
acknowledged (Vásquez et al., 2016) and related guidelines have in part been incorporated into national 
legislation, recent research by Giannotti et al. (2020) identified the regulatory gap and a low social 
priority or low awareness of its importance as the two preeminent barriers towards wider adherence of 
this sustainable urban planning model.

In light of this, this chapter delves into the challenges faced by coastal-desert developing cities 
stemming from their extreme location, where the few existing natural areas are at risk due to man-made 
hazards (Martínez et al., 2020; Rojas et al., 2019) and urban conflicts generated by urban expansion.

The loss of coastal wetlands should be understood as the missed opportunity for leveraging social 
and ecological services from natural ecosystems playing a crucial role not only in sediment retention, 
high-seas productivity, improving water quality and groundwater recharge, flood control and drought 
prevention, but also acting as wildlife corridors and waterfowl habitats (Mitsch & Gosselink, 2000a). It 
is, therefore, essential to protect, enhance, and restore degraded natural areas and subsequently integrate 
them into urban development planning to foster resilience and sustainability.

Thus, the present research is part of a wider qualitative study that aims to assist cities in South-Pacific 
developing countries with the recovery of natural areas through a Green Infrastructure-based approach, 
following a case study method: Chimbote and Nuevo Chimbote, Peru.

The overarching purpose of this study is to pinpoint relevant contributing elements for the success-
ful implementation of the Green Infrastructure approach aiming at providing Peruvian coastal cities 
with novel sustainable environmental policies. To foster the conservation of the natural or semi-natural 
ecosystems converging with the cities, the following specific objectives were set: i. to carry out a com-
prehensive physical and spatial analysis of the natural areas of Chimbote and Nuevo Chimbote; ii. to 
review the Peruvian regulatory framework, at the national and municipal levels, as well as international 
standards on the conservation of natural areas; iii. to explore a scenario featuring the disappearance of 
these Peruvian coastal natural spaces and its associated consequences.

GENERAL BACKGROUND

Human evolution has been marked by a very strong Human-Nature bond. This has allowed him to ob-
tain domestication know-how regarding animals and plants, as well as how to implement what could be 
designated as empirical urbanism by adapting the physical environment to meet his needs. This practice 
has transcended over the years and cultures worldwide, which then transmute through local assimilation.

Manuel Ruiz, in his research “Man and Nature”, suggests that the actions of all living beings have 
a repercussion on the rest of the Earth system and, thus, the disappearance of a species may drastically 
impact the current balance of life and ecosystems. The elimination of a species or ecosystem will indeed 
affect its geographical area and generate a rupture of the Human-Nature bond. The turning point in the 
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relationship between Man and his environment took place with industrialisation and its technological 
advances: natural areas were disposed of to make way for factories, worker housing, and ultimately, large 
cities. Under this premise, “the city is thus built in pieces, occupying areas of countryside, and leaving 
free spaces in between these pieces. But this continuous breaking up of the city into small parts does 
not generate solidarity spaces such as the old villages because each piece lacks to incorporate all vital 
functions, and on the contrary, the gap only grows wider and wider: between functions, social classes, 
even between spaces.” (Fariña Tojo, 1998, 2002, p. 8).

Although undoubtedly tied with great achievements for mankind, the process of modernisation 
brought about important consequences for land, air, and water: with the expansion of big cities arose the 
increased demand for developable land. Nonetheless, the idea of harmoniously integrating nature into 
urban developments first emerged with Robert Owen and Charles Fourier, not seeing the light of day 
until 1898, when Ebenezer Howard introduced the concept of the “Garden City” in his landmark book 
“To-morrow: a peaceful path to real reform”. The latter propelled the incorporation of green elements into 
urban planning proposals, such as those of Raymond Unwin and Barry Parker, who applied it for solving 
problems generated by industrialisation. By 1928, Clarence Stein came up with the Radburn Planning 
Concept, currently known as “superblock”, which sought the harmonious blending of private space and 
open areas. For this purpose, each dwelling was equipped with large gardens. This proposal provided a 
stepping stone for furthering the development of small green spaces for the inhabitants of large cities.

From that point onwards, architects and urban planners began to include green and natural areas in 
their urban planning proposals to a greater extent, but it was not until the 1960s that the focus on natural 
areas peaked. Research emerged on the topic, outlining the “Environmental Corridor” concept (Lewis, 
1964) and considering the balance between urban and rural spaces in “Design With Nature” (McHarg, 
1969), which became a reference book for urban planners.

The term Green Infrastructure, whose identity metamorphosed throughout human evolution, was 
only formally coined in 2006 by Benedict and McMahon as “an interconnected network (natural life 
support system) of waterways, wetlands, forests, wildlife habitats, and other natural areas; greenways, 
parks, and other conservation lands; working farms and ranches; wilderness and other open spaces that 
support native species, maintain ecological processes, sustain air and water resources, and contribute to 
the health and quality of life of America’s communities and people” (Cantó López, 2014, p. 12).

In the Pre-Inca era, the harmonious behaviour of human beings and their technology with the natural 
environment was noteworthy. Examples of said bond materialised in the sowing and harvesting of water 
conducted by the Amunas and the Waru Waru, the qochas, the aqueducts, the forested river systems, and 
the implementation of agricultural terraces (Ancajima, n.d.).

The extensive existing literature on Green Infrastructure has proven its recovery potential for natural 
areas and beneficial impact on people’s quality of life, as happened with the emblematic case of Vitoria-
Gasteiz’s urban green belt, which could be extrapolated to extreme geographical conditions such as the 
South Pacific coastal areas.

RESEARCH PROBLEM

The Peruvian and Chilean desert-coastal areas are characterised by very little vegetation, combining 
zones with extremely high temperatures and lacking atmospheric rainfall with very-heavy rainfall ones, 
generating the El Niño phenomenon (from October to January). Moreover, these areas “exposed to 
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natural forces such as tsunamis and floods and alarmingly threatened by man-made hazards are in a 
precarious state due to their climate change vulnerability arising from the delicate regional relationship 
with water resources and the morphological connection to the sea level” (Tabilo, Burmeister, Chávez, 
& Zöckler, 2016).

In the present Peruvian study area, the municipalities of Chimbote and Nuevo Chimbote are losing 
more and more natural areas each year that passes (Figure 2). The large natural extensions of their coastal 
wetlands have been affected by human activity in the form of land-use pattern alterations, water pollu-
tion, rubbish dumps, oxidation reactors, amongst others, which will be discussed in depth over the next 
sections. Both cities present serious urban planning challenges towards integrating natural ecosystems 
in urban spaces, with the excessive population growth and lack of developable land only exacerbating 
the situation further. This leads to land-use pattern alterations taking place to the detriment of natural 
areas, which despite being legally protected, are considered expendable and lose their protected status 
to benefit the expansion of urban space.

In view of these issues, a strategy aiming at implementing a Green Infrastructure system with the 
potential to help preserve these areas and then integrating them into the future urban planning of both 
cities should be contemplated.

PHYSICAL SPATIAL ANALYSIS: GEOMORPHOLOGICAL, 
WATERSHEDS, AND ECOSYSTEM COMPONENTS

As aforementioned, the study area is located on the northern Peruvian coast, specifically within the de-
partment of Ancash, in the province of Santa, in the districts of Chimbote and Nuevo Chimbote (Figure 
1). Due to their geographical position and proximity to the coast, these districts have an extensive land-
scape diversity, encompassing beaches, deserts, dunes, wetlands, agricultural parcels, and mountains.

Spatial-Physical Analysis

With a location between the coast and the mountains, the municipalities of Chimbote and Nuevo Chim-
bote present a variety and diversity of elements that shape their physical territory, differing in regard 
to their latitudes, vegetation, and bodies of water, to name a few. In this sense, we could highlight two 
fundamental aspects of the morphology of the site.

The topography of the coastal strip of both municipalities exhibits the lowest elevation indices and 
geographical features, with the presence of deserts, dunes, flat territorial extensions, hills with rocky 
outcrops, and other slightly elevated landforms. In addition, “the shape of the bays points to an older and 
deeper erosion level than the current one, subsequently refilled with quaternary sediments” (“Gobierno 
Regional de Ancash”, 2014). Indeed, the coastline experiences a modified surface as a result of seismic 
activity in the Pacific Ring of Fire, climate conditions-related soil erosion, and anthropogenic activities.

Likewise, the desert or coastal plains “have a greater presence near the coastal zone, gradually reducing 
and disappearing towards the East. These plains occasionally include other geomorphological units such 
as dunes or sandbanks and dissected surfaces” (2014, p. 32). In this way, the territorial spatial configura-
tion undergoes substantial transformation, including geographical features, in addition to presenting a 
sandy soil type which is a limiting factor for the wild vegetation growth in the area.

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



85

Green Infrastructure as a Nature-Based Recovery Strategy for Natural Areas
 

Figure 2. Maps based on historical photographs from 1872 and GIS 2019 of natural areas in Chimbote 
and Nuevo Chimbote
(Source: own elaboration based on GIS).
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On the other hand, the area’s hydrographical system is located within the so-called Pacific Slope (a 
set of watersheds that flow into the Pacific Ocean). The study area covers three hydrographic basins: 
Santa River Basin, Lacramarca River Basin, Nepeña River Basin, and two inter-basins. “The Santa 
River Basin is one of the largest out of the 53 existing Pacific slope basins, enjoying permanent water 
all year round. Moreover, it is characterised by vast biodiversity with 21 life zones and two protected 
natural areas (Huascarán National Park in the Cordillera Blanca and the Calipuy National Reserve in 
La Libertad)” (INAIGEM, 2016, p. 2).

The presence of these watersheds leads to vegetation outcrops along the riverbanks. However, due 
to low groundwater levels (freshwater from the Andes), these converge with the Pacific Ocean creating 
new and scarce ecosystems, including mangroves, wetlands, and lakes. The study area encompasses five 
wetlands, which make up the last green lungs of the municipalities.

Ecosystem Biotic Components

An ecosystem could be described as the set of all living and non-living elements within a physical ter-
ritorial space and its components can be classified as Biotic (living organisms, e.g. fauna and flora) and 
Abiotic (non-living elements that shape its environment).

The case study’s biotic fauna factors are “a total of 186 species, of which 90 are resident and 96 
hail from other latitudes. Of the latter migratory species, which have a horizontal migration pattern, 
48 originate from the Nearctic Region and eight come from the Southern Region. The Andean migra-
tory species, accounting for ten breeds, come from the Peruvian Andes and follow a vertical migration 
scheme. Additionally, there are 30 non-migratory occasional species, seldom recorded and which have 
been established as Peruvian-coast natives” (2010, p. 34).

As far as the flora is concerned, “81 species of vascular plants have been identified, inclusive of na-
tive and introduced wetland species (...), which are also part of the interactions between the ecosystem 
components” (Pronaturaleza - Fundación Peruana para la Conservación de la Naturaleza, 2010, p. 34).

Ecosystem Abiotic Components

Abiotic components consist of all the non-living elements that have a physical presence or can be felt 
in the ecosystem, such as, inter alia, wind, climate, solar radiation. Within the study area, in particular, 
we find: sandy and rocky type soils, which under a 4% slope are named valleys or plains, over 8% are 
termed coastal plains or pampas, and between a 50 to 70% slope are known as low mountains or hills; 
water bodies, specifically the Lacramarca river and irrigation canals, coastal wetlands, among others.

The knowledge of the biotic and non-abiotic factors of an ecosystem is essential for Green Infrastruc-
ture implementation. Hereunder are some of elements of interest identified in the study area.

INTERNATIONAL, NATIONAL, AND LOCAL REGULATORY 
FRAMEWORK IN RELATION TO THE PRESERVATION OF 
NATURAL AREAS AND GREEN INFRASTRUCTURE

For the purposes of this research, a brief overview of the regulatory framework concerning Green 
Infrastructure and related natural elements is provided, focusing on coastal wetlands. Said regulatory 
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framework gathers and includes legislation at different levels and scales, from international and national 
regulations to local or municipal ones.

International Regulations

The first one to mention is the RAMSAR Convention of 1971, which aims to protect and enhance the 
value of the most important wetlands, or those of interest to each member, for the preservation of spe-
cies and ecosystems. In this sense, “for the purposes of this Convention, wetlands are defined as areas 
of marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with water that 
is static or flowing, fresh, brackish or salt, including areas of marine water the depth of which at low 
tide does not exceed six metres” (“The Ramsar Convention on Wetlands”, 1971).

By virtue of the above, Peru has, at the present moment, thirteen RAMSAR-recognised wetlands, but 
none of which is included in the study area. In spite of not falling under the jurisdiction and protection 
of the RAMSAR Convention, if the relevant enhancement interventions were applied to the case study’s 
wetlands, these would qualify for entering this category on the basis of their wide, native and migratory, 
flora and fauna biodiversity.

Peruvian Regulations

Four national regulations should be mentioned. The first one can be found in the Political Constitution 
of Peru of 1993, where in Title III of the economic regime of Chapter II of the environment and natural 
resources, the following articles are established: In Articles 66, 67, 68, and 69, it is established that: 
“Natural resources, renewable and non-renewable, are patrimony of the Nation. The state is sovereign 
in their use. The organic law establishes the conditions for their use and their concession to private in-
dividuals. The concession grants its holder a Right in Rem, subject to that legal norm” (1993, p. 16). It 
also establishes that the Peruvian government is obliged to promote and encourage the conservation of 
its natural spaces and biological diversity, as well as its protected areas.

Secondly, there is the Legislation of Natural Protected Areas Nº 26834 of 1997, whose aim is to 
establish the management processes for Peruvian natural protected areas. With respect to Article 1, “the 
Natural Protected Areas constitute patrimony of the Nation. Their natural condition must be maintained 
in perpetuity, and the regulated use of the area and the exploitation of resources may be permitted, or 
the restriction of direct uses may be determined” (Congress of the Republic, 1997, p. 1).

In addition to the two previous ones, the National Wetlands Strategy 2014 strives to prevent the 
degradation and loss of wetlands in Peru. This legislation establishes for the first time in a Peruvian legal 
instrument the definition of wetlands, as follows: “extensions or surfaces covered or saturated with water, 
under a natural or artificial, permanent or temporary, fresh, brackish or salty water regime, and which 
host typical biological communities that provide ecosystem services” (Ministry of the Environment of 
Peru (MINAM), 2014, p. 39). In this way, a policy framework is established to promote the sustainable 
use of wetlands, as well as to enhance the value of their natural resources and endemic biodiversity.

Finally, there is the Forestry and Wildlife Law No. 29763 of 2015, which sets out that all ecosystem 
services, whether forest or wild, must be included as part of the landscape. For that purpose, a legislative 
framework targeting the protection and conservation of all forest and wild ecosystems within the national 
scope is set up. Said ecosystems can be classified according to a forest zoning scheme:
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• Permanent production zones: where the physical space allows for the implementation of ele-
ments such as forest use.

• Ecological protection and conservation zones: all fragile ecosystems, which are extremely com-
plicated and highly unstable in the face of any natural or anthropogenic event.

• Recovery zones: all areas that require and need a recovery strategy or, failing that, renaturalisa-
tion or reforestation.

• Special treatment areas: all areas where actions are warranted in the cultural, geopolitical, so-
cial, and biodiversity fields, and therefore require further study and special treatment at the time 
of intervention.

Local Regulations

To the best of the authors’ knowledge, there are three Santa Provincial Municipality (SPM) ordinances, 
whose description is provided below:

• Municipal Ordinance Nº 002 - 2000 - SPM: The Metropolitan Park of Chimbote and Nuevo 
Chimbote is declared as an intangible, inalienable, and imprescriptible area. It is thus established 
that the Metropolitan Park becomes part of the recreational and environmental protection system 
for both Chimbote and Nuevo Chimbote.

• Municipal Ordinance Nº 007 - 2000 - SPM: Creation of the Chimbote and Nuevo Chimbote 
Land Use Plan, classifying wetlands as recreational, ecological protection, and others.

• Municipal Ordinance Nº 010 - 2003 - SPM: Creation of the special Metropolitan Park project 
of Villa María.

As mentioned earlier in this section, various local and international legislations protect coastal 
wetlands. For the purposes of this research, some of the main regulations have been used as a basis for 
identifying the degree of protection afforded to the wetlands in the study area. Table 1 shows the current 
regulations protecting these wetlands.

From Table 1 it can be asserted that despite the existence of at least five wetlands in the study area, 
most of them are unprotected, with the exception of the Villa María one, which has at least six laws 
protecting it and is currently one of Peru’s protected areas.

Table 1. Summary table of international, national, and local regulations protecting the Villa María, 
P.P.A.O., San Juan, Southern and Peninsula wetlands in Chimbote and Nuevo Chimbote

CHIMBOTE 
AND NUEVO 
CHIMBOTE 

WETLANDS

INTERNATIONAL NATIONAL LOCAL

RAMSAR 
CONVENTION

CONVENTION 
ON 

BIOLOGICAL 
DIVERSITY

POLITICAL 
CONSTITUTION 

OF PERU

PROTECTED 
AREAS 

LEGISLATION 
Nº 26834 / 1997

NATIONAL 
WETLAND 
STRATEGY 

2014

FOREST 
AND 

WILDLIFE 
LAW Nº 
29763 / 

2015

MUNICIPAL 
ORDINANCE 
Nº 002 / 2000

MUNICIPAL 
ORDINANCE 
Nº 007 / 2000

MUNICIPAL 
ORDINANCE 
Nº 010 / 2003

VILLA MARÍA - - X (1) X X - X X X
P.P.A.O. (2) - - X - X - - - -
SAN JUAN - - X - X - - - -
SOUTHERN - - X - X - - - -
PENINSULA - - X - X - - - -

(1) The symbol (X) indicates that the regulation protects the wetland.
(2) P.P.A.O.: Programa Piloto de Asentamientos Orientados.
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EXISTING ANTHROPOGENIC CONFLICTS AND NATURAL CONFLICTS

Anthropogenic Conflicts

The district of Chimbote, in comparison with Nuevo Chimbote, has one of the most aggravating circum-
stances regarding man-made conflicts, whose severity depends on their degree of environmental impact, 
and which can be caused by a common pedestrian, or by bad public management and land-use planning. 
The current conditions or conflicts are the following:

• Landfill sites: the present research showed that the natural areas least impacted by contamination 
are those isolated from large urban centres, as well as difficult access areas, such as those with a 
high sedimentation rate and the presence of very tall vegetation, e.g. reeds or cattails.

In this sense, it was concluded that of the five wetlands in the study area, those of San Juan, the 
P.P.A.O. and Villa María are in a critical state due to significant soil contamination caused by rubbish 
dumps. The presence of micro-dumps, determined and evidenced in this research, has a damaging effect 
on ecosystems which can worsen over the years, favouring disease proliferation at the respiratory and 
dermatological levels.

• Changing water regimes: Villa María exhibited the highest level of hydrological alterations 
out of the five wetlands analysed, since it is crossed by the Lacramarca river, which flows down 
through the entire valley of the Lacramarca river basin. Water conflicts are generated by three 
types of pollutants:
 ◦ Wastewater: coming from the upper part of the valleys, where the entire agricultural and 

livestock sector that supplies both municipalities is located. It bears a raft of waste discharges 
such as fertilisers, manure, pesticides, and mineral salts, on top of the influx of chemical 
products stemming from the irrigation canals that join the Lacramarca river. The findings 
also reveal that the San Juan wetland is heavily affected by this type of wastewater, as well 
as by domestic water.

 ◦ Urban centres: when the Lacramarca River begins to cross the Villa María wetland, it en-
counters another challenge, i.e. the presence of small urban centres generators of domestic 
wastewater, which further aggravate the current river situation and the wetlands. Similarly, 
the P.P.A.O. wetland is also impacted by domestic wastewater.

 ◦ Industrial sector: Despite the criteria for industrial establishment and related pollution con-
trol policies enforced by SPM, it is well known that this sector violates all local and provin-
cial regulations, as factories dump heavy metals directly into the sea and into the Villa María 
wetland.

 ◦ Soil contamination: the analysis evidenced that the surface of both districts became quite 
damaged through the large urban, agricultural, industrial, and commercial centres that have 
taken ownership of natural areas, including:
 ▪ The Villa María wetland: directly affected by urban centres, rubbish dumps, and pol-

lution from the industrial sector.
 ▪ The San Juan Wetland: afflicted by rubbish dumps and domestic wastewater, generat-

ing alarming soil contamination levels.
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 ▪ The P.P.A.O. Wetland: mainly impacted by agricultural wastewater, rubbish dumps, 
and domestic wastewater. The soil has become quite dense due to its high levels of 
pollutants.

 ▪ The Southern Wetlands: in a fairly acceptable state, due to their remoteness from ur-
ban centres. These have a fairly low level of soil contamination, which can be attributed 
to the presence of waste collection points.

 ▪ Peninsula Wetlands: This wetland is out of danger from human-induced soil 
contamination.

 ◦ Fragmentation of natural space: the research found that the only wetland seriously af-
fected by this condition is Villa María, as it is crossed by two major horizontal axes: the 
Pan-American Highway North (international traffic) and José Pardo/Pacific Avenue (inter-
district traffic). These high-speed roads generate a rupture in the physical space of the wet-
land, which in turn damages the ecosystem and hampers the exchange of species.

 ◦ Change of land use: Despite establishing regulations for natural area protection, the SPM 
engages in contradictory behaviour by constantly changing the land use plan for the met-
ropolitan area, with serious consequences for the Villa María wetland. This wetland is the 
most affected by land-use changes, combining multiple land uses, from protected areas to 
residential, commercial, recreational, and agricultural zones.

In conclusion, based on the summary table of anthropogenic conflicts (Table 2), it can be inferred 
that the most damaged wetland is Villa María, as previously outlined. Wetlands closely located to urban 
centres are most likely to suffer major changes and detrimental impacts, as it has been demonstrated 
that the remote Southern and Peninsula wetlands are in a better conservation state. This highlights the 
imperativeness of improving legislative policies for the protection of these spaces. By the same token, 
the local governmental body should better manage its policies and ordinances so as not to be at variance 
with its own work.

The coastal wetlands together with other areas of interest such as: the forest nursery, agricultural plots, 
coastal edges, special treatment zone, metropolitan park and the vegetation components present in the 
urban centers (green areas and tree-lined streets) are absolutely compatible with the green infrastructure, 

Table 2. Summary table of the identification of anthropogenic conflicts in the wetlands of Villa María, 
P.P.A.O., San Juan, Southern, and Peninsula in Chimbote and Nuevo Chimbote

WETLANDS
ANTHROPOGENIC CONFLICTS

LANDFILL WATER 
REGIME SOIL CONTAMINATION FRAGMENTATION OF 

NATURAL AREAS
LAND USE 
CHANGE

VILLA MARÍA X (1) X X X X

P.P.A.O. X X X - -

SAN JUAN X X X - -

SOUTHERN - - - - -

PENINSULA - - - - -

The symbol (X) indicates the existence of anthropogenic conflict.
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although some of them present slight problems that must be corrected, others would need a rigorous 
intervention to renaturalize and protect them, such as the Villa María wetland.

With the general results presented, we can finally conclude that, according to the analysis, the imple-
mentation of a territorial green infrastructure among the municipalities of Villa María and Villa María, 
is a good idea. between the municipalities of Chimbote and Nuevo Chimbote, “IS VIABLE”, since it 
has all the necessary elements for the that it has all the necessary elements to make this large network 
of systems a reality.
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ABSTRACT

This study aims to analyze the implications of green knowledge and technology in organizational green 
innovation, urban green innovation, and green roofs. The analysis is supported by the assumption that 
green sharing knowledge and technology is basic to organizational green innovation and urban green 
innovation areas practices, operations, and activities. The methods employed are based on the analytical-
reflective and descriptive supported with the review of theoretical and empirical literature. The analysis 
concludes that green knowledge sharing is relevant to create and develop the green technology with 
positive implications for organizational green innovation, urban green innovation areas, and green roofs.

INTRODUCTION

The COVID-19 pandemic is a sanitary crisis that questions many activities to become greener and more 
sustainable. Sustainable and green are two concepts increasingly used to mean the same, however, sus-
tainability refers to the persistence and indefinite future of necessary and desired characteristics of the 
human subsystem within and the ecosystem (Hodge, 1997).
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Organizational environmental and green knowledge learning is linked to green technology for the 
environmental protection to stimulate organizational green innovation, urban green innovation areas and 
green roofs. Sustainable development is related to decision making in the economic and social effects 
(Wiering, Liefferink, Boezeman, Kaufmann, Crabbé, & Kurstjens, 2020). Sustainable development 
meets the needs of the present without compromising the ability of future generations to meet their own 
needs (Brundtland, 1987).

Urban sustainability including social and economic has been highlighted as one of the leading features 
of cities (VisitBerlin (Ed.) 2017). Some green trends are proposed as smart city, sustainable city, and 
so forth. Use of green and ecofriendly technology offers more sustainability environment with zero gas 
emissions to the environment and some other opportunities and challenges.

People living in dense communities tend to use public urban green innovation spaces and public 
parks more frequently to have more relaxation time and may travel more to the countryside for leisure. 
Experimenting and testing new greener ways of conducting organizations concentrated on environmental 
sustainability, enable to introduce green innovations (Anderson et al., 2010; Stubbs and Cocklin, 2008). 
Organizations embracing the concept of saving money, by creating recycling programs and monitoring 
thermostats, focusing on environmental sustainability. Organizations may contribute to support nongov-
ernmental agencies involved in environmental troublesome areas.

The frequency of use of a green space living environment support individuals to be satisfied with 
public spaces and improves the social space and the mental health (Hadavi, 2017). People using public 
and private urban green innovation spaces attach meanings, identity, and psychological experiences to 
different types of green spaces, as described in the Place identity integrated model and environmental 
representation (Bernardini and Irvine 2007). Research on green organization identity has focused on 
individual level (Chen, Chang, 2013; Chen, 2011). Green organizational identity supports individual 
tasks of organizational members related to the organizational environmental activities and strengthens 
the ability to cope with organizational green oriented conditions. Landscape connectivity has some dif-
ferences between urban green innovation roofs and urban open space management.

Organizations are facing challenges regarding the compliance with green sustainability strategy. The 
deployment of a green strategy to face the negative effects that industrialization has on the environment. 
Organizational business sustainability considers the green growth, green branding, and green sustainable 
reporting. Branding sustainability enhance the ability of the organization to appeal customers concerned 
about the environment.

Green sustainable development combined with economic growth, social justice and progress and 
environmental security concepts are relevant issues in research such as green entrepreneurship in or-
ganic farming (Gupta, and Vegelin, 2016; Mohd, and Norhidayah, 2016; Savickiene, and Miceikiene, 
2018; Ihnatenko, and Novak, 2018; Kucher, 2019; Shevchenko, and Petrenko, 2020, Skydan, Nykolyuk, 
Pyvovar, and Martynchuk, 2020). Not much research has addressed the integration of green roofs and 
urban green innovation space.

Organizations engage in green initiatives to develop sustainable competitive advantages and competi-
tiveness (Wysocki, 2021; Galdeano-Gómez, Céspedes-Lorente, & Martínez-del-Río, 2008; López-Gamero, 
Claver-Cortés, & Molina-Azorín, 2008). Sustainable components of organizations and business achieve 
competitive advantage (Namkung and Jang, 2012; Chang and Fong 2010; Bansal, 2005 and Barnet, 
2007). Organizational business systems are the foundation for any kind of sustainable organizational 
business. Organizations are formulating and implementing green initiatives to attain sustainability and 

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



96

Green Knowledge and Technology and Their Implications in Organizational Green Innovation
 

competitiveness (Chuang & Huang, 2015). The ecological partnership between organizations and society 
provides sustainable competitiveness.

The organizational ecological and sustainable procedures follow a strategic orientation (Fernandes 
& Solimun, 2017). Sustainability has been considered and an added cost, but nowadays is viewed as 
a sustainability strategy and tool to derive value and leads to innovation (Van Holt et al., 2020). An 
organizational shared vision enables development of green behaviors, making meaningful contributios 
(Larwood, Falbe, Kriger, Miesing, 1995; Tsai, Ghoshal, 1998; Oswald, Mossholder, Harris,1994).

GREEN KNOWLEDGE AND TECHNOLOGY

New knowledge in green organizational and business models are uncertain and volatility in business 
ecosystem conditions, challenging risk management and decision making. Technological knowledge of 
economic, social, and environmental benefits of constructing green roofs enhances the good construction 
of green roofs without any problems of maintaining the roof vegetation. Organizational green knowledge 
shares issues adopting a multilevel framework to make contributions to green technology. Organizational 
management must formulate green knowledge and green technology.

Knowledge management of environmental issues is a source for learning, solving problems and cre-
ating competitiveness (Liao, Chang, Cheng, Kuo, 2004). Green knowledge management is an effective 
tool for organizational improvement in transformation environment (Raudeli ¯ unien˙ e, Davidaviˇcien ˙ 
e, Jakubaviˇcius, 2018). The dynamic complexity of organizational green innovation requires environ-
mental knowledge learning (Li et al., 2019) and green technology. Organizational environmental green 
knowledge learning drives green innovation. Organizational environmental knowledge learning is linked 
to green technology for the environmental protection to stimulate green innovation (Redman, 2014).

Knowledge sharing is the basis for knowledge management (Zhang, Sundaresan, 2010). Green knowl-
edge sharing in terms of sustainable development goals such as eliminating pollution, environmental 
protection, and SDGs, etc.) with other organizational members is good (Bock, Zmud, Kim, Lee, 2005). 
Green knowledge sharing is the behavior of organizational members who pass information, data and 
knowledge about green concerns and issues to other members and create new knowledge and learning 
opportunities to encourage others (Norton, Parker, Zacher, Ashkanasy, 2015; Chen, Chang, 2013).

Green Knowledge Sharing. GKS is the organizational members behavior which is keen to pass on 
personal information and new knowledge learning opportunities about green issues to other members 
(Bock, Zmud, Kim, Lee, 2005). Green property psychological ownership and green knowledge sharing 
are influenced by green organizational identity. Knowledge sharing of people under pressure of time is 
reduced (Chang, Chen, Yeh, Li, 2020).

Organizational knowledge sharing focuses on creating an atmosphere of environmental protection 
to create green knowledge sharing related to green issues. Green technology is a socio-environmental 
healing technology capable to reduce environmental damages and degradation while conserving natural 
resources. Sustainable green technologies used in processes and applications do not create footprint 
Aithal & Shubhrajyotsna, (2016).

Urban green innovation technology can be transferred by public government and private business 
pursuing inclusive green growth and ensuring social integration by eradicating poverty of vulnerable 
groups and maintaining the footprint of humanity within the ecological boundaries. Building an inclusive 
and green organization of available and retained talent is an arduous task (Goulden, Mason & Frasch 
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2011; Pell, 1996; Brands & Fernandez-Mateo, 2017). Green roof technology is used to tackle social 
and environmental concerns to enhance climate resilience. Green plant based green chemistry principles 
are used for green synthesis, nanomaterials, and nanoparticles (Maas, and Hox, 2005). Green and eco-
friendly nanotechnology based on green chemistry techniques tends to decrease the risks associated to 
industrial applications

Green eco-friendly nanotechnology solutions used in sustainable development goals reduces the tech-
nification threat. Environmental degradation and climate pose a threat to global sustainable development 
and the Sustainable Development Goals. The concept of achieving sustainable development goals by 
means of using and developing proven green ecofriendly nanotechnology processes further accelerates 
the spread and growth of many other systems and devices. Green nanotechnology solutions are critical in 
realizing sustainable development goals by eliminating the threat technification development processes.

Green nanotechnology treats with environmentally friendly processes of manufacturing and industrial 
use of nanomaterials able to minimize potential risks of environmental degradation and reduce health 
hazards. Green nanotechnology and nanomaterials solve many socio economic and environmental 
problems and improve the quality of life supporting the United Nations sustainable development goals 
which ca be realized by using green nanotechnology.

Green nanotechnology is based in miniature sized communication and computation devices and nano 
sensor devices, high density, and memory chips. Ensuring ecological communication among the stake-
holders disclose the relevance of environmental concerns (Abimbola, Lim, Hillestad, Xie, & Haugland, 
2010). Sustainable green nanotechnology principles and processes in the primary sector of the economy 
is related to the extraction of raw materials from nature but also in manufacturing and services. Green 
nanotechnology is used for renewable energy management systems in generation, transmission, and storage.

Long-term effects of human food are required by green manufactured nanomaterials designed ac-
cording to principles of green nanotechnology complemented with current regulations aimed to address 
sustainable development of green technology. Manufactured and processed inorganic food has increased 
the cases of illnesses leading to healthy food safety. Green design and development of health and en-
vironment using nanoscale materials is a concern to improve sustainable solutions. Green synthesis 
methods can be used to take care of adverse effects on nanomaterials on the environment and user health. 
Complementarity of mixed methods to detect contradictions, improve the results of one method using 
the results of the other method and enhance the scope and breath for different components of research 
(Greene et al. 1989).

Manufacturing green nanoelectronics devices involves complexity in the shifting from silico-based 
to molecular nanomaterials-based devices. Green nanomaterials enable the network for smart city com-
munications. Green nanotechnology develops miniaturized drones and bots equipped with artificial 
intelligence and bees, nanosatellites, and nano sensors to provide more visibility and nano-nuclear 
biological and chemical weapons. Adding nanoparticles to sustainable green nanotechnology improves 
the properties of construction materials. Green nanotechnology provides some special effect paints 
changing their color at different spaces and times. Green nanotechnology supports the design in multiple 
properties of the fashion industry.

Green nanotechnology in the service industry is intangible in nature and affected directly and indi-
rectly. Green nanotechnology innovates in educational technology through higher quality and low-cost 
and ubiquitous online education. ICCT technologies working with green nanotechnology provide intel-
ligent services in artificial intelligence, internet of things, cloud and quantum computing, 3D printing, 
etc. Green nanotechnology supports ICCT technologies to develop super-intelligent machines and human 
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beings. Green nanotechnology improves the durability, speed, and reachability of digital entertainment 
instruments (Aithal & Shubhrajyotsna Aithal, 2018).

ORGANIZATIONAL GREEN INNOVATION

Organizational green business innovations follow the principles, values and norms of economic concern, 
societal parity, and ecological accountability (Alawattage & Fernando, 2017). New green organizational 
innovations are created either in-house or external. Organizational green innovation activities are stimulated 
by green contexts-oriented factors. Organizations have attached more relevance to environmental issues 
based on green organizational identity that enhances organizational green innovation and competitiveness 
and ensures organizational competitive advantages (Geraie, Rad, 2015). Organizational identity theory 
and psychological ownership theory are combined to integrate a conceptual model.

Organizational green process innovation is friendly to the environment through developing processes 
of manufacturing goods according to their cycle (Chiou, Chan, Lettice, Chung, 2011; Kam-Sing Wong, 
2012). Organizational green innovation and actions are designed to reduce adverse environmental con-
sequences. There is a relationship between organizational green innovation strategy and actions because 
the green innovation behaviors carried out under a strategy.

Motivational mechanisms stimulate innovation to facilitate organizational green innovation. Motivated 
organizational stakeholders to pursue collective efforts towards green innovative outcomes with their 
teammates lead with values of organizational green innovation Norton, Parker, Zacher, Ashkanasy, 2015; 
Jabbour, Santos, Fonseca, Nagano, 2013). Meta-analytical research contends that prosocial motivation 
is a mechanism to link contextual factors and innovative and creative outcomes (Liu, Jiang, Shalley, 
Keem, Zhou, 2016).

Organizational green innovation addresses the potential risks and challenges of implementing inno-
vative resources and inputs supported by green efficacy (Liu, Chen, Tao, 2015). Green organizational 
innovation is related to individual tasks of organizational environmental activities to strengthen the 
organization. Some demographic variables are related to green organizational innovation behaviors 
such as age. Older people are less likely to perform employee green behaviors using more innovative 
technologies and involving changing habits and interacting with others.

Sustainable green organizations encourage employees to participate in social and environmental. 
This often means encouraging employees to participate and get involved in the social and environmental 
initiatives such as promoting to refuse, reduce, repair, reuse, and recycle. Society gives relevance to en-
vironmental issues and concerns where green organizational identity enhancing organizational creativity 
and innovation and ensuring sustainable competitive advantages (Geraie, Rad, 2015). Social acceptance 
enables the organization to attain and develop sustainable organizational green competitiveness capability.

The green competitive advantage is the concept describing the conditions to hold a position in sustain-
able and ecological management and innovation of the firm which cannot be imitated by others (Lin & 
Chen, 2017). Resources and capabilities that are not imitable provide sustainable competitive advantage 
(Barney, 1991). The resource-based view of organizational research focuses on the characterization of 
organizations (Pereira & Vence, 2012) and organizational resources and capabilities (Fong & Chang, 
2012; Marchi, 2012) such as organizational redundancy, innovation capabilities, network, embedding, 
strategy orientation and green innovation strategy as the drivers of green innovation practices.
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Organizations depend on intangible resources to enhance environmental sustainability (Singh, Del 
Giudice, Chierici, & Graziano, 2020). In a resource intensive sector, a green pioneer organization must 
have an organizational model (Elkington,1994) with a social and environmental impact.

Human resources green management deals with valuable organizational resources and assets con-
sidered based on environmental sustainability. There is evidence that the workforce engages strongly 
about the environmental sustainability development and become more organizational committed and 
satisfied. Human resource green management is engaged in organizational environmental sustainability 
management (Wirtenberg, Harmon, Russell, & Fairfield, 2007; Shoeb and Nisar 2015).

Green dynamic capability is in the nature within the organization processes. The green dynamic 
capabilities are permanently reliable in the organizations (Chen, 2008).

URBAN GREEN INNOVATION SPACES AND GREEN ROOFS

The rapid growth of the urban population and the low rate of economic development due to the pandemic, 
are leading to serious civilization problems, among others the lack of urban greener innovations spaces, 
pollution, and lack of health. Smart growth is supported by sustainable growth based on adoption of 
greener, efficient technologies, inclusive growth, fostering employment and social cohesion (Gunn, & 
Mintrom, 2016). Organizations must take an approach to stay in inclusive green organizations embracing 
elements such as equity and social justice needed to create goals, formulate, and implement strategies 
and develop public commitment (Johnson, 2017).

Organizational green innovation refers to the innovation that emphasizes the implementation of 
organizational green culture, environmental prevention of pollution and waste reduction to enhance 
organizational sustainability. Urban green innovation areas are increasing in green metropolis driven by 
the preservation and expansion of sustainable environmental development (Kalandides, Grésillon, 2021). 

Urban green innovation spaces must be defined by the limits of construction and protection. The in-
teractions of people and urban green innovation spaces are divided in public and private (Vijayaraghavan, 
2016). Public and private urban green innovation spaces co-exist and can be incorporated green roofs 
as open green spaces aimed to use multi-functionality framed in an effective landscape management. 
Public and private green spaces have differences in perception (Coolen and Meesters 2012) although 
they should co-exist (Mesimaki, et al. 2017).

People have different perceptions on private and green urban spaces with social identity and envi-
ronmental sustainability. Green behaviors are defined as the actions and behaviors on which employees 
engage linked with and contribute to environmental sustainability (Ones & Dilchert, 2012a, p. 87). This 
concept includes voluntary green behaviors beyond the job tasks referred as organizational citizenship, 
also considered as task-related environmental behavior (Boiral & Paillé, 2012; Bissing-Olson, Iyer, 
Fielding, & Zacher, 2013). Sustainable development and green jobs guidelines are adopted by the in-
ternational labor organization (ILO) for a transition towards environmentally sustainable societies and 
economies (ILO, 2015).

Public parks contribute to develop more community social interactions and livability while private 
gardens are paces for freedom and enjoying life (Coolen and Meesters 2012). Residents attach to open 
and green spaces removed from urban plans of the sustainable, green, and intelligent city. The minimum 
green urban areas should be 50 m2 per urban resident (Russo & Cirella, 2018).
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The disappearance of green urban areas due to residential and commercial purposes, enhanced by 
the urban sprawl, leads to loss of habitats, biodiversity, and recreation areas, and decrease of natural 
resources and elements (Burszta-Adamiak, Fiałkiewicza, 2019). Urban green spaces with high social and 
environmental vulnerability are the most urbanized areas with high land temperature might be prioritized 
for the implementation of urban green innovation areas and green roofs.

Traditional streets can be transformed into green urban connecting areas considered as an open space 
system and park lands. An urban green innovation belt prevents urban expansion and urban sprawl by 
merging with nearby settlements. Greenbelt conserves accessibility of open spaces along roadways and 
connect to a regional trail. Nevertheless, greenbelt was not successful to prevent urban expansion and 
sprawl but facilitates the access to open spaces (Maruani and Amit-Cohen 2007).

Intensification of investments to develop accessible green spaces conceived to cover economic, social 
and leisure needs, and activities contribute to create the sense of community and respond to the pressures 
of construction. Urban green innovation areas are open to enhance urban green innovation space networks 
and extend the green infrastructure with the functions of green roofs (Fung, 2018). Green infrastructure 
is the urban physical environment in a network of green open spaces that brings economic, social, and 
environmental benefits to residents of communities in cities, towns, and villages (TEP 2005, 1).

Green infrastructure is a way to create an attractive environment, increase the urban resilience ben-
efits by better managing stormwater, mitigating the urban heat island effect, purifying air. Green roofs 
are considered passive open green spaces that have environmental benefits and provide open spaces 
for more urban livability (Mesimaki, et al. 2017). Eco roofs are required for new city infrastructures 
and facilities. Multi-functional urban green innovation infrastructure should allocate funding for green 
initiatives of development.

The benefits of urban green innovation infrastructure include multiple socio-ecological, and economic 
benefits. Green roofs have environmental and social benefits used as multidimensional green infrastructure. 
Green roofs have some comprehensive benefits. Green roofs environmental benefits are the measure to 
enhance climate resilience and energy efficiency and provide development opportunities. Development 
of urban green innovation roofs is driven on aesthetic reasons, climate resilience and to increase prop-
erty values of buildings. Green building plays a critical role in dealing with socioenvironmental issues 
serving as an organizational platform for financial savings. Suitable buildings for green roofs could be 
improved by including roof decks and courtyards. Urban green innovation roofs developments mismatch 
in some places and areas where are needed to be prioritized.

Scholars have applied quantitative and qualitative analysis to address the needs and perceptions of 
people on green roofs. The environmental effectiveness of green roofs should improve public health 
and connect the social needs of vulnerable people (Vijayaraghavan 2016). Green roofs and solar and 
living roofs considered a multi-benefit asset bringing significant economic benefits beyond stormwater 
management, energy efficiency for cooling, improving air quality, reducing urban heat island. Loss of 
green spaces intensify heat island effect and storm water runoffs. The development of urban green in-
novation spaces and roofs are required to comply with regulations on stormwater control. A motivation 
program for the installation of eco roofs provides incentives to better management of the stormwater.

Green roofs have historically evolved from the hanging gardens in Babylon embracing the aesthetic 
values and facilitating the human interactions and increase the insulation. Le Corbusier applied green 
roofs to modern architecture. (Berardi, GhaffarianHoseini and GhaffarianHoseini 2014). In Germany 
followed by France and Switzerland occurred the research and implementation of green roofs. In Port-
land, USA in 2005 requires the city-owned buildings to build green roof while Toronto passed a bylaw 
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requiring all the new developed buildings. In Tokyo, the new constructed buildings must have green 
roofs (Vijayaraghavan 2016).

Urban green innovation areas should provide spaces for green infrastructure solutions such as the 
building green roofs, which have beneficial influence on the urban environment. The stage of operation 
of green infrastructure is the maintenance solutions. The green infrastructure is single function derived 
from the ability to effectively manage stormwater and focusing on ecological landscape conservation 
than social and economic benefits (Mell 2010). Urban green innovation roofs integrated into open space 
management have multifunctional opportunities to develop green infrastructure and benefits in urban 
communities and neighborhoods. Private and public green roofs as open spaces a multi-functional green 
infrastructure and should accommodate the urban open space needs of residents (Meerow and Newell 2017)

Well-developed urban green innovation infrastructure needs to be supported by a multi-faceted ap-
proach. The increasing awareness of green roofs to alleviate global and local environmental impacts. 
Vegetated green roofs reduce CO2 in the atmosphere naturally sequestered through the photosynthesis 
processes (Rowe 2011). It has been confirmed the capacity of green roofs to retain rainwater, reduce 
air pollutants and improve microclimate that have a positive influence in urban heat island effect (Shafi 
que, Kim & Rafi q, 2018; Burszta-Adamiak, Stańczyk & Łomotowski, 2019).

There are different types of intensive and extensive green roofs which include vegetation with different 
soil depth and weight, irrigation, plant species and maintenance. Urban green innovation projects include 
urban gardening, permaculture, guerrilla gardening, smart city and building architecture. Productive urban 
green innovation combines urban agriculture, allotment gardens and self-sufficiency culture ecologi-
cally motivated (Plattform produktives Stadtgrün 2020; Chen, Lin, Lin, Hung, Chang, Huang, 2020).

Mitigation of greenhouse gas emission technique to improve the environmental impact of agriculture 
needs to consider animal welfare the largest anthropogenic contributor (Llonch, Haskell; Dewhurst; 
Turner, 2017; Reisinger, Clark, 2018; Kucher, Heldak, and Orlenko, 2018). Wasteland spaces can be 
converted into a place of productive greenery and developed into natural and green innovation areas 
that preserve and increase the ecological value and be used also as place for joint creation and learning, 
(Nachhaltiges Berlin, 2020; Green Berlin, 2020).

Rehabilitation of buildings using energy optimization should consider the creation of new alterna-
tive green spaces transformed into green innovation areas for free recreational purposes. Green roofs 
provide leisure spaces and enhance aesthetical values of buildings (Sutton, 2014) reduce carbon footprint 
in urban areas (Ugai, 2016) and direct water footprint (Fialkiewicz et al., 2018). Matching urban places 
needing urban green innovation areas and green roofs in suitable buildings to determine opportunities 
to implement in communities and neighborhood

Administrative and technical support are necessary in designing, constructing, developing, and 
maintaining urban green innovation areas and green roofs. This task recommendation enhances the 
allocation of urban green innovation areas based on the structural design of buildings and the surround-
ing environmental characteristics in the community. The design and construction of green roofs need to 
consider the plant species and the development of small fauna.

The construction and application of green roofs can be achieved in large urban areas are located near 
another urban constructed areas and should not be single investments. Stovin, Vesuviano & Kasmin (2012) 
calculate that the surface of roofs account for almost 50% of the sealed urban areas with the potential for 
urban green innovation roofs. Green roofs decrease the costs for discharging snowmelt and stormwater. 
The infrastructure of green storm water initiative reduces greenhouse gas emissions and improves the 
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air quality. The development initiatives of green roofs are linked with storm water management to meet 
the flood management control required

Some studies evaluate the functionality and usefulness of constructing green roofs, such as the 
Forschungsanstalt Landschaftsentwicklung Landschaftsbau (FLL) guidelines (FLL, 2002). The FLL 
guidelines are used as the basis for the construction of green roofs. Vegetation on green roof infiltration 
reduces the stormwater runoff. Vegetated surfaces may utilize public facilities to demonstrate a mandate 
of a green buffer surrounded by parking facilities that may also function as a stormwater infiltration. 
Green stormwater infrastructure reduces the demand of grey stormwater infrastructure, enhancing the 
climate resilience.

Investments in green roofs increases the biologically active areas in urban areas and towns to mitigate 
heat island and reduce carbon emissions and improve the flood control. Cities have created incentives 
and regulatory programs to encourage implementation of urban green innovation areas and green roofs. 
The incentive programs for green roofs focus on the local level should be tied to storm water manage-
ment and combined sewers overflow control, improve water quality and quantity. Local government uses 
green roofs as infrastructure to control stormwater and reduce water pollution.

Local building codes must allow green roofs exempted from the building floor area and related to 
open spaces. The incentives for zoning to encourage the implementation of the urban green innovation 
roof should include the development of parking landscapes as one measure adopted in a stormwater 
management plan that may provide solutions (Murray 2017).

The development of green roofs value investments as an additional incentive for potential customers. 
Meeting the ecological needs of customers (Jain and Kaur 2004). There is a trend of organizations to shift 
operations towards the direction of environment-friendly processes despite the challenges of customer 
cynicism regarding organizational green actions (Kumar & Christodoulopoulou, 2014). Co-financing 
and local legal regulations for the construction of green roofs are most often used incentives. Green 
development finance has been assigned to Multilateral Development Banks, alongside public-private 
partnerships (PPPs) and new forms of finance, blended finance, bond instruments, green bonds, social 
impact bonds and development impact bonds. Urban green innovation roofs are the result of the imple-
mentation of motivational tools and other incentives for the different stakeholders.

The implementation of tools to motivate public and private investors to construct green roofs requires 
a program to gather information to identify future incentives and to formulate recommendations for the 
construction of green roofs in green urban areas. The results of reasonable investments in urban green 
innovation innovation areas and green roof should be to receive the return on investment within certain 
period in relation with regulations. Efficiency of operations in cost-savings are the concern of green 
investments.

The growing interest in green roofs in urban areas comes with the introduction of incentives. However, 
the limited incentives for green roof investments rise the construction costs. Introducing incentives for 
green roofs may increase biologically active areas by introducing nature-based solutions. The imple-
mentation of incentives is leading to the realization of green roofs in local spatial development plans.

Documenting the existing locations of urban green innovation areas and green roofs and compiling 
to determine spatial development patterns including details of purposes, types, size, locations, etc., 
focusing more on the comparison of social and environmental vulnerability among the different places. 
Local governments are relevant actors in promoting environmentally friendly solutions by granting 
financial and non-financial subsidies, regulate eligibility and increasing the surface area of urban green 
innovation roof spaces.
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The existence of types of barriers encourages local authorities to improve the use of incentives for 
the creation and functioning of urban green innovation areas and urban green innovation roofs. The most 
commonly use of incentives are the direct ones and legal regulations for the construction of regulations 
(Mentens, Raes & Hermy, 2006). Incentives must be translated from sufficient interest into motivation 
for the excessively strict requirements for the construction of green roofs such as the minimum surface 
area, to become eligible for co-financing and tax allowance.

Market demand-related incentives such as promotional instruments, are tools to determine demand for 
buildings with greenery in comparison to traditional. The implementation of financial and non-financial 
incentives is an important factor for the green roofs as a relevant element of urban environment (Brud-
ermann & Sangkakool, 2017). Financial incentives include subsidies or donations granted to reimburse 
costs of investments that are aimed to support potential investors.

The non-financial incentives include instruments of gratification. Other financial incentives are real 
property tax allowances to green roofs constructed depending on the surface area of buildings. The 
financial and non-financial incentive programs must be complementary and flexibility in terms of the 
different options of greenery design as the determining the subsidy amount of creating surfaces that are 
water-permeable along with incentives in tax allowances in snowmelt and stormwater.

The development of urban green innovation areas and green roofs are limited to regulations in local 
spatial development plans on incentives not only limited to co-financing. Some indicators to measure 
the adaptability of urban green innovation areas and green roofs are more effective to tackle environ-
mental concerns such as the land temperature and stormwater. Environmental vulnerability indicators 
in stormwater flow, air quality and pollution are considered in the analysis to acknowledge the priorities 
of all actors and stakeholders in any urban community.

The development of rural and urban green innovation tourism close to nature and based on settlements 
is becoming more relevant for the impact on green economy and ecology, with the self-employment of 
residents to provide environmentally accommodation and food to the visitors (Tomashuk, Baldynyuk, 
2021, Kolomiets, Tomashuk, 2021, Mazur, Tomashuk, 2019). The green economy development and 
the pursuit of environmental protection is bringing profits to the organizations (Chen, Lai, Wen, 2006).

CONCLUSION

This study analyzes the organizational environmental and green knowledge learning is linked to green 
technology for the environmental protection to stimulate organizational green innovation, urban green 
innovation areas and green roofs.

Organizations transform to mitigate and neutralize the environmental impact and to adapt environ-
mental sustainability. Green transformation is a multifaceted process incorporating interconnected and 
overlapping processes posing several managerial challenges. Environmental community involvement 
promotes and improve the natural environment aiming to sustainable growth of society, inspiring for 
voluntary participation in social activities. The green government should make and secure access to 
affordable sustainable housing in urban green innovation spaces and open buildings to create an urban 
social cohesion process consolidated in urban social movements.

Organizational networks are vital to connecting each other in the space of a green movement. The 
environmental movements along the nongovernment organizations and environmental foundations lack 
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of racial diversity despite the efforts to increase diversity and inclusion (Johnson, 2019) Residents also 
express their intentions to be involved in discussions and debates to develop a green urban framework.

Adding green components to technology can become sustainable green technologies able to avoid 
degradation and provide clean environment. Green roof technology is used to tackle social and environ-
mental concerns to enhance climate resilience. Green roof is related to be linked to resilience, restorative, 
and accessible. Green nanotechnology represents opportunities and challenges in industry to encourage 
growth by supporting nanotechnology usage.

Gain competitive advantage through the implementation of a sustainable organizational strategy is 
relevant for the survival. The organizational green shared vision should involve sustainable business 
goals. Long-term organizational green innovation strategy must stimulate followers to implement green 
operations. Organizational socio ecological strategies are formulated an implemented to achieve green 
competitiveness (Wang, Hu, Dai, & Burns, 2021).
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ABSTRACT

Historically, water has played an essential role in choosing the location and settlement of a habitat and, 
consequently, in the configuration of the landscape, building, and urban context. The quality of the in-
habitants’ hygiene and health depends on water and sewage treatment. Water supply and sanitation are 
crucial to achieving end-user quality and enjoyment of the home and the city. This case study focuses 
on the city of Madrid, intrinsically related to water from its origin and name. Therefore, the “mayra” 
abounds in Madrid and is the “mother of water.” The latter refers to Madrid’s location surrounding a 
large fountain that produced a stream that flowed into the Manzanares River. It recovers photographs 
of the landscape found in unpublished historical and military archives with the intention of showing 
certain excavations that affected the El Pardo Woodlands, such as Janini’s artesian wells and other 
missing projects in the Manzanares River Basin.

INTRODUCTION

The water challenge that the GWP (Global Water Partnership) proposes is that managing the world’s 
water resources is foundational to development. If we intend to contribute to poverty reduction, human 
health, and economic prosperity, we need to pay attention to water. The key principal requirements to 
achieve hydric health and safety in countries are: keeping watersheds and aquifers in balance, keeping 
rivers clean, achieving total coverage of drinking water, drainage and sanitation, and making population 
settlements safe from floods caused by extreme precipitation and hurricanes. Fueled by possible effects 
of climate change as well as future alterations in parameters such as precipitation, temperature, and hu-
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midity will modify the balance of our ecosystems and perhaps expand the range of pest vectors. It could 
also impact water dependent species that make up the biodiversity and cities may be affected as well.

This case study focuses on the city of Madrid, intrinsically related to water from its origin and name. 
Madrid was originally a Visigoth settlement called “Matrice,” a Latin word meaning “womb.” Later, the 
Muslim Madrid received the name “Mayra,” which means “mother of water” or “water vent.”

Finally, the word acquired the Mozarabic suffix “it,” which resembles the Latin “etum” indicating 
abundance. Therefore, the “mayra” abounds in Madrid and is the “mother of water.” The latter refers to 
Madrid’s location surrounding a large fountain that produced a stream that flowed into the Manzanares 
River. The Madrid so-called viajes de agua or “water trips” are water channels that were used to provide 
water to the city in the 17th century. Now, Madrid’s water supply is managed by the Canal de Isabel II, 
a public entity created in 1851. This canal is responsible for the supply, depurating wastewater, and the 
conservation of all the natural water resources of the Madrid region.

Despite the critical role of the Canal de Isabel II, the issue lay in how to improve the sanitation of 
the Manzanares River. Adequate waste channeling was imminent due to the stench of stagnant water in 
the river. The first action of the Green Railway Corridor introduced urban renewal processes, resulting 
in architectural renovation at formal and social levels, which had a positive impact on the area’s image. 
The subsequent large-scale intervention in Madrid was spatially parallel to the previous Green Railway 
Corridor action and provided the renovation that the south of Madrid required.

BACKGROUND

Magerit means “land rich in water.” This is how the Arabs called this area on the central plain of the 
Iberian Peninsula, close to Sierra de Guadarrama, where King Phillip II of Spain later established the 
royal court. Later on, it grew into the large city we know today.

The first historical record of Madrid dates back to the year 865 when Emir Muhammad I commis-
sioned the construction of a fortress in the village of Mayrit on the banks of the Manzanares River. Mayrit 
means “plenty of waterways.” For eleven centuries, the original Arabic “qanat” underwent successive 
extensions to increase its capacity as the population grew (Figure 1).

Figure 1. Hamman Al Ándalus. Atocha Street in Madrid and Hamman Al Ándalus location at Texeira 
Plan location. Source: Archivo Histórico de la Villa. Madrid
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Various studies show the subsoil of Madrid as “a great basin of 3,700 square kilometers of groundwa-
ter.” In turn, hydrogeologists explain that the alternation of absorbent hills and permeable troughs allow 
for upwelling in wetlands and ponds. The viajes del agua or “water trips” in historic Madrid follow the 
“qanat” and were built between the 8th and 9th centuries during the Arab domination of the citadel and 
the primitive Mayrit (or Majerit) (Figure 2).

The Manzanares River route comes from one of the purest natural places in the capital city and it is 
important to analyze its course. The El Pardo Woodlands is known to be the largest natural setting in 
the Community of Madrid and it is the oldest Royal Site in the Spanish capital. These hunting grounds 
were declared a Special Protection Area for Birds in 1987. The National Heritage has granted land us-
age for various sporting and socio-recreational activities as well as research centers that are considered 
of special social interest. One important intervention developed at El Pardo Woodlands is the artesian 
wells constructed by engineer Janini between 1910 and 1920. The other one is the construction of swim-
ming pools on the Manzanares River and other things that affected the river during these centuries. The 
meticulous studies and field work in agricultural experiments by the engineer, Janini Janini, led to the 
first hydrodynamic testing canal called CEHIPAR in Spain, which is in the El Pardo Royal Site. Other 
engineers also carried out agricultural investigations such as Maluquer and Mesa (Maluquer and Salva-
dor and Mesa and Ramos 1909), who worked on new techniques for artesian wells in the United States. 
Janini’s work inspired the implementation of a modern water supply network and urban sanitation in El 
Pardo that later favored a new installation by Méndez in the 1940s.

The history of interventions on the Manzanares Canal is a collection of incomplete plans shaped 
around political premises since the beginning of the 18th century. Initially, the idea was to connect the 

Figure 2. Manzanares River basin. Source: urban-e.aq.upm.es
“Viajes del agua” or “water trips.” Source: madrid.es
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river with Toledo but Carlos Lemaur planned to connect it with Seville. However, this proposal was 
not viable due to its high cost. Furthermore, there was not much knowledge of the project that Jacques 
Hardoin-Mansart de Sagone presented in 1768 because he lost his patents two years later. Charles III 
entrusted the project to the businessman Pedro Martinengo and a less ambitious project followed.

The goal of connecting Madrid with the sea led to the construction of dams, wharfs, locks, bridges, 
and mills, but it was not until 1826 that Miguel de Inza succeeded in implementing navigation through 
the river. For a historical comparison of the Madrid skyline from the southwest, we have the view that 
artist Antonio Joli painted in 1753, showing the Manzanares River from the Bridge of Segovia1.

The Royal Palace stands out on the left, as well as the Ermita de la Virgen del Puerto (built in 1716) 
at the foot of the river and what would eventually be called La Isla on the Manzanares River. Several 
domes and towers of the many churches and convents of the capital can be seen in the distance (Figure 
3). Francisco de Goya’s view is taken from another angle further south than Joli’s, from the Toledo 
Bridge2 below the San Isidro Hermitage (Figure 4).

Figure 3. Picture of the Bridge of Segovia (called “puente segoviana” here) and Manzanares River 
oil on canvas by Antonio Joli. Source: Royal Academy of Fine Arts of San Fernando in Madrid (1753) 
and picture of washing at the Bridge of Segovia on the Manzanares River. Source: Otto Wunderlich’s 
Archive (1917)

Figure 4. San Isidro Prairie oil on canvas by Francisco de Goya. Source: Museo del Prado de Madrid 
(1788) and Pradera de San Isidro - San Isidro Prairie. Source: Otto Wunderlich’s Archive (1917)
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There are several researchers who have lent their studies to the Madrid landscape, highlighting im-
ages and plans of the current context of Madrid based on the historical context (Rodríguez Romero, 
2018) and so, there are new ways of researching using graphic language that favors the understanding 
of the context of Madrid for its improvement. “It becomes necessary to examine the concept of peri-
urban landscape in relation to current challenges of sustainable development, as well as the benefits of 
urban, green infrastructure in the contour of the city...After identifying the green infrastructure that act 
as thresholds in the city of Madrid, we focus on the south-east diagonal of the capital in order to reaffirm 
its importance in the construction of the image and identity of the city. We defend the importance of 
urban, green infrastructure to and from the city, suggesting the necessity of a supra-municipal planning 
tool to change the peri-urban landscape, usually perceived as subsidiary, to deem the proximity vision 
of the city as relevant for its design” (Santo Tomás, 2020).

In turn, Muñoz de Pablo, researcher and expert in drawing and documentation of architecture and 
cities, specifically in El Ensanche de Madrid called, The Madrid´s Expansion, wrote, “The Castellana 
stream is the only one that, in addition to collecting rainwater from the slopes that flow into it, has chan-
neled water from the Castellana natural spring located in the northern lands about 1,000 m from the 
fence. It ran through the land in a north-south direction as far as the Abroñigal stream, to finally join 
the Manzanares.

The Leganitos stream ran from the street named after it in a southwesterly direction towards the San 
Vicente slope and entered into the Palace Park. The Arenal and Minillas streams flowed into it, run-
ning through the north-south watercourse located to the west of Príncipe Pío Mountain. Segovia Street, 
located in the hollow of the valley of San Pedro, runs along the bed of the old stream that flowed into 
the Manzanares River at the Bridge of Segovia” (Muñoz de Pablo 2006).

At the end of the 19th century, and due to the fact that the Manzanares River was used insalubriously, 
some regulations preventing the digging of wells at less 30 meters from the river and making the clean-
ing of the facilities in the early hours of the morning became necessary. The regulations also established 
that lifeguards be present in all bathing areas3 and for children under ten years of age to be accompanied 
when bathing4. “Dyers, brass workers, and leather workers” were prevented from washing their work 
tools in the bathing areas as well (Municipal Ordinances Project 1886).

Therefore, and as described below, the purpose of this study is to put in order all these historical 
interventions that precede what happened in the 20th century and the hygienic improvements that were 
implemented in the 21st century and have favored the environmental quality of the banks of the Man-
zanares River in the capital of Spain.

OBJECTIVE AND WORK METHOD

The purpose of this case study is to compile the most relevant historical hydraulic actions that have been 
carried out in Madrid from the 19th to the 21st century. It shows the water purification and collection 
systems of the Spanish capital that were designed to overcome water shortages during the reign of Isa-
bel II. These systems provided engineering references for other cities and also showed how subsequent 
engineering actions modified the terrain, the landscape, and the course of the Manzanares River with 
the sole purpose of making Madrid a safe, healthy, and cutting-edge city in terms of water supply and 
purification.
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The topographic actions of the artesian wells of engineer Janini that began in the Royal Site of El 
Pardo at the beginning of the 20th century and together with the CEHIPAR have also been a reference. 
Other references are the pools of the Manzanares River of the mid-20th century, the modifications to 
the railway line, and the new building implementation that began in the late 20th century with the Green 
Railway Corridor project. The most important topographical actions took place at the beginning of the 
21st century with the creation of storm tanks and the Madrid-River to bury the traffic lanes. Hence, 
the case study in this research analyzed the similarities between these interventions that are separated 
by a century using graphic and photographic restitution. The aim is to understand how the banks of the 
Manzanares River have changed and how they have adapted to technologies and new requirements in 
the transformation from a historical city to a Smart City.

The analysis is focused on the interventions that have made the banks of the Manzanares River what 
it is today. Without all these actions, which seemed to be the result of specific needs within specific 
spaces and time periods, the Manzanares River would not have provided Madrid with the current urban 
quality. The mere fact of establishing the chronology of all these interventions implies a study of the 
question that requires researching different archive resources since different fields of study are involved 
(topographical, geological, aeronautical, hydraulic, landscape, and building).

Also, this study recovers photographs of the landscape found in unpublished historical and military 
archives with the intention of showing certain excavations that affected the El Pardo Woodlands, such 
as Janini’s artesian wells.

In the development of this study, the proposed objective is to examine what occurs in the subsoil of 
the protected area of the El Pardo Woodlands and how that has transformed the gardening, landscape, 
and urban development into what it is today. This case study also brings to light interventions that fa-
cilitated the river’s channeling, use, and enjoyment in the 20th and 21st centuries. These interventions 
have modified the natural terrain and, for different reasons, have impacted the area from the subsoil 
to the surface. These engineering works conditioned subsequent interventions in the design of water 
networks, sanitation, and other infrastructure, which had an impact on the urban layout of El Pardo and 
the capital city of Madrid in the 20th century.

The method proposes to start by first understanding the materials used and the unpublished informa-
tion found in archives and, secondly, to give an overview of what exactly was done to obtain the data 
as well as requesting information outside the chronological framework of the goals of study in order to 
find starting or conclusive points within documents that were previously unpublished, non-digitized, 
or unsolicited. In this study, photographs have been recovered and oral sources who participated in the 
analysis of certain photographs were used. Part of the published documentation reviewed that was used 
as bibliographic references has been relocated due to changes in the management of some archives. 
These documents include the Map Library of the General Military Archive of Madrid and the Central 
Military Library. Also, there have been updates to other documents in places such as the National Heri-
tage Palace General Archive. Therefore, updating some data has been part of the objectives of the study, 
thus speeding up the search for future research. Diagrams are used to explain the research methodology 
of sources detailed in this chapter.

To establish the chronology, it was essential to contrast photographic documentation with historic 
plans and analyze the layouts. Also, superimposing the urban layouts helps to understand building and 
residential development.
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CASE STUDY: EL PARDO AND THE MANZANARES RIVER BASIN IN MADRID

With the purpose of carrying out a study on the impact of water networks on the landscape, it is neces-
sary to first review the chronology of the actions involved. It is important to take into account the current 
concept of a Smart City, which is included in the new Spanish regulations drafted by AENOR5.

The origins of these interventions must be analyzed before a more in-depth analysis of the impact 
of the water networks on the landscape. The origins date back to the mid-18th century with the first 
designs of the Manzanares River6, followed by the construction of the Isabel II Canal in the mid-19th 
century up to the Madrid-Río Project, which was inaugurated in 2011. The second step involves overlay-
ing the routes of actions that refer to the banks of the Manzanares River from Monte de El Pardo to the 
Madrid-Río Park on top of each other as well as identify the storm tanks and the water paths that affect 
the riverbank called the Journey of the Health Fountain.

Projects Carried Out on the Manzanares River in the 19th Century

1.  Canal de Isabel II

Canal de Isabel II in English,7 was created when Madrid was planning a future Ensanche de Madrid. 
Since its inception, the canal has faced the challenge of providing water to a growing population. The 
origins date back to the construction of the Ponton de la Oliva Reservoir. The dam’s stone foundation 
was laid on August 11, 1851. The waters destined to supply Madrid were to come from this dam8. Fol-
lowing years of work and many difficulties, on June 24, 1858 the inauguration of the arrival of water 
from the Lozoya River to Madrid took place.

Figure 5. Inauguration of the Canal de Isabel II on June 24, (1858) and the Tanque de Luis Moya
Source: canaldeisabelsegunda.es. First water tank. Source: alumnoshistoriasdevida.blogspot.com
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The water flowed from the Pontón de la Oliva to what is today known as the First Reservoir of the 
Campo de Guardias9. The first water tank was built between 1907 and 1911 by engineers Luis Moya and 
Ydígoras González (Capitel A., García-Gutiérrez Mosteiro J. 2000) and Ramón Aguinaga. Today, it is 
no longer in use and is now home to the Canal de Isabel II Art Room (Figure 5). The tower was made 
of stone, brick, and iron and was thought to be a polyhedral shape with twelve sides. It was a complex 
feat of engineering that could hold more than 58,000 cubic meters of water10. It was constructed to com-
memorate the arrival of water from the Lozoya River to Madrid.

By November 1850, Charles Clifford11 was running a photographic portrait gallery in Madrid and 
constructed aqueducts that were almost eighty kilometers long. It was crowned one summer afternoon 
in 1858 with the spectacular arrival of the waters from the Lozoya valley to the source that then presided 
over the Glorieta de San Bernardo. From that moment on, the modern intakes of the canal were replac-
ing the trips. The Amaniel water trip (Figure 6) was a water trip from the city of Madrid that was built 
between 1614-1616. It was on royal property and was created during the reign of Felipe III to supply 
the Alcázar12, as well as three other public fountains: the Matalobos, the Priest, and the fountain in the 
square of the armory.

The Royal Heritage was passed on to the Madrid Water Board in 1954. In 2018, restoration work 
began to allow educational visits. Since 2019, it has been possible to visit the interior of the galleries 
on Calle Juan XXIII.

“Despite everything, Amaniel’s water trip still remained operational for almost a century. A multitude 
of administrative files date back to the late 19th and early 20th centuries that reveal that the growth of 
Madrid to the north, now known as the neighborhoods of Fuencarral, Tetuán, and Chamartín, was gradu-
ally contributing to its dismantling. Among them we observed the withdrawal of many neighbourhoods 
that hindered the passage in the new streets, the excavation of wells near the trip to supply recently built 
properties, or the progressive abandonment of small branches” (Muñoz de Pablo 2006).

2.  Artesian Well Projects by Engineer Rafael Janini Janini and the Impact on the Landscape as a 
Result of Topographic Interventions

Figure 6. Construction of the Amaniel Canal or Viaduct. Source: Charles Clifford’s Archive (1856)
Amaniel Canal or Viaduct today along the Pablo Iglesias de Madrid Street. Source: author’s picture (2013)
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In 1904, Alfonso XIII encouraged agriculture and livestock usage within the Royal Site of El Pardo. 
As a result, the Royal Palace cultivated large plots in the woodlands with around five hundred hectares 
of non-irrigated land. A wire fence was built around it to protect the crops from both large and small 
game. Numerous wells were dug on several plots that reached about one hundred and ten meters in 
depth. These wells, near Queen Victoria’s Bridge, yielded about eight hundred liters of water per minute 
and could shoot out of the ground more than twenty meters high. The El Pardo Woodlands (Figure 7), 
a protected natural area, was first a hunting ground used by the Spanish monarchy. Later, the palace 
was located within the reserve and the area was deemed a Royal Site. These woodlands were declared 
a Special Protection Area for Birds in 1987 (ZEPA)13.

Historical underground interventions in the area, including the artesian wells (Figure 8) at the El Pardo 
Woodlands, are now undetectable. Although these elements have not yet been considered in previous 
scientific investigations, artesian wells are important factors in landscaping that has been conditioned by 
the soil and its treatment throughout history. These interventions have modified the natural terrain and, 
for different reasons, have impacted the area from the subsoil to the surface. These engineering works 
conditioned subsequent interventions in the design of water networks, sanitation, and other infrastructures, 
which had an impact on the urban layout of El Pardo and the capital city of Madrid in the 20th century.

Figure 7. “Royal Road Project”
Source: Sebastián de Rodolphe, in Archive: (A.G.P., 1741)

Figure 8. Manzanares River Source: Otto Wunderlich’s Archive (1917)
Janini at artesian well number 4 in the Telegraph Military Regiment plot in El Pardo. Source: in Archive (BCM, 1913)
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“In terms of recreation, landscaping changes have been made with the creation of hiking and biking 
trails. Hence, surveyors and engineers write articles, essays, and books, which are sometimes accom-
panied by cartography based on planimetry as well as cuts or profiles. Intrinsic values of the El Pardo 
Woodlands are recorded in a descriptive, practical, and visual style, almost to lure in visitors and out-
door recreationists, many of whom are foreigners…in order to demonstrate a specific case of interior 
well-being in relation to the landscape, two different exterior contexts in Madrid have been studied in 
accordance with the study factors of this research, which are tellurism, sacred geometry, and landscape. 
The method is described in the section titled ‘Work Method.’ These two placements are the El Pardo 
Royal Site and the Carabanchel neighborhood” (Cantarero 2021).

There were also four electrohydraulic pump installations. Two of the most powerful of these pumps 
could draw out 3,300 and 6,000 L. of water per minute, respectively. With these installations, it was ex-
pected that the total extension of irrigated land would reach 187 hectares. Grains, legumes, and vegetables 
such as wheat, barley, oats, rye, grass peas, beans, chickpeas, carob, potatoes, alfalfa, corn, turnips, beets, 
and other foods that are currently consumed were harvested in these farmlands. Crops from non-irrigated 
gardens were worked using modern, agricultural technology of the time such as moldboard plows, roll-
ers, harrows, seeders, cultivators, mowers as well as powerful steam powered threshers. Manure and 
chemicals were used as fertilizer.

The cultivation plots (in green) are named and numbered from 1 to 26. The total area is estimated 
to be 411.49 hectares. All of the plots are outside the Royal Site except numbers 25 and 26, which cor-
respond to “Mielga below the Convent next to the Manzanares” (0.16 hectares) and “Pataca below the 
Convent next to the Manzanares” (0.17 hectares). In this plan we can see crop area number 12, that was 
called Mingo Rubio, which in the 1950s was affected by the urbanization of the area known as “Colonia 
de Mingorrubio” (Figure 9).

3.  CEHIPAR Waterway Project in El Pardo

The meticulous studies and field work in agricultural experiments made by engineer, Janini Janini, 
led to the first hydrodynamic testing canal, called CEHIPAR, in Spain, which is in the El Pardo Royal 
Site. Several hydraulic projects have arisen from the development of hydrodynamic experimentation, as 
seen in the previous section on artesian wells.

Significant hydraulic works were carried out in the Zarzuela barracks, as well as new pipelines, the 
installation of a very powerful modern waterwheel, and the creation of a military stud farm, all supported 
by irrigation from artesian wells. The land between Puerta de Hierro, the road, and the Manzanares was 
given to the Madrid City Council for nurseries and gardens. The land was thus greatly embellished, 
bringing water to the mountain, taking care of the trees, and forming meadows for the practice of Drid-
Polo, golf, cricket, soccer, tennis, etc. In the National Heritage General Archive [A.G.P], authorization 
signed on May 16, 1930 by Luis Perla, General Administrator of the Royal Heritage Administration, 
authorization of the execution on March 20, 1930 by the Ministry of the Navy, and the authorization to 
the General Intendant of the Royal Household and Heritage can be seen.

This file contains, in turn, an unpublished plan presented here (Figure10) detailing the location of 
the tank on the land where the canal is located. Initially estimated to be an area of about 3.7 hectares 
(i.e., 370m x 100m. parallel to the river).
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Figure 9. El Pardo by Rafael Janini Janini
Source: in Archive (BCM, 1913)
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The buried pipeline projected perpendicular to the Manzanares River and is marked in red. It is diverted 
to a 10 x 10m water reservoir then used as irrigation for the orchards. At the same time, a pump is installed 
next to the river at the point where the development of the Jardín del Príncipe ends. CEHIPAR14 is cur-
rently used for nautical studies such as the Calm Water Canal and other naval experiments (Figure 11).

Projects Carried Out on the Manzanares River in the 19th Century

1.  Manzanares River Pools

During the year 1835, several ideas for the creation of baths and a swimming school on the Manzanares 
River were put forward15. As mentioned in the background section of this study, at the end of the 19th 
century, and due to the insalubrious usage that was being made of the Manzanares River, it was neces-
sary to adopt some regulations. These were drafted in the Municipal Ordinances Project of 1886 and, 
from then on, numerous interventions were carried out on the riverbank.

The first third of the 20th century marked the re-encounter of the city with the Manzanares. In the 
words of architect Enrique Domínguez Unceta, “Madrid had never before devoted so much attention 

Figure 10. Land of the El Pardo Royal Heritage Site required for the construction of the tank
Source: Previously unpublished plan provided by the author. (A.G.P., 1930)

Figure 11. “Canal de Aguas Tranquilas” inside the Hydrodynamic Experiment Canal, CEHIPAR, in 
El Pardo
Source: author’s picture (2013)
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to its river.” It was cleaned up and channeled (the first channeling was carried out between 1914 and 
1925) and was the subject of a general plan that was drafted in 1930, which contemplated the creation 
of bathing areas and other facilities.

A young Luis Gutierrez Soto had already been commissioned for the swimming pool project. In 1944, 
the ISLA Sports Club, later headquarters of the Real Canoe Swimming Club, was installed at the pool 
of what was called the Island of the Manzanares River (the Island was located inside the river exactly 
at the foot of what is now the Cuesta de San Vicente at the Príncipe Pio station, next to the Puente del 
Rey) (Figure 12).

The island’s water came from the river but leaked out before reaching the pool facilities. The Man-
zanares Island area was about six thousand square meters and it was decided to respect the first chan-
neling of the river (between 1914 and 1925). Gutiérrez Soto designed the Madrid swimming pools in 
a building that emulated a ship, with curved facades and large glass surfaces, portholes, and an almost 
total absence of decoration in accordance with the precepts of rationalism. Simple and functional shapes 
prevailed in the materials used such as concrete, steel, glass, and concrete. During the years of war, a 
shell affected the structure and, following the end of the war, the facilities were rebuilt. However, in 
1947 the overflowing of the Manzanares River affected the pools again. Moreover, as it also constituted 
an obstacle to the new locks system plan, it was decided to close them in 195416.

2.  Railway Infrastructure and Building Growth Project in the Green Railway Corridor

Despite the critical role of the Canal de Isabel II, the issue lay in how to improve the sanitation of 
the Manzanares River. Adequate waste channeling was imminent due to the stench of stagnant water in 
the river. The first action of the Green Railway Corridor project introduced urban renewal processes, 
resulting in architectural renovation at formal and social levels, which had a positive impact on the area’s 
image. The subsequent large-scale intervention in Madrid was spatially parallel to the previous Green 
Railway Corridor action and it provided the renovation that the south of Madrid required (Figure 13).

Figure 12. La Isla en el Plano de Texeira (1656) and photograph of the Island of the Manzanares River 
where architect, Luis Gutiérrez Soto, built the pools that were inaugurated in 1931, reconstructed in 
1947, and demolished in 1954. Aerial military photograph (A.H.M., 1944-1954)
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It is apparent that it gained wide social acceptance and its social benefit was analyzed by the Institute 
of European Studies of the Autonomous University of Barcelona (Riera, 1995). As an integral urban 
operation, it achieved a unitary design of all the elements that affect the formalization of the space, 
understanding that they are a single entity made up of urban roads, railway tunnels, subway parking 
lots, definition of building plots, the design of paving slabs, and the ceramic cladding of the plinths of 
the vertical walls of the station platforms. In the latter, the material is reworked to reflect the idealized 
profile of the Madrid cornice, whose image served as the basis for the consortium’s corporate image.

Projects Carried Out on the Manzanares River in the 19th Century

1.  Storm Tanks Project

The Real Estate boom or bubble at the beginning of the 21st century lasted only the first seven years 
of the century and with the arrival of the crisis in 2007, the change was appreciated in architecture 
studies and in engineering as well. However, it is worth noting that in 2007, Madrid promoted major 
engineering projects. In 2007, the Madrid Environmental Council also launched the Municipal Water 
Demand Management Plan and the Waste Water Reuse Plan, building the world’s largest storm tank to 
be completed in 200917.

This underground tank was necessary to store the first rainwater, which is the most polluting water 
(even more than sewage) because it carries all the dirt accumulated on the streets and asphalt. The tanks 
prevent the treatment plants from exceeding their maximum flow and having to discharge the untreated 
surplus into the waterways.

Due to sediment, vegetation, and fauna, large rivers can naturally take on the self-purification of part 
of the wastewater that reaches them. However, this is not the case of the Manzanares, therefore, a com-
plete network of storm tanks was necessary. The region of Madrid has 63 installations that are capable 
of retaining up to 1.46 cubic hectometers of water. It can be said that the two largest storm tanks in the 
world are located in Madrid18.

Along with the Arroyofresno (Figure 14), the capital’s most important tanks are that of Butarque with 
the capacity to retain 400,000 cubic meters, Abronigales (206,000 cubic meters), and China (136,429 
cubic meters).

Figure 13. Green Railway Corridor
Source: publicspace.org
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In addition to these, there are up to 21 other installations, which are strategically distributed on both 
sides of the Manzanares River. The M-30 road19 has smaller tanks to prevent flooding on the beltway. 
These are the Cantarranas, Cuesta de San Vicente, Ermita del Santo, Delicias Viñuelas, and San Am-
brosio tanks. Municipalities such as Parla, Fuenlabrada, Getafe, San Fernando de Henares, Pozuelo de 
Alarcon, Loeches, and Navalcarnero also have such infrastructures.

Researchers say, “In addition to protecting channels and aquifers from the discharge of water with a 
pollutant load, storm tanks serve as an instrument for the recovery of drainage flows and for the opti-
mization of the operation of wastewater treatment plants (WWTP).” (García Calvo, Carlos Joaquín and 
VVAA, 2016). Other researchers reached conclusions that advanced the essential use of hydrographs 
and polutograms to analyze the contamination level. They said, “The availability of hydrographs and 
polutograms has made it possible to carry out pollution balances and to estimate the mobilization of 
pollution generated by flows of runoff water. The instruments used and the sampling techniques de-
veloped have proven to be robust and suitable for the characterization of flows from rain in complex, 
large installations and in aggressive conditions. The information obtained through this methodology 
will allow optimizing the operation and maintenance strategies of the tanks and their complementary 
infrastructures to minimize the pressure on the Manzanares River during rainy weather” (2017, Lastra, 
A and VVAA, 2017).

Before reaching the tanks, the water passes through a series of filters to retain solid contaminants such 
as plastic bottles or other objects. Many of the solid objects that arrive with the rainwater accumulate at 
the bottom of the waterway. They are subsequently removed by different cleaning systems. The biological 
oxygen demand (BOD) parameter, which evaluates the amount of organic matter in the water, indicates 
that the contamination from the first rainwater is twice as high as that of the wastewater in dry weather.

Other cities adopted this model as a reference and have taken advantage of subway entrances (as in 
Seville in Alameda, which was created in 1982).

The Infrastructure Plan for the Improvement of Water Quality on the Manzanares River, launched in 
2005, also included the construction of 34 new kilometers of collectors and 27 storm tanks to eliminate 
all types of pollutants before they reach the riverbed. The storm tank in China was opened on February 
6, 2007 and is also part of this plan (Figure 15).

Figure 14. Arroyofresno storm tanks
Source: canaldeisabelsegunda.es
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Figure 15. Location of the tanks and storm tanks
Source: canaldeisabelsegunda.es
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2.  Madrid River Basin - Madrid-Río Project

Alongside the Green Railway Corridor intervention described above, the second large-scale interven-
tion in Madrid provided the sanitation that the south of Madrid was requesting. On the right bank of the 
Manzanares, the neighborhoods of Alto de Extremadura, Carabanchel, and Usera remained disadvantaged 
from the center of the capital and mistreated by the impact of a river, which suffered the harshness of 
the M-30 highway.

The plan was very ambitious and entailed a large economic investment for Madrid, which today proves 
to be very beneficial for the capital in several ways. Thanks to this costly intervention, the connection of 
the southern beltway was improved by burying a conflictive traffic point that intercepted with the river 
that had terrible conditions of maintenance, diversion, and hygiene. The winning project was led by 
architect Ginés Garrido20 and solved a major pollution issue not only in terms of gas emissions but also 
in terms of noise and visual pollution. This area of Madrid has been given a natural space that, together 
with Casa de Campo and Retiro Park, has a recreational and social function (Figure 16).

During the archaeological excavation process (between 2005 and 2009), vestiges of the Manzanares 
Royal Canal were found. They were carefully studied21 and evidence the model of public works under-
taken and developed during the reigns of Charles III, Charles IV, and Ferdinand VII22. The history of 
interventions in the Manzanares Canal has been an accumulation of incomplete plans forged on the basis 
of political premises since the beginning of the 18th century.

SOLUTIONS AND RECOMMENDATIONS

We continue to project Smart Cities as an ideal that meets the desires of a changing and sometimes cha-
otic society. Thus, attempting to subject ourselves to an artificial planimetric order that plays against the 

Figure 16. Madrid -Río Project
Source 1: Architectural platform. cl Source: burgos-garrido.com
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unforeseen and generates anxiety about what is to come, will always be better, especially when through 
the eyes of human positivism.

The latest actions to improve the salubrity and hygiene of the Manzanares River are projects for the 
remote control of hydraulic infrastructures and new ecological trails.

The works created a new centralized system allowing the efficient management of all the dams, as 
well as video surveillance of the dams and water discharge points into the river, such as spillways from 
the storm tanks and wastewater treatment plants. The entire system is informatively connected to the new 
control center23. This involves video surveillance of dams and spillway and treatment plant discharge 
points. Also, automation of dam gates, remote control of dam gates, remote monitoring of gauging of 
the Manzanares River, remote monitoring of the water table in the M-30 area, remote monitoring of the 
pluviometric network, and the installation of an operations center24.

Three new ecological trails were created along the Manzanares River25 for pedestrians and cyclists 
to enjoy leisure activities in a natural setting without having to leave the municipality of Madrid. This 
action provided connection and continuity with the paths used by pedestrians and cyclists beyond the 
urban sections of Madrid-Río and the Manzanares linear park26. The Villaverde path is only 360 meters 
long but allows the Novosur roundabout to be joined, which is next to a municipal walkway on the river, 
with the road that already existed on the left bank and ended in a loop next to the South Highway (A-
4). The project recovered a significantly altered and deteriorated area by going under several railway 
platforms and bridges on the A-4 highway.

The path that runs between the Manzanares and the Villaverde electrical substation is located on 
Avenida de los Rosales 143. The trail extends 540 meters and gives continuity to the existing tracks on 
the right bank without forcing walkers and cyclists to cross to the other side of the riverbed. This route 
crosses the plots that the city council has reforested to make them a carbon sink and to comply with the 
Kyoto agreements, which will be replaced by the Paris agreements in 2020. In addition, the trails have 
several paved areas equipped with garbage cans, bicycle racks, and benches for walkers and cyclists to rest.

FUTURE RESEARCH DIRECTIONS

This study opens up different research lines, which are presented below:

• -The first line requires the study of historical interventions as a settlement of future bases and the 
possible adverse impact on the city’s landscape.

• -The second future line of research is the comparative study of rivers passing through the capitals. 
The positive and negative factors of channeling networks, water sanitation, and social functions 
carried out in the basin of these rivers would be analyzed.

• -The third line of research questions and opens up criticism concerning the treatment of Smart 
City regulations that are currently being drafted. There is a need to unify the rules since the cur-
rent projects and regulations that are proposed deal separately with the different infrastructures 
such as pedestrian and vehicular traffic, railway lines, electricity, sewerage, and water supply. As a 
result, there are inconsistencies in the overall solutions for the city to function optimally.
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CONCLUSION

The first conclusion summarizes that if a city is smart because it responds to the current needs, it may 
have an expiration date based on the temporary advance of technologies and networks. However, it is 
evident that old technology continues to meet our needs today and is even being used again as optimal 
engineering systems. What is called intelligent is thus inherent from the beginning, from a project and 
historical basis (political and social, but also geological and logical) of the land and the city that uses it. 
Not everything that is useful today will be obsolete tomorrow, rather it can be put to good use. Therefore, 
dismissing the history of old interventions is a mistake when they show ways for improvement. Moreover, 
using them again is a way to understand the key to evaluating sustainable operations.

Another conclusion presented here is that the new regulations drafted to contextualize water and 
sanitation network infrastructures in a Smart City are based exclusively on their control without con-
necting with electricity, mobility, accessibility, and telecommunications regulations. Therefore, we may 
be missing an opportunity to include all of them in order to channel real sustainability.

Madrid is a complex city in terms of topography, orography, landscape, and urban aspects. As in other 
cities with great historical and heritage content, Madrid’s architecture is rich in language and culture. 
Its diversity makes the city a complicated place when it comes to intervention.

This research, and in relation to the case study, presents several new conclusions. For the first time 
the historical interventions on the Manzanares Canal, the artesian wells, and the El Pardo road are con-
nected with the major projects of the 20th and 21st centuries (the Green Railway Corridor, the storm 
tanks, and the Madrid-Río Project).

The ideal of the Manzanares Canal could not be implemented due to the creation of the railroad be-
tween Madrid and Aranjuez in 1851 also because it is difficult for railroad and hydraulic communication 
to coexist due to crossing points that are complex to solve and cause urban and rural interstices that are 
difficult to deal with. Furthermore, public and private territorial boundaries and competencies are not 
easy to manage when it comes to implementing a single idea of growth.

On the other hand, the infrastructure plan designed to improve the waters of the Manzanares River 
(with tanks and storm tanks for water purification) did not have the media coverage it deserved and 
is completely unknown to the citizens of Madrid, as are the water trips and how they are linked to the 
Spanish capital.

In conclusion, it is necessary to preserve or maintain all the plans that are initiated in cities given 
that the capitals are major tourist centers and international forums for various political, economic, and 
cultural events. Maintenance contracts must provide for the following services:

• The clearing of channels and easements defined in the technical requirements.
• Interventions on existing vegetation.
• Water quality control.
• Monitoring and surveillance of fish and wildlife.
• Care for the city’s image. The possible landscaping impact that new facilities may have on the 

city’s skyline and its urban and natural surroundings.
• The correct operation and maintenance of the electromechanical flow regulation equipment in the 

channel to deal with possible malfunctions.
• Maintenance of remote control and remote monitoring networks, as well as surveillance of the 

river’s infrastructures.
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Regarding the actions carried out with reclaimed water, for the purification and reuse of water from 
the autonomous community of Madrid, infrastructures have been continued for watering the main green 
spaces of Rivas Vacíamadrid and of a tertiary filtration system to improve the functioning and the quality 
of the reclaimed water supplied in the Soto Gutiérrez WWTP.

Among the new strategic plan actions to modernize and improve the sewage networks are the Network 
Plan to standardize the materials in the distribution networks and thus improve the quality of water, the 
Smart-Region Plan whose objective is to achieve 100% smart meters by 2030, and the Solar Plan, which 
focuses primarily on the creation of new photovoltaic plants in infrastructures of the company to boost the 
generation and self-consumption of clean energy. In terms of plans for environmental commitments, the 
most significant investments are related to the Improvement Plan for the sewerage treatment system and 
the extension of the supply of reusable water. Other investments mainly include technical compliances.

The Canal de Isabel II Company continues with its actions to automate its operations, increase the 
security of the computer systems, and the assembly of equipment and infrastructure in the telecommu-
nications network. Also, we should mention the installation of new remote-control points in different 
locations for the acquisition and transmission of data through GPRS and digital trunking, and the 3rd 
phase of process automation and integration of the WWPS of the remote-control system. Finally, the 
Ministry of the Environment, Spatial Planning and Sustainability of the Autonomous Community of 
Madrid, through Canal de Isabel II, announced in 2020 the launch of an investment program of upwards of 
€1,700 million for the 2020-2030 period. This constantly growing investment program not only represents 
the clear management advances made through the modernization of the facilities, but also encourages 
economic reactivation and the generation of wealth, wellbeing, and stable employment.

These investments in new infrastructure (and the refurbishment of old ones) improve the citizens’ 
health and well-being, as well as adapting to the new demands of use and the application of new regula-
tions of infrastructures in the city of the future or the Smart City.
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KEY TERMS AND DEFINITIONS

Architecture: Knowledge of art, science, technology, and humanity. A general term used to describe 
buildings and other physical structures. The design activity performed by an architect.

Smart City: An urban area that uses different types of electronic Internet of things (IoT) such as 
sensors to collect data and use of insights gained from that data to efficiently manage assets, resources, 
and services efficiently.

Storm Tanks: Huge underground tanks designed to store the first rush of rainwater, which is also 
the most polluting, even more than sewage, because it carries away all the dirt accumulated on streets 
and pavements. Once purified, the water can be discharged back into the rivers without threatening the 
ecology of the water flow.

Tellurism: Refers to the earth and how it behaves above and below the surface.

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://www.madrid.es/UnidadesDescentralizadas/Agua/DeInformacionsobreAgua/RecursosHidricosAlternativos/viajesAgua/Carl%20Troll%20y%20Cornel%20Braun%201974.jpg
https://www.madrid.es/UnidadesDescentralizadas/Agua/DeInformacionsobreAgua/RecursosHidricosAlternativos/viajesAgua/Carl%20Troll%20y%20Cornel%20Braun%201974.jpg


133

Landscape and Water Networks
 

Urban Landscape: Everything you can see when you look across an area of land, including build-
ings, bridges, and structures.

Urbanism: The study of how inhabitants use urban areas, such as towns and cities, and how they 
interact with the built environment. It is a direct component of disciplines, such as urban planning, 
which is a profession that focuses on the physical design and management of urban structures and urban 
sociology or the academic field of the study of urban life and culture.

Water Trips: The water trips or water travels in Madrid are part of the whole historical underground 
network of channels or “qanat” created to ensure water supply in Madrid from the Muslim period.

ENDNOTES

1  Juan de Herrera Project (1582-1584) ordered by King Felipe I. Formerly known as Puente Sego-
viana, the first references of this construction date from the 14th century, when King Alfonso XI 
of Castile authorized its construction in 1345.

2  Pedro de Ribera Project (1718-1732). Philip IV commissioned Juan Gómez de Morato design the 
first project, and it was built by José de Villarreal between 1649 and 1660. It was known as Puente 
Toledana.

3  Lifeguards will be female in the women bathing areas.
4  It was also forbidden for drunks and, as indicated in the regulation, for people “deprived of reason” 

to enter the baths.
5  Smart Cities. Infrastructures. Public Service Networks. Part 1: Water Networks. Rule or Norma-

UNE-178101-1-2015-n0055581.
6  The Royal Manzanares Canal was a very ambitious infrastructure project and due to its great techni-

cal and natural difficulties and exorbitant costs, many considered it unfeasible. It was intended to 
link Madrid with Aranjuez through a waterway with the canal splitting to go to Lisbon through El 
Tajo or through another channel to Seville, according to the project of Isidro Gonzalez Velazquez.

7  The Y in the abbreviated form of the company’s name is from the old spelling Ysabel for Queen 
Isabel II, during whose reign a modern water supply was provided for Madrid. A canal was con-
structed to provide water from the catchment of the river Lozoya.

8  Andrés Martí, was a military engineer (mid-century XVIII) that presented a project in which to 
build a two-kilometer-long canal, which ran from a dam in the Jarama to the Manzanares. The 
project was very controversial and controversial. One of the opponents Vicente Alonso Torralba 
presents a similar plan with certain modifications. One of the precursor projects in the mid-18th 
century is the one directed by Jorge de Sicre y Béjar, which mentions the use of the Lozoya, Jarama 
and Guadalix rivers.

9  Today it is an urban space delimited by the streets of Bravo Murillo, Cea Bermúdez, Boix and 
Morer, and Avenida Filipinas. At that moment (mid-century XIX) it was as a place of execution 
for prisoners sentenced to death.

10  On the exterior, the building has an exposed brick facade, adorned on the Bravo Murillo side with a 
late Romantic classicist style fountain with a representation of the River Lozoya sculpted by Sabino 
de Medina, flanked by allegories about Agriculture and Industry, by sculptors Andrés Rodríguez 
and José Pagnucci, respectively.
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11  Clifford was, together with the French photographer, Jean Laurent, one of the leading photographers 
of his day in Spain.

12  Spanish palace or fortress of Moorish origin.
13  With the reference ZEPA ES0000011.
14  Center of Hydrodynamic Experiences of El Pardo.
15  This was called Project Portici.
16  The pool suffered some damage during the Civil War, which was repaired during the early post-

war years. It was in service until February 1954, when it was demolished due to the works of the 
second canalization of the Manzanares. The island that acted as a base was also eliminated, since 
it constituted an obstacle for the planned new system of locks. In the following link, https://www.
pasionpormadrid.com/, José Antonio Arroyo Minguez says the following, “Despite my young 
age, since I was born in November 1949, I have photos and memories of the swimming pool on 
the island, where my father used to take me by bicycle. At that time everyone belonged to Canoe, 
the dean of swimming in Madrid, and in 1944 a group of members, including my father, founded 
a new swimming club, the Grupo Deportivo ISLA (ISLA Sports Group). He was Vice President 
of the Club and its true promoter until his premature passing in 1970.”When La Isla was closed, 
the Club that was founded there continued its sporting career in the Municipal pool of the Casa de 
Campo, where I have been a swimmer, coach, manager, and president at different stages.

17  Storm tanks are a very particular system that allows rainwater to be retained before it reaches the 
purification stations.

18  These are the facilities of Arroyofresno (under the Club de la Villa de Madrid) and Butarque. Each 
tank can store up to 400,000 cubic meters of water. Out of the 65 built in the entire Community of 
Madrid, 28 run through the capital city. Spain has a total of 470 tanks of very different sizes, but 
the three largest are located in Madrid and have the same capacity as all the other tanks combined.

19  The M-30 is a benchmark for mobility in the Spanish capital. It is beltway around the city with the 
characteristics of a motorway.

20  The winning proposal was that of the team led by Ginés Garrido and formed by an association of 
architecture studies of Madrid: Mrio arquitectos (Burgos & Garrido, Porras & La Casta and Rubio 
& Alvarez-Sala) in collaboration with the Dutch studio West 8.

21  By Maria Rosa Dominguez, who directed the excavation work of the area at the head of the Canal.
22  It also shows the qualified participation of architects and engineers such as Isidro González Ve-

lázquez, Miguel de Inza, Pedro Nolasco de Ventura or Martín López Aguado. In: Marin Perellón, 
José and Javier Ortega Vidal, El Canal Real de Manzanares. Historia de una obra pública olvidada, 
Madrid, Ayuntamiento de Madrid, p.11, 2009.

23  Located today in the premises of the building of Bustamante Street, 16. General Directorate of 
Water.

24  Total Budget: 2,841,593 euros. Start date: February 2011. Completion date: June 2013.
25  These routes had a budget of 474,268.46 euros.
26  It is now possible to walk or cycle along the stretches between the Franceses Bridge and the Green 

Cycle Ring to the north and the M-45 to the 630-meter-long Moncloa-Aravaca path, which begins 
on the existing path on the right bank of the Manzanares River next to the Franceses Bridge and is 
accessed via a ramp located at the intersection of Ribera del Manzanares and Santa Pola streets.
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ABSTRACT

Residential buildings are the most common scenario of fatal fires in Spain, and over the past decade, 
there has been no significant decrease of fatalities in this kind of accident, even a slight increase in 
recent years. In this context, a systematic methodology to evaluate the risk level of residential buildings, 
previously grouped into building typologies, is presented. Its application to different housing typolo-
gies allows covering large urban ensembles, providing an important information to regulators and fire 
services. The factors that most increase the level of fire risk are identified, analyzing them both by their 
construction stage and by their morphology.
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INTRODUCTION

Between 2010 and 2017, there were 1359 fatal victims in fires in Spain (Fundación Mapfre & APTB, 
2010, 2011, 2014, 2015, 2016, 2017, 2018), that is, an average of about 170 people per year. During 
this period, deaths in residential buildings represented 77% of casualties, meaning that houses are the 
most common scenario for this kind of fatal fires. 60.1% of these victims were more than 65 years old, 
this value contrasting with the percentage of people over this age in Spain, 18.3% (Instituto Nacional 
de Estadística, 2011). In other words, the risk of dying in a domestic fire is multiplied by 3.3 for the 
elderly people.

This is particularly relevant attending to demographic forecast for the coming decades: in 2064 people 
over 65 will be 38.7% of the entire Spanish population, which means that the elderly will account for 
more than the third part of the society (Instituto Nacional de Estadística, 2014). By the same date, life 
expectancy will be 95 years for women and 91 years for men; and the largest population group will be 
those between 85 and 89 years old (Instituto Nacional de Estadística, 2014).

The situation is therefore critical since, as the number of elderly people increases, it is expected 
that the number of deaths in residential fires will also increase. In fact, the downward trend that could 
be appreciated in the reduction of fatalities in domestic fires had a turning point in 2013, and it is still 
growing (Fundación Mapfre & APTB, 2018).

The main objective of this research is the creation of a systematic and regular methodology to evaluate 
and quantify the fire safety of a large number of residential buildings, and the identification of the most 
dangerous elements. Safety in these blocks built in the second half of the 20th century is often critical. 
For this reason, the conclusions of this assessment should be taken into account when considering the 
unavoidable urban regeneration that many Spanish cities will undergo. This renovation will be a great 
opportunity to solve the safety problem.

BACKGROUND

The first challenge when addressing fire safety in residential buildings in Spain is the lack of official 
data, what makes impossible to know what the risk factors behind fire events are and, therefore, design 
the more efficient measures to fight against them. At the present time, there is no nation-wide, systematic 
approach to collecting, analyzing and presenting fire loss data in Spain, in spite of being an essential 
tool for fighting against those accidents (Fernández-Vigil & Echeverría, 2019). The statistic treatment 
of the fire departments interventions in Spain is poorly regulated, and it does not have homogeneity. In 
1985, the Spanish Royal Decree 1053/1985 about the statistical treatment in the Fire and Rescue Ser-
vices was published (“Real Decreto 1053/1985, de 25 de Mayo, Sobre Ordenación de La Estadísticas 
de Las Actuaciones de Los Servicios Contra Incendios y de Salvamento,” 1985). However, since 1994, 
official statistics have not been published. Every Fire Service has its own system for fire data collection, 
according to its resources and the regulation established in each community, region or municipality, as 
appropriate (Fernández-Vigil & Echeverría, 2019).

There are only few documents elaborated by MAPFRE Foundation in collaboration with APTB 
(Professional Association of Firefighters, Asociación Profesional de Técnicos de Bomberos in Spanish) 
collecting data on fatal victims since 2010 (Fundación Mapfre & APTB, 2010, 2011, 2014, 2015, 2016, 
2017, 2018). Despite the utility of these documents, the information they present is limited and only 
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allows us to draw a very general panorama of the problem. Recently, the University of Navarra built a 
database based on news, collecting all the incidents and victims, injured and casualties, of residential 
fires in 2016 (Fernández-Vigil & Echeverría, 2019). The research concluded that the advanced age, 
living in old housing units and having a low-income profile are important factors increasing the risk of 
dying in a domestic fire.

In this context, and for the analysis, social housing blocks in Pamplona´s suburban neighborhoods built 
between 1940 and 1980 were selected. These case studies were chosen due to several reasons: On the one 
hand, nearly 50% of the total housing stock was built in these decades (Table 1). In the case of Pamplona, 
42% of these buildings are social housing, a consequence of the processes of generation of the city: large 
residential neighborhoods were created in order to give immediate response to the needs of the large 
masses of immigrant population displaced by the incipient industrial development. This process started 
on the 1950s, was consolidated in the 1960s and it lasted until the end of the 1970s (SAVIArquitectura, 
2016). In addition, the considered blocks were built before current building regulations and, especially, 
any fire protection requirement, with criteria in which quantity prevailed over quality (SAVIArquitectura, 
2016). Therefore, their safety conditions are usually far below what is required.

On the other hand, nearly 60% of fatalities in residential buildings between 2010 and 2016 lived in 
blocks, against a 40% of fatal victims who lived in single-family houses (Fundación Mapfre & APTB, 
2010, 2011, 2014, 2015, 2016, 2017). This is reasonable considering that only 21% of the Spanish popu-
lation lives in semi-detached houses and only 12.7% in detached houses (Eurostat, n.d.).

In addition, as it was mentioned above, the age of the dwellings, the age of the occupants and the 
socioeconomic profile are risk factors in case of fire. For that reason, buildings located in suburban 
neighborhoods have been selected as case studies and blocks of similar characteristics in central areas 
of the city have been excluded, since they are highly revalued due to their location. The selected dwell-
ings have suffered a gradual physical decay, together with their occupation by low-income sectors of the 
population due to their low prices (SAVIArquitectura, 2016).

The present analysis allows us to identify which typologies and elements pose a higher fire risk. 
The conclusions drawn should be taken into account when addressing the urban regeneration of social 
neighborhoods, not only from an energy perspective, but also focused on safety.

Table 1. Dwellings in Spain, Navarre and Pamplona according to year of construction. (Instituto Na-
cional de Estadística, 2011)

Year of construction Number of dwellings in Spain Number of dwellings in Navarre Number of dwellings in Pamplona

Before 1940 2387395 (9.5%) 43445 (14.1%) 8375 (9.3%)

1940-1980 11249500 (44.6%) 123465 (40.0%) 48045 (53.3%)

After 1981 10882810 (43.2%) 136265 (44.2%) 32335 (35.9%)

Unknown 688915 (2.7%) 5435 (1.8%) 1415 (1.6%)

Total 25208620 (100%) 308610 (100%) 90170 (100%)
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METHODOLOGY

For this research, first of all a series of housing blocks grouped by typologies has been selected. Then, 
their fire risk level has been evaluated, comparing their current performance with the one required by 
the Fire Document, “DB-SI”, in the Spanish Building Code, “CTE” (Ministerio de Fomento, 2019b). 
Finally, the case studies were assessed with the Fire Risk Assessment Method MEREDICTE © (Pérez-
Martín, 2014), in order to verify the consistency of the results. The different stages of the research are 
explained below and are shown in Figure 1.

Throughout this chapter, several references to different regulations, abbreviations and codes for the 
typologies are used. For that reason, a collection of all these abbreviations is presented in Table 8, Ap-
pendix 1.

Figure 1. Diagram of the methodology used in the research
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Identification of the Typologies: PrestaRener Project

To carry out the analysis in an efficient way, grouping the blocks in typologies becomes a key factor. This 
allows covering a bigger number of buildings, identifying those with the same problems and improve-
ment needs, and generating comparably results. The systematic analysis based on a classification by 
typologies has proved successful in building research (Domínguez Arribas et al., 2015; Ortega Madrigal 
et al., 2013; Rubio del Val, 2011; SAVIArquitectura, 2016).

In this case, the typologies identified in the prestaRener project, which was funded by the Ministry 
of Economy and Competitivity in Spain, have been used (SAVIArquitectura & Worcester Polythecnic 
Institute, 2016).

In that research, the blocks in Pamplona have been grouped by typologies according to the construc-
tion date, their morphology and height, and in sub-typologies according to the construction character-
ization of their components (SAVIArquitectura, 2016), all of them key factors for fire risk analysis. The 
repetitiveness of the identified typologies allows to simplify the risk characterization.

Table 2 shows the division in typologies and sub-typologies. The sample size has been calculated 
assuming a confidence level of 90%, a sample error of 5% and a variability of 0.5. The final number of 
blocks to be studied is shown in the last column of the table.

The initial research also included the typology number T5, single-family house, which was divided in 
two sub-typologies: single-family house with ground floor (T5.1), and single-family house with ground 
floor plus one (T5.2). However, it was discarded in this analysis since, as it was already mentioned, 
most of residential fires happen in blocks, which have the additional risk of the evacuation through the 
stairs when there are several stories.

Table 2. Total number of dwellings and sample size according to the PrestaRener typologies (SAVIAr-
quitectura, 2016)

Typology Sub-typology Number of 
dwellings Percentage Sample Size

T1 Linear Block

T1.1 Linear block with nearby building 
environment 432 16.8% 41

T1.2 Non-clustered linear block 576 22.4% 55

T1.3 Linear block with one orientation 33 1.3% 3

T1.4 Linear block with minimum courtyard 60 2.3% 6

T2 H Block

T2.1 H-block 202 7.9% 19

T2.2 H-block, height above Ground + 4 59 2.3% 6

T2.3 H-block with minimum courtyard 60 2.3% 6

T3 Tower
T3.1 H-tower 99 3.9% 9

T3.3 Cross Tower 6 0.2% 1

T4 T Block
T4.1 T-block, 3 dwellings per floor 28 1.1% 3

T4.2 T-block, 2 dwellings per floor 69 2.7% 7

T5 Single-family houses 
(excluded in the analysis)

T5.1 Single-family house, ground floor 78 3.0% 7

T5.2 Single-family house, ground floor + 1 868 33.8% 82

Total 2570 100% 244
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Figure 2 shows a typical floor of each typology, and Table 3 shows the main characteristics of each 
sub-typology.

Figure 2. Typical floor of the typologies analyzed in the study

Table 3. Main characteristics of each sub-typology of the PrestaRener Project (SAVIArquitectura, 2016)

Typology Sub-
typology

Year of 
construction

Minimum 
Height

Maximum 
Height

Dwellings 
per floor

Residential use 
on the ground 

floor

Average 
surface 

area of the 
dwellings (m2)

T1

T1.1 1940-1979 Ground+1 Ground+5 2 Some cases 80

T1.2 1940-1978 Ground+1 Ground+11 2 Some cases 80

T1.3 1950-1971 Ground+3 Ground+10 4 Some cases 85

T1.4 1962-1979 Ground+4 Ground+6 2 Some cases 95

T2

T2.1 1959-1978 Ground+4 Ground+4 4 No 70

T2.2 1959-1978 Ground+5 Ground+11 4 No 85

T2.3 1954-1979 Ground+4 Ground+8 4 No 75

T3
T3.1 1961-1975 Ground+4 Ground+10 4 Some cases 80

T3.2 1966 Ground+10 Ground+10 4 No 80

T4
T4.1 1964-1978 Ground+3 Ground+7 3 No 80

T4.2 1963-1973 Ground+4 Ground+8 2 No 100
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At the end of this section, it will be presented which typologies and which characteristics imply a 
higher risk of fire.

Fire Risk Assessment

The Building Code (CTE) establishes basic requirements to satisfy the objectives of habitability and 
safety of the buildings. According to Article 5.1, Part I, of the CTE (Ministerio de Fomento, 2019c), the 
designer has two options for justifying that a building complies with these requirements: either to adopt 
the solutions set out in the Basic Documents (prescriptive design), or to propose alternative measures 
whose performance is at least equivalent to those indicated in the Basic Documents (performance-based 
design).

In the case of Fire Safety, the objective consists in reducing to acceptable limits the risk that the 
building users suffer damage from an accidental fire. The Basic Document about Fire Safety, henceforth 
DB-SI, specifies objective parameters and procedures whose fulfillment ensures the satisfaction of the 
basic requirements (Ministerio de Fomento, 2019c).

For all these reasons, in order to evaluate the fire risk level in the selected buildings, the degree of 
fulfilment of the six requirements has been studied. If they do, it can be assumed that their risk level is 
acceptable. Each of the six sections refers to a basic requirement, namely: SI-1, limitation of the interior 
fire spread; SI-2, limitation of the exterior fire spread; SI-3, provision of adequate means of escape to 
ensure that the occupants evacuate the building safely; SI-4, provision of adequate fire protection systems: 
detection, control, extinction and alarm transmission; SI-5, means to allow the intervention of rescue 
and extinction services; SI-6, design of the load-bearing structure with the necessary fire resistance.

Working Method

Once the number of case studies was calculated, the working method consisted in selecting a repre-
sentative sample of buildings that have been inspected, finding a coherent distribution of the affected 
neighborhoods for each sub-typology.

To proceed to the comparative analysis between the building characteristics and the prescriptions 
in the code an inspection document was elaborated. The document is divided into seven sections: On 
the one hand, general data, which includes basic information such as the address, typology, year of 
construction, number of stories, number of dwellings and areas, among others. On the other hand, the 
construction characteristics, where the materials of the structure, facade, roof, floor slabs, and interior 
partitions are described. The remaining five sections refer to the basic requirements SI-1 to SI-5. The 
analysis of the requirement SI-6, structural fire resistance, is a really difficult task, so it was approached 
with a different method, as it will be explained in the “Results” Section.

The collection of all the required information is a complex process, especially for dwellings built 
more than 40 years ago. To guarantee the reliability of the introduced data, the inspection had two stages.

The first one consisted in the analysis of the plans and written documentation of the original projects, 
in the Pamplona City Hall Archives. The review of the technical reports, as well as the economic bud-
get and the graphic information, made it possible to extract data about the type of structure, materials, 
surface areas, uses and distribution of the dwellings.
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However, the age of the documents made it necessary to carry out a second stage of data collection, 
which consisted of a site inspection of each selected block. This second phase has three objectives: 
to collect the information which was not provided by the original plans (especially necessary in older 
projects); to verify the information shown in the plans; and finally, to check whether there have been 
subsequent interventions. In that case, it is possible that the building has been adapted to the current fire 
regulations (for example, with the installation of fire protection systems) or that there have been changes 
which affect the behavior of the building in case of fire (such as a retrofitting of the envelope, with its 
consequent change of materials).

Once all the buildings were inspected, the information was compiled in an Excel data base. Then, the 
evaluation of the risk level of every block was completed, through the analysis of the compliance with 
the basic requirements. Finally, a comparative analysis by typologies and construction date completed 
the work.

MEREDICTE © Method

The case studies were assessed in a second evaluation, in order to verify the obtained results. For this 
purpose, they were analyzed with the Fire Risk Assessment Method MEREDICTE©. This method was 
part of the CTE between 2014 and 2020. The Royal Decree 732/2019, of December 20, incorporated 
modifications to the DB-SI. For that reason, the MEREDICTE© is no longer considered applicable to 
the current version of the DB-SI (Ministerio de transportes movilidad y agenda urbana, 2020). However, 
it is still an interesting risk analysis to study the adequacy of the constructed buildings to the require-
ments of the Spanish regulations.

MEREDICTE© is a Risk Index that aims to objectively quantify the level of danger and protection 
of buildings in case of fire. It assumes that a building will always have an acceptable level of risk if the 
fire hazard is compensated by the means of protection available [1].

Global Risk Level NRG Potential Hazard LevelofGlobal� � � � � / � � �( ) = PProtection  [1]

It is considered that the risk is acceptable when the result is under 1. The level of Potential Hazard 
(PP) [2] is determined from 28 parameters, including the sector capacity (AS), parameters related to the 
fire tetrahedron (T), occupant characteristics (CO) and architectural characteristics (CA).

Potential Hazard PP AS T CO CA� � � � , � , � , �( ) = × × + × + ×( )0 4 0 3 0 3  [2] 

The level of Global Protection (NPG) [3] is determined from 45 parameters, including the presence 
of a self-protection plan (NPA), the fire resistance of the structure (RFE), the interior and exterior fire 
spread (P), the evacuation of the occupants (EO), the fire protection systems (IPCI) and the intervention 
of the fire services (IB).

NPG NPA RFE P EO IPCI IB= × × × + × + × + ×( )



� � , � , � , � , �0 24 0 4 0 24 0 12  [3]
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The components of these equations are also weighted with several coefficients that allow to quantify 
the level of danger and protection, as well as to know the relative importance of each of the hazards and 
safety measures (Pérez-Martín et al., 2010).

The risk level calculated by MEREDICTE© always refers to the safety of the building users, and 
never to the integrity of the building.

Once the first analysis was conducted, the second assessment using the MEREDICTE© Method 
was performed. For this purpose, the coefficients were introduced in a new Excel spreadsheet and the 
coherence between both results was verified.

RESULTS AND DISCUSSION

Before showing the obtained results, some clarifications are needed.
In some cases, the original projects covered several blocks at the same time. As it is quite difficult to 

give a definition of what a single building is, for the purpose, every housing part with a single entrance 
hall has been considered as a unit.

On the other hand, as the project is focused on housing the other establishments (commercial or oth-
ers) integrated in the buildings have not been considered. Only the exterior spread requirements have 
been checked for compliance.

Interior Spread

The first requirement of the Fire Safety Document, DB-SI-1, establishes that buildings must be divided 
in fire compartments, according to variable maximum surface areas depending on the use. In the case 
of residential buildings, the fire compartments cannot exceed 2500 m2.

88% of the analyzed blocks does not exceed 2500 m2 of floor area, therefore, they do not need to 
be divided into compartments. However, the remaining 12%, which exceeds the surface limit, does not 
comply with the requirements: all of them have an open staircase that connects the stories of the block, 
creating a single fire compartment. The blocks that are not correctly compartmentalized are high-rise 
buildings, between 7 and 12 stories, mostly belonging to typology T2.1 (H-block, height above Ground 
+ 4) or T3 (Tower), and they were built along the decade of 1970s.

In order to limit the fire spread between dwellings, the DB-SI document indicates that the separating 
elements must have at least 60 minutes of fire resistance (EI-60). This requirement is met in every ana-
lyzed block, since in all cases the interior partitions are made of variable thickness brick, with plaster in 
both sides. The construction solutions used to separate dwellings can be divided into five types: double-
air brick wall (7 cm), double-air brick wall (12 cm), double wall of single-air brick (5+5 cm), with or 
without air chamber, and double wall of double-air brick (7+7 cm). According to the DB-SI document, 
the fire resistance of all these brick elements varies between 90 and 240 minutes.

However, in most cases the project documentation does not contain detailed information on the floor 
slabs. For this reason, it is not possible to guarantee that their fire resistance meets the requirements.

Regarding the special risk locals of the case studies, it can be appreciated that the blocks built in the 
1940s only have electricity meter rooms. Later, spaces for the elevator machinery, storage rooms, clean-
ing and waste storage rooms, and boiler rooms also appear. In 28% of the cases, this special risk areas 
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are not correctly compartmentalized. Sometimes, a low special risk area does not have a fire-resistant 
door, and sometimes a medium special risk area does not have an independent vestibule.

According to the section 4 of the DB-SI-1 document, the construction elements used in walls and 
ceilings in the occupied areas must have a fire reaction equal or greater than C-s2, d0, and floors must 
be EFL. The requirement excludes the interior of the dwellings; therefore, the materials of the vertical 
and horizontal elements of the hallways and common areas were analyzed, only if they exceed 5% of 
the total surface of the enclosure.

All the studied blocks have a plaster finish on walls and ceilings of the staircases area, whose fire 
reaction class is A1, without the need for testing (“Real Decreto 842/2013, de 31 de Octubre, Por El Que 
Se Aprueba La Clasificación de Los Productos de Construcción y de Los Elementos Constructivos En 
Función de Sus Propiedades de Reacción y de Resistencia Frente Al Fuego,” 2013). The cladding used 
in floors are hydraulic tiles, granite, or terrazzo, which are also class A1FL without the need for testing. 
Therefore, in all the cases, the materials used in the communication areas comply with the regulations.

There are a greater variety of finishes in the doorways, for instance, ceramic or marble coatings, used 
in both vertical and horizontal surfaces. These materials are also class A1 or A1FL. In 16 buildings, the 
doorway walls were covered with wood. Seven of these cases are renovations made after 2006, when the 
current regulation was approved, so it can be assumed that the wood has been adequately treated in order 
to comply with the requirement. The remaining nine cases have not been modified after the construc-
tion, so they do not comply with the regulation, since the reaction to fire of the wood is class D-s2, d0.

The DB-SI document also establishes that the coverings used on walls of non-watertight concealed 
spaces, except those located inside dwellings, must be at least class B-s3, d0; BFL-s2 for floors. In this 
regard, a conflictive area may be the space between the top floor slab and the roof. Table 4 shows the 
construction solutions for roofs according to the decade of construction.

In construction solutions C5, C7 and C8, the roof is directly supported by the top floor slab. How-
ever, in the remaining solutions a non-watertight concealed space is created, where a fire could start. 
Therefore, these areas must have the required fire reaction class, B-s3,d0.

Table 4. Percentage of buildings using different roof construction solutions, by decade of construction

Roof Construction Solution
Percentage of blocks

1940 1950 1960 1970

C1: Wooden substructure + shingle board + curved ceramic roof tile 100%

C2: Wooden substructure + ceramic board + curved ceramic roof tile 39%

C3: Supporting brick partitions + ceramic board + Concrete compression layer + curved 
ceramic roof tile 61% 92% 27%

C4: Supporting brick partitions + ceramic and concrete board + Concrete compression layer 
+ curved ceramic roof tile 5% 21%

C5: Reinforced concrete floor slab + sloped concrete + fiber cement panel 3%

C6: Supporting brick partitions + ceramic board + fiber cement panel 30%

C7: Reinforced concrete floor slab + sloped concrete + asphalt cloth + EPS insulation (3 
cm) + Gravel 12%

C8: Reinforced concrete floor slab + sloped concrete + asphalt cloth + EPS insulation (3 
cm) + XPS (7 cm) + Gravel 9%
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Solution C3, C4 and C6 are made of double air brick walls, where a shingle board is sustained, with 
or without concrete, and a ceramic tile or a fiber cement panel as exterior cover. The fired clay pieces 
belong to a fire reaction class A1, without the need for testing, so they comply with the requirement.

By contrast, in solutions C1 and C2, which are present in 48 buildings of the sample, the roof is sup-
ported by a wooden substructure and a ceramic or shingle board. They do not comply with the require-
ment, since wood without fireproofing treatment belongs, at best, to class D-s2,d0. As it can be seen in 
Table 4 this solution is used in every block built in the 1940s, it loses prominence along the 1950s in 
favor of the roof supported by brick partitions, and it completely disappeared in later buildings.

75% of the blocks with solutions C1 and C2 belongs to the typology T1.2 (non-clustered linear block). 
These solutions also are present in the typologies T1.1 (Linear block with nearby building environment), 
T2.1 (H-Block) and T4 (T-Block).

Exterior Spread

The second section of the DB-SI document establishes that the vertical walls between buildings must 
have a fire resistance equal to or greater than 120 minutes. As it was explained before, every block with 
a single entrance hall has been considered as a unit. In order to evaluate compliance with this require-
ment, the construction solutions used in the party walls were analyzed.

The party walls are made in all the cases by air brick of variable thickness, with plaster in both faces. 
85.5% of those walls have a thickness greater than 8 cm, therefore, their fire resistance is at least 180 
minutes. The remaining 14.5% are made by a double-air brick (7 cm), with plaster in both sides. Accord-
ing to the regulation, these walls have a fire resistance of 90 minutes, so they do not comply with the 
requirement. There is no pattern in the distribution by typology or construction period of the buildings 
with this kind of party walls.

Table 5. Fire reaction of the facade construction solutions of the case studies

Facade Construction Solution Reaction to Fire

F1: Perforated or Solid Brick Wall (24 cm) + Plaster A1

F2: Brick cladding or cement mortar + Double-air brick wall (24 cm) + plaster A1

F3: Double-air brick wall (12 cm) + Air chamber + Single-air brick partition + plaster A1

F4: Perforated or solid brick wall (12 cm) + air chamber + single-air brick partition + plaster A1

F5: Brick cladding or cement mortar + double-air brick wall (12 cm) + Air chamber + single-air brick partition 
+ plaster A1

F6: Brick cladding or cement mortar + double-air brick wall (24 cm) + Air chamber + single-air brick partition 
+ plaster A1

F7: Perforated or Solid Brick Wall (12 cm) + mortar + fiberglass insulation (4 cm) + double-air brick partition 
(10 cm) + Plaster A1

F8: “Granulite” type Cladding + Cement mortar + double-air brick wall (12 cm) + Air chamber + single-air 
brick partition + plaster A2-s1.do

F9: “Granulite” type Cladding + Cement mortar + double-air brick wall (12 cm) + plaster A2-s1.do

F10: Ventilated façade (Ceramic panel + Mineral wool + Metal Framing) + Cement mortar + double-air brick 
wal (12 cm) + Air chamber + single-air brick partition + Plaster A1

F11: Ventilated facade, no data Test Needed
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All blocks comply with the requirements for distances between elements with a fire resistance lower 
than 60 minutes, for the limitation of the horizontal and vertical spread through the facade.

Regarding the reaction to fire, the facade construction systems are shown in Table 5. Solutions F1 
to F6 are different variations of a brick facade, which is always made of materials that belong to class 
A1. Solution F7, present in a block built in 1976, is the first with thermal insulation: 4 centimeters of 
fiberglass, covered on both sides by layers with a fire resistance higher than 30 minutes.

Facades F8 and F9 have a synthetic-mineral coating, composed of marble granules and acrylic res-
ins. They are present in 6 grouped linear blocks, built in the 60s, and 2 towers built in the 70s. Similar 
materials used today belong to class A2-s1,d0; but in order to accurately determine their reaction to fire, 
it would be necessary to perform the necessary test.

Facades F10 and F11 are the result of later interventions to improve the quality of the thermal enve-
lope of the building. In both cases, exterior thermal insulation has been added, through the installation 
of a ventilated facade over the exiting one. Data about F10 was obtained from the plans of three T3 
blocks, built in the 1970s. However, it was not possible in the case of the six blocks with a facade F11: 
Ventilated facade, no data. The modification introduced in the last version of the DB-SI document al-
ludes specifically to the insulation placed inside ventilated chambers. F10 complies with the regulation 
since mineral wool is class A1. For facades F11 it would be necessary to obtain detailed data to know 
if they meet the current standard.

The requirements for the limitation of the exterior spread through the roof are met in all the cases, 
and the covering materials -ceramic tile, fiber cement and gravel- always belong to class BROOF (Table 5).

Evacuation of Occupants

The most conflicting element when assessing the adequacy of the case studies to the regulation about 
the occupant evacuation is the type of staircase. As mentioned above, all blocks have a single open 
staircase. Therefore, those that exceed 28 meters of descending evacuation height will not comply with 
the regulations because they require more than one floor exit. On the other hand, blocks exceeding 14 
meters of evacuation height should have a protected staircase to be considered as a floor exit. If this 

Table 6. Percentage of blocks that comply with the required number of floor exit, by typology

The block complies with the number of 
floor exits

Percentage of blocks

T1.1 T1.2 T1.3 T1.4 T2.1 T2.2 T2.3 T3 T4 Total

Yes: The floor exit can be and is a non-
protected stair 78% 86% 67% 23% 100% 29% 10% 65%

No

The stair should be protected. The 
evacuation route is longer than 

allowed.
22% 12% 62% 29% 70% 50% 22%

The stair should be especially 
protected. There should be more 

floor exits
2% 33% 15% 100% 30% 20% 10%

The hole of the non-protected stair 
is > 1.30 m2. It is not a floor exit; 
the evacuation route is longer than 

allowed

43% 20% 3%
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is not the case, the evacuation route extends from the door of the dwelling to the exit of the building, 
exceeding the maximum permitted length (25 m). The same occurs in those buildings lower than 14 
meters, in which the floor area of the staircase hole is greater than 1.30 m2.

35% of case studies do not comply with the number of floor exits and type of stair (Tables 6 and 7). 
In order to verify whether the width of the means of escape was adequate, the occupancy of each block 
has been calculated. Then, the formulas contained in DB-SI-3 for the dimensioning of the evacuation 
elements were used. For non-protected descending stairs, the formula is A≥P/160, being A the element 
width (in meters) and P the total number of persons whose passage is expected. In the case of dimen-
sioning doors and passages, the formula is A≥P/200≥1.00 m.

10 buildings have a stair narrower than 1.00 m (between 0.75 and 0.90 meters), so they do not reach 
the minimum dimension established in the Basic Document “Safety of Use and Accessibility”, DB-SUA 
(Ministerio de Fomento, 2019a). 7 of them belonging to the H-Block typology (T2), and the remaining 
three to the T-Block typology (T4). In addition, eleven blocks do not have the appropriate dimension 
according to the formula. All of these are high-rise buildings, so they have high occupancies. Nine of 
them, built in the 70s, do not comply with the minimum width of the main door.

In all the cases, the building exit doors are hinged with a vertical rotation axis by means of an easy 
and quick opening locking system. In “Housing” use, the exit doors must open in the direction of evacu-
ation if the occupancy exceeds 200 people. This condition occurs in nine blocks analyzed, of which only 
three meet the requirement.

Those residential buildings that exceed 28 meters height must dispose means for the evacuation of 
occupants with disabilities, that may be: a pass to an alternative fire compartment through an accessible 
floor exit, or a refuge area where they can wait safely to the rescue services. None of the studied blocks, 
of which 16 are higher than 28 meters, had any of these means. This is an important issue, since data 
shows that the elderly and people with mobility impairments are the most common fatal victims in fires 
in Spain (Fernández-Vigil & Echeverría, 2019).

Fire Protection Systems

The analyzed residential buildings must dispose the following fire protection systems: portable extin-
guishers of 21A-113 effectiveness, located at less than 15 meters of any point of the evacuation route 
(excluding the interior of the dwelling), and in the special risk zones; exterior hydrants when the de-
scendent evacuation height exceeds 28 meters, and dry column when it exceeds 24 meters. None of the 

Table 7. Percentage of blocks that comply with the number of required floor exits, by construction period

The block complies with the number of floor exits
Percentage of blocks

1940 1950 1960 1970 Total

Yes The floor exit can be and is a non-protected stair 88% 53% 77% 15% 65%

No

The stair should be protected. The evacuation route is longer than allowed. 12% 37% 15% 42% 22%

The stair should be especially protected. There should be more floor exits 11% 7% 30% 10%

The hole of the non-protected stair is > 1.30 m2. It is not a floor exit; the 
evacuation route is longer than allowed 1% 12% 3%
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analyzed blocks is higher than 33 meters, so the detection and alarm systems and automatic extinguisher 
systems are not compulsory for any building.

It should be noted that 63% of the case studies do not have any fire protection system. As it can be seen 
in Figure 3, the linear typology and those blocks built in the 40s are those with the highest percentage 
of buildings without protection systems. 54.8% of the blocks that exceeds 24 meters have a dry column, 
and only 12.5% of those higher than 28 m have an exterior hydrant.

The Section 4 of the DB-SI document also states that the manual fire protection systems must be 
correctly signaled, according to the Standard “Fire Protection Systems Regulation”, RIPCI, published in 
2017 (“Real Decreto 513/2017, de 22 de Mayo, Por El Que Se Aprueba El Reglamento de Instalaciones 
de Protección Contra Incendios.,” 2017). However, 34.5% of the buildings that have these systems lack 
signage.

Fire Department Operation

When the descendant evacuation height exceeds 9 meters, it is necessary to have a maneuvering space 
that allows for the adequate intervention of the rescue services in case of fire. The conditions of such 
space are included in Section 5 of the DB-SI document, and they refer to the width, height, slope and 
resistance to puncturing of the operating space, the separation of the vehicle to the facade and accesses; 
and the width, height and bearing capacity of the approach roads.

45% of the case studies infringe some of the described conditions. There is not a pattern in the distri-
bution of the cases that comply with the requirements and those that do not by typology or construction 
period, but it depends on the urban location of the block. On the other hand, the accessibility conditions 
of the facade to allow the access of the fire department are guaranteed in all the case studies.

Figure 3. Percentage of blocks with fire protection systems, by typology and decade of construction
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Structure Fire Resistance

The analysis of the fire resistance of structural elements is a very complex task since most of the projects 
lack structural drawings. Those that do have these plans, do not provide enough information to estimate 
the fire resistance. This would imply to analyze element by element of each building in order to provide 
reliable results, which is an unfeasible task in a study of these characteristics.

All the buildings have a structure made of reinforced concrete columns and beams, in some cases with 
load-bearing brick walls. The first Instruction for the Design and Execution of Concrete Projects was 
approved in 1939 (Ministerio de Obras Públicas, 1939), and it required a minimum steel reinforcement 
cover of “more than one diameter and more than one centimeter”. This standard underwent a constant 
process of review and modifications along the period under study. The last modification was in 1973, 
with the publication of the Instruction EH-73 (“Real Decreto 3062/1973, de 19 de Octubre, Por El Que 
Se Aprueba La Instrucción Para El Proyecto y La Ejecución de Obras de Hormigón En Masa o Armado,” 
1973). This regulation maintains the same minimum coverings.

The first mandatory fire protection regulation in Spain (although it was later declared voluntary) is 
the Basic Standard of Fire Protection, NBE-CPI-81, approved in 1981, which is a date after the period 
covered by this research. This standard establishes that the steel reinforcements of the concrete structures 
should have a minimum cover of 2 centimeters, in order to ensure a fire resistance of 60 minutes (“Real 
Decreto 2059/1981 Por El Que Se Aprueba La Norma Básica de La Edificación,” 1981).

Therefore, it is not possible to guarantee the structure fire resistance of the case studies, since the 
reinforced concrete regulations applicable at the period when they were built required minimum cover-
ings lower than those stated in the fire protection regulation.

Overall Assessment of the Case Studies

Once each of the sections of the DB-SI document had been analyzed, an overall rating was performed to 
identify which morphologies and construction periods have the highest level of risk. In order to carry out 
this assessment, the number of requirements -10 in total- met by each block was quantified as follows:

Interior Spread (3): adequate compartmentalization in fire sectors, adequate compartmentalization of 
special risk locals and adequate reaction to fire of the materials.

Exterior Spread (2): The exterior spread is properly limited through dividing walls and facades, and 
through roofs.

Table 8. Percentage of blocks that comply with the prescription of the DB-SI document, by typology

Number of requirements met
Percentage of blocks

T1 T2 T3 T4 Total

Less than 6 3% 27% 30% 60% 13%

7 – 8 77% 40% 70% 30% 67%

9 – 10 20% 33% 0% 10% 20%
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Evacuation of Occupants (3): The building has the necessary number of floor exits, adequate dimen-
sions and opening of the means of evacuation, there are means for the evacuation of occupants 
with disabilities in buildings over 28 m high.

Fire Protection Systems (1): The building has all the fire protection systems required by the regulation, 
according to its characteristics.

Fire Department Operation (1): The approach conditions and the environment of the building comply 
with the requirements of the regulation.

The typologies that comply less with the prescriptions of the Building Code, and therefore they have 
the highest level of risk, are T3 Tower, and T4 T-block (Table 8). When the comparison is made ac-
cording to the construction decade, the buildings with the highest level of risk are those built between 
1970 and 1979 (Table 9).

As it was detailed in the previous sections, this is since most of the high-rise buildings belong to these 
typologies and decade. The building height is one of the most determining factors when applying the 
prescriptions of the DB-SI document, since it affects several parameters: the requirements for the interior 
spread (the necessity for compartmentalization for large surface areas), exterior spread (it is needed a 
better reaction to fire of facade material at higher height), evacuation of occupants (number of floor exits, 
protection of the stairs) and fire protection systems (the necessity of a dry column, external hydrant…).

On the other hand, T1 buildings, linear block, and those built in the 40s, are the cases that must com-
ply with the less demanding prescriptions: their small size and low height imply that it is not necessary 
to divide the building into fire sectors, nor to dispose more than one floor exit or protected evacuation 
routes, nor sophisticated fire protection systems. However, the fact that they meet many requirements of 
the regulation and that they do not have the hazards associated with high-rise buildings, does not mean 
that they are exempt of risks. Fire statistics show that older residential buildings have more fatal fires 
(Fernández-Vigil & Echeverría, 2019). This may be due to the poor condition of the electrical instal-
lation in many cases, which is the second most frequent cause of this type of accidents. Or this may be 
due to the fact that the low quality of the thermal envelope causes many occupants use portable heating 
devices, the leading cause of fatal fires (Fernández-Vigil & Echeverría, 2019).

In addition, none of the analyzed buildings had a detection and alarm system. However, several 
international studies confirm the effectiveness of smoke detectors in the reduction of mortality and 
morbidity rates from domestic fires (Bruck, 2001; Marshall et al., 1998; Stevenson & Lee, 2003; Warda 
et al., 1999) and they even conclude that these systems reduce the probability of death in a fire by about 

Table 9. Percentage of blocks that comply with the prescription of the DB-SI document, by construction 
decade

Number of requirements met
Percentage of blocks

1940 1950 1960 1970 Total

Less than 6 10% 6% 5% 36% 13%

7 – 8 90% 72% 58% 55% 67%

9 – 10 22% 36% 9% 20%
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half (Ahrens, 2019; Echeverría Trueba et al., 2020; Rohde et al., 2016). A study conducted in the Uni-
versity of Navarra revealed that 96% of fatal victims in residential fires between 2014 and 2016 died 
inside their dwelling (Fernández-Vigil & Echeverría, 2019). This does not mean that the safety of the 
evacuation routes should be underestimated, and even less in high-rise buildings. But it does mean that 
focus should be placed on the protection measures that can be implemented inside dwellings, which are 
currently almost non-existent.

It is necessary to consider these circumstances when assessing the fire risk level of the building 
stock, as well as other factors such as the age of the occupants, the presence of people with disabilities 
or mobility impairments… All of them are elements that increase the risk of fire in residential buildings. 
It would be desirable to enforce risk evaluation methods that allow a more accurate study of fire safety 
in residential buildings (Echeverría Trueba et al., 2020).

50% of building stock in Spain is previous to the first mandatory fire regulation. The urgent need in 
this country to refurbish residential buildings in order to comply with the energy efficiency standards 
are a great opportunity to also improve their fire safety. In those cases when it is not possible to meet 
the prescriptions of the regulation, the performance-based design is the appropriate tool to reduce the 
level of risk, relying on active protection systems (Echeverría Trueba et al., 2020).

Results Obtained after Application of the MEREDICTE© Method

All the cases studies were assessed with the MEREDICTE© Method (Pérez-Martín, 2014). The results 
show that none of the building have a Global Risk Level below 1. In other words, all the residential 
buildings have an unacceptable fire risk, according to MEREDICTE©. Within the “unacceptable risk” 
group, the method presents 5 categories: high (1 < NRG ≤ 1.5), very high (1.5 < NRG ≤ 2), severe (2 
< NRG ≤ 5), very severe (5 < NRG ≤ 10) or catastrophic (NRG > 10).

Figure 4. Global risk level of the analyzed buildings
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The average Global Risk Level obtained in the case studies was 6.43, very severe risk. The lowest 
average Global Risk Level was obtained in typology T1.1, linear block with nearby building environ-
ment, and the highest in typology T2.2, H-block, height above Ground + 4. Table 11 shows a summary 
of the results (see Appendix 2).

All the blocks have a risk over 2, that is, all of them have at least a sever fire risk. 11% of the build-
ings had a catastrophic Global Risk Level (Figure 4). Figure 5 shows the Global Risk Level in a boxplot, 
by sub-typology.

Figure 5. Global risk level, by sub-typology

Figure 6. Relation between building height and global risk level
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The results confirm that the high-rise buildings have the highest fire risk, and that buildings belong-
ing to T1 typology have the lowest fire risk. As it was detailed in the previous sections, this is due to all 
the requirements that must be complied by the highest buildings, according to the Spanish regulations.

In fact, there is a positive moderate correlation between the building height and their global risk level, 
with a Pearson correlation coefficient of 0.62 (Figure 6).

One of the great challenges of urban sustainability in Spain is the regeneration of social neighbor-
hoods built in the second half of the 20th century. There is a consensus on the importance of their energy 
restoration, but less importance has been given to other aspects, such as fire safety. This chapter discusses 
which factors and typologies increase the risk of fire and shows how safety is currently very weak. In 
addition, the social and demographic characteristics of the occupants further increase the risk of fire. 
For this reason, safety should be considered when addressing the regeneration of these neighborhoods.

CONCLUSION

• The systematic study of the buildings fire risk by typologies allows affording big urban ensembles. 
The results can be of interest for regulators and fire fighters. The first can inform their future deci-
sions and the latter can develop risk maps to optimize their action. The methodology created for 
this analysis can be easily replicated in any other city to obtain an approach to the fire risk level 
of its residential buildings.

• To evaluate the level of risk, it is taken as a model of “safe building” that which complies with all 
the requirements of the CTE DB-SI. It would be interesting to implement a specific fire risk as-
sessment method to analyze dwellings, which would allow a more precise study of specific factors 
of this type of buildings.

• The results for Pamplona show that the highest blocks built before the implementation of fire regu-
lations present the highest risk level. The systematic application of the MEREDICTE© Method 
confirms this result.

• Some of the conflictive elements in the analyzed buildings are: the non-watertight concealed 
spaces generated under the roof, when it rests on a wooden substructure; the open staircases in 
high-rise buildings, the absence of fire protection systems and the presence of unprotected special 
risk locals.

• Unless some of the studied buildings have been renovated, none of them has had an intervention 
in the evacuation routes. The most significative improvements consisted in the installation of ex-
tinguishers, lighting and signing.

• As part of urban sustainability, it is necessary to address the regeneration of social neighborhoods 
built in the second half of the 20th century. This regeneration must be comprehensive, and it must 
include the aspect of fire safety.

• The future architectural interventions that may be performed in these buildings are a great op-
portunity to increase their fire safety. In those cases where it is not possible to comply with the 
prescriptions of the regulation, the performance-based design is the appropriate tool to reduce the 
level of risk, based on a correct evaluation of each case study.
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KEY TERMS AND DEFINITIONS

Combustion: Exothermic reaction of a combustible substance with an oxidizer.
Compartmentation: The technique of dividing a building into a number of compartments.
Escape: The fire safety tactic of ensuring that the occupants of the building are able to move to places 

of safety before they are threatened by heat and smoke.
Fire Engineering: Design which considers the building as a complex system, and fire safety as one 

of the many interrelated subsystems which can be achieved through a variety of equivalent strategies.
Fire Resistance: The properties that establish the maintenance of the capacity of sustenance of the 

work for a determined time in case of fire.
Fire Risk: The product of 1) probability of occurrence of a fire to be expected in a given state, 2) 

consequence or extent of damage to be expected on occurrence of a fire.
Reaction to Fire: The properties that limit the initiation and propagation of the fire and the smoke 

inside the work.
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APPENDIX 1

Table 10. List of codes and abbreviations used

Abbreviation Spanish Meaning English Meaning
STANDARDS AND CODES

CTE Código Técnico de la Edificación Spanish Building Code
DB-SI Documento Básico: Seguridad en caso de Incendio Basic Document: Fire Safety
DB-SI-1 Documento Básico: Seguridad en caso de Incendio – Propagación interior Basic Document: Fire Safety – Interior Fire Spread
DB-SI-2 Documento Básico: Seguridad en caso de Incendio – Propagación exterior Basic Document: Fire Safety – Exterior Fire Spread

DB-SI-3 Documento Básico: Seguridad en caso de Incendio – Evacuación de 
ocupantes Basic Document: Fire Safety – Evacuation of occupants

DB-SI-4 Documento Básico: Seguridad en caso de Incendio – Instalaciones de 
protección contra incendios Basic Document: Fire Safety – Fire protection Systems

DB-SI-5 Documento Básico: Seguridad en caso de Incendio – Intervención de 
bomberos

Basic Document: Fire Safety – Intervention of extinction 
services

DB-SI-6 Documento Básico: Seguridad en caso de Incendio – Resistencia al fuego 
de la estructura

Basic Document: Fire Safety – Fire resistance of the load-
bearing structure

DB-SUA Documento Básico: Seguridad de utilización y accesibilidad Basic Document: Safety of Use and Accesibility
RIPCI Reglamento de Instalaciones de Protección contra Incendios Fire Protection Systems Regulation

- Instrucción para el Proyecto y Ejecución de Obras de Hormigón (1939) Instruction for the Design and Execution of Concrete 
Projects (1939)

EH-73 Instrucción para el Proyecto y la ejecución de obras de hormigón en masa o 
armado (1973)

Instruction for the Design and Execution of Concrete 
Projects (1973)

NBE-CPI-81 Norma Básica de la Edificación - Condiciones de protección contra 
incendio en los edificios (1981) Basic Standard of Fire Protection

BUILDING TYPOLOGIES
T1 Bloque lineal Linear block
T1.1 Bloque lineal en manzana Linear block with nearby building environment
T1.2 Bloque lineal no agrupado Non-clustered linear block
T1.3 Bloque lineal con una orientación Linear block with one orientation
T1.4 Bloque lineal con patio mínimo Linear block with minimum courtyard
T2 Bloque en H H-Block
T2.1 Bloque en H H-block
T2.2 Bloque en H, altura mayor que B+A H-block, height above Ground + 4
T2.3 Bloque en H con patio mínimo H-block with minimum courtyard
T3 Torre Tower
T3.1 Torre en H H-tower
T3.2 Torre en cruz Cross Tower
T4 Bloque en T T-Block
T4.1 Bloque en T, 3 viviendas por planta T-block, 3 dwellings per floor
T4.2 Bloque en T, 2 viviendas por planta T-block, 2 dwellings per floor
T5 Unifamiliar Single-family houses
T5.1 Unifamiliar, Planta baja Single-family house, ground floor
T5.2 Unifamiliar, Baja + 1 Single-family house, ground floor + 1

MEREDICTE
NRG Nivel de Riesgo Global Global Risk Level
PP Peligro Potencial Potential Hazard
AS Aforo del sector Sector Capacity
T Tetraedro del fuego Fire tetrahedron
CO Características de los ocupantes Occupants Characteristics
CA Características arquitectónicas Architectural characteristics
NPG Nivel de protección global Level pf Global Protection
NPA Plan de Autoprotección Self-protection Plan
RFE Resistencia al fuego de la estructura Fire Resistance of the structure
P Propagación interior y exterior Interior and exterior fire spread
EO Evacuación de ocupantes Evacuation of the occupants
IPCI Instalaciones de protección contra incendios Fire Protection Systems
IB Intervención de bomberos Intervention of the fire services
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APPENDIX 2

Table 11. Global risk level, potential hazard and global protection level obtained in the case studies, 
by sub-typology

Typology
Global Risk Level Potential Hazard 

Average
Global Protection 

Level AverageAverage Minimum Maximum

T1.1 4.14 2.63 8.25 2.3 0.56

T1.2 6.44 2.26 15.48 4.1 0.68

T1.3 8.07 2.53 14.20 4.7 0.62

T1.4 7.09 2.68 17.38 3.7 0.54

T1 5.75 2.26 17.38 3.5 0.63

T2.1 6.55 2.78 9.34 4.3 0.65

T2.2 19.07 16.08 22.06 8.6 0.45

T2.3 5.34 2.68 8.27 3.6 0.68

T2 8.74 2.68 22.06 5.0 0.62

T3 4.79 3.04 8.32 3.4 0.73

T4 7.55 3.01 13.44 5.5 0.73

Total 6.43 2.26 22.06 3.9 0.64
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ABSTRACT

Infrastructure and industrial projects continue to expand, resulting in a steady rise in demand for cement. 
However, it is claimed that nature and the environment suffer significant harm throughout the cement 
manufacturing process due to the cement factory’s greenhouse gas emissions. Additionally, economic 
difficulties have emerged as a result of energy usage during manufacturing. As a result, waste materi-
als have begun to be utilized in geopolymer concrete in place of cement. Therefore, environmentally 
friendly materials with a low carbon footprint have been in high demand across the world’s building 
sector. Activators are used with waste materials as binders of geopolymers without using cement. Thus, 
geopolymers have gained importance due to their environmental compatibility, sustainability, and du-
rability. This chapter comprehensively reviews the environmental suitability of geopolymers produced 
using waste materials. In addition, the authors tried to collect most geopolymer physical, mechanical, 
microstructural, and durability properties.
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INTRODUCTION

The construction sector is a significant user of natural assets. Construction consumes more than 40% 
of all resources utilized globally (Horvath, 2004), and specific resources, such as aggregate or sand, 
are becoming rare in particular areas (Ioannidou et al., 2017; Peduzzi, 2014). Reduced resource usage 
must thus be matched with reduced greenhouse gas emissions. Attempts have been devoted in recent 
decades to design more energy-efficient buildings, which has lowered the energy required to operate 
the structures. Unfortunately, the embodied energy involved with the manufacture of building materials 
was not adequately examined (Sartori & Hestnes, 2007). Also, cement, which is the principal element 
of concrete, is perhaps the biggest obstacle in combating climate change, and the world’s demand for 
it seems limitless. Cement has been extensively used as an efficient binder in mortar and concrete, and 
other building materials in the construction engineering business. Cement manufacturing is well ac-
knowledged as a significant greenhouse gas emission source (Du et al., 2017; Leung et al., 2014; Ziada 
et al., 2021), accounting for around 6% of total emissions of CO2, as recorded by the International Energy 
Agency (Á. Palomo et al., 2011).

Nonetheless, worldwide demand for OPC will almost double by 2050 (Pacheco-Torgal et al., 2011). 
A novel form of green and sustainable materials known as geopolymer was developed (Xie & Ozbak-
kaloglu, 2015). In general, geopolymer is significantly more environmentally friendly than cement in 
terms of CO2 emissions and energy consumption (Duxson, Provis, et al., 2007; McLellan et al., 2011; 
Tammam et al., 2021). Joseph Davidovits (Davidovits, 1991) presented the concept of geopolymers as 
a novel material in 1978. The previous study (S. Zhang et al., 2004) exhibited several intriguing prop-
erties, including high strength, corrosion resistance, water resistance, high-temperature resistance, and 
the presence of contained metal ions. Blast furnace slag, red mud, fly ash, glass waste, brick powder, 
and other waste materials are often employed as aluminosilicates in geopolymer concrete applications. 
The ultimate attributes of geopolymers, such as strength and setting time, are substantially influenced 
by the silica, alumina, sodium, and water ratios, which must be considered in the mix design (Rowles 
& O’connor, 2003). Geopolymers have a wide array of uses in the nuclear waste disposal industries, 
membrane materials, coating, metallurgy, repair, and transportation (He et al., 2013; H. Y. Zhang et 
al., 2015; J. Zhang et al., 2014). As aggregates typically account for 60 to 80 percent of the volume of 
concrete, designers may explore utilizing green aggregates and substituting regular cement with green 
binders such as geopolymer in an effort to make concrete more ecologically friendly. Coarse or fine ag-
gregates are crucial features in concrete because they promote mechanical strength, volume stability, and 
cost-effectiveness (Tammam et al., 2021). Waste materials such as fly ash are also used in engineered 
cement composites (ECC). Ziada et al. (Ziada et al., 2022) produced a high-performance, sustainable 
cementitious composite by using a fly ash/cement ratio of 1.25.

In industrialized nations, emphasis has been placed on fire and heat resistance and radioactive and 
hazardous waste management, resulting in advanced geopolymer resins and binders. Green-House and 
global warming concerns are the main forces for sustainable development in developing nations. Geo-
polymer Green chemistry creates new forms of low-CO2 cement in construction and infrastructure, using 
geological and industrial waste resources. Ukrainian scientist Glukhovsky discovered the potential of 
synthesizing binders using aluminosilicates (clays, rocks, and slags) and alkali metal solutions. He coined 
the term “soil cement” for the binder and “soil silicates” for the resulting concrete. This material was used 
to construct two nine-story residential structures in Mariupol, Ukraine, in the 1960s. These structures 
stand more than 50 years later (Hua et al., 2008). There were a few further structures constructed using 
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this approach. However, the first residential structure constructed entirely of alkali-activated concrete 
without Portland cement was constructed in 1989 in Lieptsk, Russian Federation (Almutairi et al., 2021).

Recent urbanization, particularly in developing nations, has exacerbated the negative environmental 
effect of cement manufacturing (Alaloul et al., 2020). As a result, it is critical that sustainable alternatives 
to cement be utilized in building applications to preserve the environment’s sustainability (Hamada et al., 
2020). Numerous waste products created by different sectors may be utilized as sustainable substitutes 
for the traditional resources used in the cement manufacturing process. Consequently, the utilization of 
such wastes in manufacturing a sustainable alternative to cement would result in a considerable decrease 
in GHG emissions, the cost of raw materials, and the use of natural raw resources connected with cement 
(Das et al., 2020). Alkali-activated materials, which result in geopolymer concrete, are a potential option 
that may be utilized entirely instead of cement in concrete (Tayeh et al., 2021).

This chapter explores the geopolymer potential as a building material with more significant energy 
savings, sustainability, and decreased carbon footprints for application in severe locations. The appro-
priate utilization of industrial waste recycling and the prevention of diminishing natural resources are 
also emphasized. The performance of geopolymers in terms of durability and mechanical properties 
can be emphasized. The widespread use of environmentally friendly geopolymers has been essential to 
reducing carbon emissions.

GEOPOLYMERIZATION

Geopolymers are formed when the materials containing aluminosilicates are mixed with the activator 
solutions and dissolved in them at various temperatures, leading to a 3-dimensional network structure 
of silicoaluminate and amorphous (De Silva et al., 2007; A. Palomo et al., 1999). Although experts 
have differing views on the reaction mechanism behind geopolymerization, the majority believe that the 
process may be separated into three various steps (De Silva et al., 2007; Duxson, Fernández-Jiménez, 
et al., 2007; Prud’Homme et al., 2011). Firstly aluminosilicate materials are dissolved in the activa-
tor solutions. They create the alumina tetrahedron unit and free silica. The second is material transfer, 
solidification/gelation, which occurs when silica hydroxyl and alumina react to produce a gel. Water is 
expelled from the structure at this step due to the hydrolysis process. The third step is that once the gel 
phase condenses, it results in forming a 3-dimensional network of silicoaluminate called a geopolymer.

GEOPOLYMER MATERIALS

Binder Materials

Fly ash (FA), metakaolin (Mk), and granulated blast furnace slag (GBFS) are often employed as geopolymer 
source materials. They are owing to their ease of availability and attractive mechanical qualities (Şahin et 
al., 2021; Tammam et al., 2021; Ziada et al., 2021). The calcium reaction at room temperature may cure 
a high calcium FA geopolymer combination. However, the poor binding strength of high calcium FA 
without additions is due to their very slow geopolymerization at ambient conditions (Somna et al., 2011).

Huseien et al. (Ghasan F Huseien et al., 2018) investigated the effect of the metakaolin on the me-
chanical properties of the produced samples. Metakaolin was utilized to partially substitute for 5%, 10%, 
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and 15% of GBFS in the geopolymer. Ternary blended geopolymer with different amounts of plum oil 
fuel ash, FA, and GBFS was created. These materials influenced the flexural strength of the geopolymer 
mortars (Ghasan Fahim Huseien et al., 2016). Numerous alkaline solutions were utilized, including a 
classic alkaline solution, sodium silicate, and sodium hydroxide composed of sodium silicate and sodium 
hydroxide. The curing period’s effect on the composites’ mechanical properties was also examined. Al-
Majidi et al. (Al-Majidi et al., 2016) investigated the impact of GBFS substitution with fly ash at 10, 
20, 30, 40, and 50% ratios on the mechanical properties of geopolymer mortars. Hani et al. (Alanazi et 
al., 2016) investigated the effect of Mk on the strengths and long-term qualities of geopolymer mortars.

Moura et al. (Moura et al., 2011) examined the impact of replacing metakaolin-based geopolymer 
with calcium hydroxide at 5% and 10% under various alkali solution concentrations. Hu et al. (Hu et 
al., 2008) investigated the bonding and abrasion resistance of geopolymer mortar when GGBFS was 
substituted for MK at 0% and 20%. Torgal et al. (Pacheco-Torgal et al., 2006) investigated using a geo-
polymeric binder composed of tungsten mine waste and calcium hydroxide at a 10% substitution rate.

Aggregates

Sands like river sand are often utilized as a filler material in the geopolymers. In addition, industrial 
wastes and recycled concrete aggregates are also used as aggregates in geopolymer mortars and con-
cretes. Ziada et al. (Ziada et al., 2021) used basalt waste as a filler in fly ash-based geopolymer. Also, 
Tammam et al. (Tammam et al., 2021) used the powders of basalt waste, marble waste, and limestone 
waste with various ratios in fly ash-based geopolymer mortar.

Activators

Alkali Activators

Several studies have demonstrated that alkali activators are commonly used to activate geopolymer 
materials. Alkaline activators are available in solid and liquid form. Activators such as Na2SiO3 and 
NaOH have been frequently employed in prior investigations. The activator sodium water glass was 
used to create a geopolymer based on MK with an approximately 60 MPa compressive strength result 
(Tchakouté & Rüscher, 2017). Using hydrated lime and solid Na2CO3 as activators in the geopolymer 
samples cured at 25 and 85 °C was able to achieve a strength of 50 and 85 MPa (Kovtun et al., 2015). 
Sodium sulfate as an activator substantially affects the early strength of FA-based geopolymers, but not 
on those with a high Fe2O3 concentration (Velandia et al., 2016).

Alkali activators based on sodium and potassium have been the most frequently utilized activators. 
Earlier research has demonstrated that sodium-based alkali activators are more effective in activating FFA 
than potassium-based activators (Helmy, 2016). When potassium compounds were used in geopolymer 
systems, they demonstrated greater alkalinity than sodium hydroxide. Potassium carbonate solid was 
an excellent activator (Askarian et al., 2018). Lithium carbonate, calcium aluminate, sodium aluminate, 
calcium oxide, and lithium hydroxide activators are combined to form the geopolymer. In addition, 
the 28-day strength of these FA-slag-based geopolymers reached 38 MPa (Askarian et al., 2019). The 
researchers showed that lithium hydroxide solution might be used as an alkali initiator to limit active 
silica dissolution (Taha & Nounu, 2008). NaAlO2 would be an intriguing raw material since it contains 
active aluminum (Al) (Helmboldt et al., 2000). As a result, it is critical to choose activators that are 
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compatible with the properties of raw materials. Olive oil biomass ash has the potential to be employed 
as an activator of geopolymers contained blast furnace slag (BFS) (Alonso et al., 2019).

Acidic Activators

While the majority of geopolymers are alkali-base composites, a few are acid-base composites. Phos-
phoric acid solutions were utilized as an activator solution to produce metakaolin-based geopolymers. 
The compressive strength of produced geopolymers was about 90 MPa (Shuai et al., 2020; Tchakouté 
& Rüscher, 2017). The consolidation of phosphate base geopolymer samples with varying Si/Al and 
Al/P ratios demonstrates that Al-rich, Si-rich, and P-poor components consolidate more effectively (H 
Celerier et al., 2018). Additionally, another research showed that acid-base geopolymers have superior 
thermal endurance and mechanical qualities than alkali-activated composites (Hélène Celerier et al., 2019).

GEOPOLYMER PREPARATION PROCEDURES

According to the literature, three primary processes are used to create geopolymer materials: The first 
one is the pouring technique. This technique is the most often utilized way of preparation, and it is iden-
tical to the procedure used to prepare standard cement concrete. Since this type of preparation demands 
a fluid paste, more water is required in the preparation, which typically amounts to 20%–40% of the 
total mass of the cementitious material. Pouring is often used to create products with intricate forms. 
Pouring is a promising approach for in situ applications, particularly for items with complicated forms. 
The compressive strength of the materials, on the other hand, is often less than 100 MPa (Barbosa et 
al., 2000; H. Ma et al., 2002; Ziada et al., 2021). The second technique is the compression molding 
technique. This approach creates a viscous colloidal slurry from the aluminosilicate solid and alkaline 
activator solutions. Following stirring, the mixture is pressed and molded at a 5–10 MPa to get reasonably 
high strength, up to 100 MPa (Wang et al., 2005). Compression modeling looks to be a viable option 
for precast construction, although managing alkali solutions might be challenging. The third method is 
the hot-pressing method, this technology combines heat and pressure to provide significantly increased 
mechanical strength in a shorter period. This allows for forming a better-developed geopolymer matrix 
and a nearly poreless structure (Ranjbar et al., 2017). Also, some researchers employ auxiliary techniques 
such as microwave-assisted method, ultrasonic aided method, and others to improve the production of 
geopolymer materials (David Feng et al., 2004). The study of Tammam et al. (Tammam et al., 2021) is 
presented as an example of geopolymer preparation. In their study, firstly, alkaline activator solution (a 
combination of NaOH and Na2SiO3) was mixed with fly ash, and then slag was added and stirred until 
homogenous. The required quantity of filler was then combined into fly ash paste. The resultant mixture 
was then cast into molds to prevent entrapped air and voids created by the vibrating sample molds. After 
an hour of casting heat, all specimens were cured in an oven at 80C for 24 hours; the samples were then 
stored in laboratory conditions until the planned testing. Similarly mixing procedure was performed 
by Al-mashhadani et al. (Al-mashhadani et al., 2018) and their mixing procedure is shown in Figure 1.
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GENERAL APPLICATIONS OF GEOPOLYMER MATERIALS

Geopolymers, in general, have significant compressive strength and low thermal conductivity. Thus, 
the geopolymers can be used as structural materials, especially given their advantageous properties, for 
instance, remaining devoid of fibers and keeping structural stability after and during fire exposure (Z. 
Zhang et al., 2014). Also, porous geopolymers have the potential to be used as adsorbent components. 
Geopolymers are used as sorbents, and owing to geopolymer cation exchange characteristics, they may 
be used as practical water treatment elements (Cheng et al., 2012). Porous monoliths (such as honey-
combs and foams) outperform typical powdered or packed-bed adsorbents because they increase contact 
duration, minimize pressure reduction, and are readily collected and recycled (Grosse et al., 2009). In 
addition, Zhang et al. (Z. Zhang et al., 2015) examined the sound absorption of porous geopolymers 
utilizing the technique of impedance tube, and the sound absorption capacity was evaluated utilizing the 
coefficient of sound absorption. They found that the composition of slag and fly ash geopolymers and 
their thickness influenced their coefficient of sound absorption.

Moreover, Ge et al. (Ge et al., 2015) examined the Ni2+ removal using a membrane of metakaolin-
based geopolymer with porosity up to 62% (volume). Additionally, they demonstrated an excellent 
prospective use for ammonium ion reduction and possible recovery from municipal wastewaters. Rice 
husk ash, Mk, and foamed with water vapor were utilized to prepare porous geopolymer to eliminate the 
cesium ions (López et al., 2014). Duan et al. (Duan et al., 2016) investigated the removal of Cu ions from 
porous geopolymers made from fly ash and iron ore tailings and foamed with H2O2. The data indicate 
that geopolymer dose, the starting Cu2+ concentration, pH, temperature, and duration of contact all had 
a significant effect on adsorption capacity. After exchanging the copper ions, specimens demonstrated 
a high degree of antibacterial activity (Hashimoto et al., 2015). Minelli et al. (Minelli et al., 2016) stud-
ied the selectivity, and the CO2 adsorption of porous geopolymers generated utilizing fume silica. At 
atmospheric pressure, the test results exhibited a promising capacity of adsorption.

Figure 1. The mixing procedure of the fly ash-based geopolymer mortar
(Al-mashhadani et al., 2018)
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PROPERTIES OF GEOPOLYMER MATERIALS

Mechanical Properties of Geopolymers

Various precursors and activators have been used to manufacture different geopolymers in the literature. 
Also, the durability, mechanical and microstructural properties, and other properties were investigated 
by many researchers. Table 1 is shown the precursor and activators used in the geopolymers and their 
compressive strength.

Corrosion and Durability Properties of Geopolymer Composites

This section contains various studies conducted on the durability of geopolymers that are reviewed. Tam-
mam et al. (Tammam et al., 2021) investigated the effect of high temperature on fly ash-based geopolymer’s 
mechanical properties. Their study exposed fly ash-based geopolymer samples to 200, 400, 600, and 
800°C. They found that the strength characteristics of the geopolymer matrix deteriorated significantly 
as the temperature increased between 600 and 800°C. As the temperature increased to 600°C, the UPV 
readings decreased significantly. Also, cracks began to form when the material’s compressive strength 
decreased significantly between 600 and 800°C, and cracks began to form. When the temperature hit 
800 C, a visible color shift occurred in the geopolymer specimen. However, the fissures remained at a 
slower pace, indicating that the geopolymer samples maintained stable conditions when exposed to high 
temperatures. Ziada et al. (Ziada et al., 2021) examined the high-temperature properties of fly ash-based 
and basalt powder waste-filled geopolymer mortars. They also investigated the effect of basalt fiber 
(BF) on the high-temperature exposed geopolymer samples. They found that the basalt fiber enhanced 
the strengths of the geopolymer samples. Also, 12BF samples treated to 800°C increased by 15.79 per-
cent for the compressive strength and 44.69 percent for the flexural strength compared to 0BF. Özcan 
Karakoç (Özcan & Karakoç, 2019) examined the resistance of slag based geopolymer produced to 5% 
hydrochloric, hydrofluoric, phosphoric, and sulfuric acids during 90 days. The samples produced using 
Elazığ ferrochrome slag demonstrated greater resistance to all acids than those manufactured using blast 
furnace slag. Zhang et al. (P. Zhang et al., 2020) provided an overview of geopolymer’s fresh qualities, 
including its endurance. This research established that geopolymer is more resistant to acid attack than 
cement composites, as strength decreases were much lower when these samples were subjected to 2% 
H2SO4 (Okoye et al., 2017) and 5% H2SO4 (Manjunath et al., 2019). Aliabdo et al. (Aliabdo et al., 2018) 
studied geopolymer’s resistance to corrosion. Numerous experiments were conducted to determine the 
resistance to corrosion, the amount of water absorbed, the depth of water penetration, and the void ratio. 
Temperature, cement addition, binder ratio, and the molarity of the activator were all evaluated in this 
study. Based on the test’s findings, corrosion resistance was more significant in geopolymer composites 
than cement composites.

Additionally, by increasing the binder concentration and adding cement to the geopolymer composites, 
they noticed a decrease in water penetration depth, voids, water absorption, and corrosion resistance. 
The MK-based geopolymer was shown to be more resistant to corrosion than the FA-based geopolymer. 
Albitar et al. (Albitar et al., 2017) investigated the corrosion resistance of geopolymer composites in 
various corrosive conditions. Magnesium sulfate solutions, sodium sulfate, and sodium chloride at a 
concentration of 5% were used to treat samples of the composites. Additionally, they were exposed to 
heating cycles, cooling, drying, alternating wetting, and 3% sulphuric acid. The results demonstrated 
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that geopolymer composites were better in corrosion resistance to all corrosive solutions and conditions. 
Furthermore, the loss in compressive and tensile strengths was less pronounced in geopolymers than in 
cement composites. Additionally, after exposure to corrosive conditions, the flexural tensile and splitting 
strengths of geopolymer composites were more significant than the cement composites.

Also, Bellum et al. (Bellum et al., 2020) examined the effect of different FA and slag concentrations 
on the durability of geopolymer composites. They evaluated the chloride and acid attack resistance and 
the porosity, water absorption, and sorptivity. The results suggested that incorporating slag into FA-based 
geopolymer improved its mechanical characteristics. Also, slag addition to geopolymer samples resulted 
in decreased porosity and water absorption and increased compressive strength due to C–A–S–H gel 
development. This resulted in a more uniform microstructure of the samples. Valencia-Saavedra et al. 
(Valencia-Saavedra et al., 2020) investigated the resistance of FA/OPC and FA/GBFS composites to sul-

Table 1. The precursor and activators used in the geopolymers and their compressive strength

Activators Precursor Compressive strength range 
(MPa) References

Sodium sulfate and Na2SiO3- 
anhydrous Fly ash sinking beads GGBFS 50–70 (C. Ma et al., 2020)

NaOH and wood biomass ash Diatomite 28–48 (Hassan et al., 2019)

Sodium carbonate Feldspar, cement kiln dust 13–52 (Abdel-Gawwad & Khalil, 
2018)

Na2CO3, dolomite Bentonite 10–38 (Peng et al., 2017)

Na2CO3, NaOH Albite 42–45 (Dingwu Feng et al., 2012)

NaOH Feldspar, air cooled slag 55–85 (Abdel-Gawwad et al., 2018)

Na2SiO3, NaOH Fly ash, GGBFS 47–53 (Ziada et al., 2021)

Sodium hydroxide, sodium 
carbonate Low-quality kaolin 1–63 (Peng et al., 2015)

Sodium hydroxide, hydrous 
Na2SiO3, anhydrous Na2SiO3

Metakaolin, low calcium fly ash 20–46 (H.-Y. Zhang et al., 2021)

calcium oxide, sodium 
carbonate, Sodium silicate, Kaolin 7–19 (Ababneh et al., 2020)

Sodium carbonate, potassium 
hydroxide

Rice husk ash, municipal solid 
waste ash, high calcium fly ash 14–50 (Almalkawi et al., 2019)

Sodium aluminate, chlorosilane 
production residue,

Microsilica, rice husk ash, 
GGBFS 30–58 (Sturm et al., 2018)

Desulphurization dust Microsilica, GGBFS 32–35 (Adesanya et al., 2020)

NaOH, solid sodium silicate, Metakaolin 38–70 (Hajimohammadi et al., 2017)

Sodium carbonate, lime, 
sodium sulfate Natural pumice 5–22 (Almalkawi et al., 2017)

Anhydrous Na2SiO3, Na2CO3, 
NaOH Nickel slag 78–82 (Xu et al., 2020)

Na2SiO3, NaOH Fly ash, GGBFS 51–68 (Tammam et al., 2021)

NaOH, Red mud Silica fume 10–30 (Ye et al., 2017)

Sodium aluminate Rice hull ash 10–22 (Hajimohammadi & van 
Deventer, 2017)
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furic and acetic acid solutions and compared the obtained results to cement composites. They discovered 
that alkali-activated composites degraded less in compressive strength and mass after 12 months, while 
cement composites degraded more. Law et al. (Law et al., 2015) examined the long-term durability of 
geopolymer composites mixtures. Numerous tests, including sorptivity, chloride diffusion, carbonation, 
and strength, were conducted on specimens composed of various mixtures, including varying amounts 
of blended cement, Ordinary Portland, and fly ash. According to the test findings, the strength increased 
as the dissolution of the FA grains and the heat used to cure the geopolymer specimens increased. Chlo-
ride diffusion was observed to be equivalent in geopolymer specimens to those of blended cement and 
Ordinary Portland cement. Another research used the Taguchi approach to optimize geopolymer blends 
using FA to increase their endurance in saltwater (Olivia & Nikraz, 2012). The mechanical qualities of 
geopolymer samples were observed to be higher compared to cement composites samples. Kupwade 
and Allouche (Kupwade-Patil & Allouche, 2013) investigated the durability of reinforced geopolymer 
composites for one year. Chemical analysis, mechanical analysis, ocular observations, element analy-
sis, chloride penetration, and electrochemical analysis were performed on geopolymer samples. For 
comparison, similar experiments were done on the cement composites. According to the test findings, 
geopolymer samples had a lower chloride concentration, porosity, and diffusion coefficient than cement 
composites samples. Fly ash (class C) containing geopolymer composites exhibited greater corrosion 
resistance due to a denser matrix than fly ash (class F). Three different sources of fly ash (class F) were 
used, and none of them demonstrated similar corrosion resistance to fly ash (class C).

MICROSTRUCTURE ANALYSIS OF GEOPOLYMERS

Various analyzes as Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), 
energy-dispersive X-ray spectroscopy (EDS), and scanning electron microscopy (SEM) are carried out 
to examine the properties of geopolymers. Scanning electron microscope (SEM) is the most widely 
used of these analyzes. Luo et al. (Luo et al., 2022) examined the microstructure of silty clay stabilized 
by metakaolin. They examined the microstructures of plain soil, lime stabilized soil, conventional Port-
land cement stabilized soil, and MKG stabilized soil using a scanning electron microscope. Figure 2 
illustrates the usual properties at magnifications of 500 and 3000. MKG stabilized soil has a denser and 
more regular structure than standard Portland cement stabilized soil, lime stabilized soil, and untreated 
plain soil. Phoo-ngernkham, Maegawa, et al. (Phoo-ngernkham, Maegawa, et al., 2015) evaluated the 
shear bond and compressive strengths of GBFS-FA geopolymer in the presence of sodium hydroxide 
and sodium silicate solutions. Figure 3 illustrates the findings of SEM studies of the fracture surfaces of 
geopolymer pastes acquired in their investigation. They discovered that the matrix of the FA pastes was 
rather loose, as seen in Figures 3a, d, and g. The FA pastes, including sodium silicate (NS) and sodium 
hydroxide (NH), presented a more porous, but the FA-based paste containing NS and NH exhibited 
greater partly reacted and unreacted fly ash particles in the matrix of the paste.

THE ADVANTAGES AND DISADVANTAGES OF USING GEOPOLYMERS

Geopolymers have superior early mechanical characteristics over other materials (Phoo-ngernkham, 
Sata, et al., 2015). Geopolymer is unquestionably better than OPC for multiple reasons: less cracking, a 
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much smaller carbon footprint, greater resilience to sea salt, and endurance in cold areas. Bondar (Bon-
dar, 2009) evaluated the carbon footprint and cost of mortars built with alternative binders and alkali 
activators. Given the increased demand for the concrete sector to promote sustainability, these issues are 
critical. The carbon footprint and the cost and compositions of geopolymers are approximately quantified 
compared to cement composites. Geopolymer has superior endurance to cement and repair materials 
and superior characteristics in acid and salt conditions (Ariffin et al., 2013). Currently, geopolymeric 

Figure 2. A typical microstructure of plain soil and different stabilizer
(Luo et al., 2022)
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binders are economically viable only for structural applications with high performance. Geopolymers 
are up to seven times more affordable than currently available commercial repair mortars (Pacheco-
Torgal et al., 2006). However, the cheapest commercial repair mortar costs approximately 14 times as 
much as geopolymers. Due to viscous components such as sodium silicate and sodium hydroxide, the 
geopolymers exhibit stiff workability. Numerous studies indicated placement challenges as a result of 
geopolymers’ limited workability. Another researcher (Chindaprasirt et al., 2007) discovered that us-
ing a superplasticizer improves the workability of geopolymers. According to the sodium hydroxide to 
sodium silicate ratio, it may also result in a decrease in strengths.

Figure 3. SEM of geopolymer pastes
(Phoo-ngernkham, Maegawa, et al., 2015)
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FUTURE RESEARCH DIRECTIONS

This study discussed the environmental contributions, advantages, and disadvantages of geopolymers. 
Despite some disadvantages of geopolymers, it has gained importance in many sectors. Therefore, it is 
recommended to use various fibers, nanoparticles, new waste materials (binders and fillers), and new 
activators to reduce the disadvantages of geopolymers. In addition, studies on the recycling of geopoly-
mers and the autonomous and autogenous recovery of cracked geopolymers could be important for 
future research direction.

CONCLUSION

Industrial waste and incinerator ashes degrade valuable land and have a negative impact on ecology. 
They may be recycled and utilized as raw materials in producing geopolymers. Geopolymer is a potential 
environmentally friendly material, and its development will help minimize carbon dioxide emissions as-
sociated with the cement industry’s growth. Geopolymer materials exhibit superior mechanical qualities 
and exhibit various superior features such as corrosion and fire resistance. Also, geopolymers’ expansion 
ratio, weight loss, and thermal conductivity are much lower than cement composites. Geopolymer’s 
microstructural, mechanical, and durability qualities are proportional to the amount of each constituent 
in the formulation. When designing the mix, all factors affecting mechanical qualities should be consid-
ered, including the ratio of activator to the binder, the fraction of hydroxide silicate, and binder quantity.
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ABSTRACT

We are living in rapidly changing times where the world is running low on its carbon budget in trying 
to rapidly transition to net zero. We are also living amidst transformations, innovation, and operational 
modernization to be able to provide for a Smart City, including climate health. Future smart cities demand 
a balanced blend of data and technology to create diversely inclusive and sustainable solutions. In this 
chapter, the author focuses on how smart buildings can be designed for a sustainable future, exploring 
the possibilities of converting existing buildings into interoperable spaces, powered by technology and 
data. While the author outlines the differences between brownfield and greenfield smart buildings, he 
makes a case for each and explains their potential in achieving productive sustainability. The chapter 
delineates some of the policy implementations required to align smart buildings with sustainable climate 
action and substantiates global practices with ROI data. The author concludes the chapter by offering 
the way forward in the urban sustainability journey.

INTRODUCTION

The need for flexibility, safety, and sustainability in our world has never been greater: Flexibility in how 
we live, work, or travel, safety in the environment around us, and sustainability in various aspects of life. 
Buildings generate 38% (UNEP, 2020) of the total greenhouse gases (GHGs), the highest in a single 
industry worldwide, justifying the demand to recast them into more sustainable, energy-efficient, spaces. 
Cities account for 60 to 80% of energy consumption, and generate as much as 70% of the human-induced 
GHG emissions (UN Habitat, 2016). Surprisingly, the World Green Building Council (WGBC) reports 
that there are currently only about 500 net zero commercial buildings across the world (IISD, 2017). 
The global push towards net zero carbon goals has accelerated the efforts to create Smart buildings that 
enable businesses and empower people. Adaptability and sustainability are the catchphrases, as buildings 
adapt to the people using them, constantly collecting data and making smart inferences.
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In a recent global report, it was estimated that cutting emissions from cities, its buildings and infra-
structure included, by about 90% was possible using proven technologies (CfUT, 2019). This could just 
be a clarion call for all new buildings to operate under net zero from 2030, if we are to win the 2050 
race against our planet heating up.

The objective of this chapter is to study the current state of the buildings industry and understand the 
concept of sustainability in the construction sector. The author aims to delineate the definitions of, and 
differences between, greenfield and brownfield structures before diving into the concept of sustainable 
Smart buildings. The author explains the viability of technology-driven sustainability solutions that can 
help achieve smart civic growth along with public health and wellbeing.

Part of the solution includes enhancing the efficiency of renewable energy, water supply, and air 
quality, besides increasing environment-friendly practices. However, with such ambitious plans requiring 
large investments for long-term results, financing sustainable development goals (SDGs) is no mean feat. 
Given that each country’s development paradigm is different, the world needs to ramp up aid to include 
private financing as well as unlocking national resources, based on a shared model where possible. To 
address concerns arising from policy implementation, performance systems can be put in place to set 
targets calibrated with local governments and national policies. The author describes some of the policy 
and financial implementations that can encourage sustainability and profitability to co-exist.

BACKGROUND AND LITERATURE REVIEW

The main objectives of sustainability are to check depletion of natural resources, preserve the environ-
ment while neutralizing any negative impact from human interference, and provide a safer urban envi-
ronment – a secure community to help ease future generations into healthier and greener surroundings.

‘Sustainability’ as a concept goes as far back as the 1970s (Grevelman & Kluiwstra, 2010). However, 
most literature points to the Brudland Report (UN WCED, 1989) as being the first to spotlight global 
sustainability concerns, while establishing the relationship between social, economic, and environmental 
aspects of sustainable development. The Report defines sustainability as “meeting the needs of the pres-
ent without compromising the ability of future generations to meet their own needs.” Subsequently, there 
have been several reports and studies on the meaning and significance of sustainability in a modern world.

Most published works relating to sustainability in the buildings industry have been influenced by 
the concept of limiting resources and reducing the impact to the natural environment, with emphasis on 
technical issues, such as construction material, building components, construction and energy-related 
design and technologies (Mohd Isa et al., 2014). Blutstein and Rodger (2001) opine that a sustainable 
building, more than identifying solutions to specific problems, requires changes to attitudes, paradigms, 
processes, and systems. The United States Energy Protection Agency (EPA) lists efficiency in renewable 
energy, water usage, construction material, waste and toxic reduction, air quality, as well as smart sus-
tainability to be the tenets of a ‘sustainable building’ (US EPA, n.d.). The WGBC (n.d.) defines a green 
building as one that “in its design, construction or operation, reduces or eliminates negative impacts, and 
can create positive impacts, on our climate and natural environment, preserve precious natural resources 
and improve our quality of life.”

Sustainable buildings could be developed using brownfield assets or on greenfield sites. Brownfields 
are sites that were previously built and used, but underutilized or abandoned later due to economic, 
financial, or political reasons. Leaving them unused can contaminate air and soil. Brownfield regen-
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eration is, therefore, critical to sustainability. Greenfield structures are based on the idea of promoting 
conservation of natural resources and exploiting local materials considering the climate and topography 
of the region (Wolfson, 2018). Sustainable greenfield buildings impact the environment less during 
construction, provide a healthier place for their occupants and are more cost-efficient in the long run 
than conventional structures.

Tizouiar and Boussoualim (2018) state that the relationship between a sustainable and comfortable 
built-environment with intelligent living can be ensured through adopted technologies, passive architec-
tural devices, and materials used. The components of natural resources, data, and Smart technology could 
be interconnected, making for an interoperable building, where every component is able to seamlessly 
communicate with the other and act on instructions based on data. Such a networked intercommunicable 
system results in a sustainable building powered by Smart technology, including the latest in Artificial 
Intelligence (AI), the Internet of Things (IoT), and 5G. Gartner (2019) predicts that there will be over 
four billion connected IoT devices in commercial Smart buildings by 2028 (Deloitte, 2021). They will be 
powered by telecommunications infrastructures, with 5G and High Efficiency Wi-Fi 6 at the forefront, 
and will have smart utilities for power, waste, and water.

Energy-related carbon emissions from the construction industry include embodied carbon, jammed 
inside construction material, as well as operational carbon from energy-gorging resources such as Heat-
ing, Ventilation, and Air Conditioning (HVAC) and lighting systems required for building operations. 
Converting buildings into interoperable, energy-efficient spaces that are driven by data as well as by the 
constant exchange of information between the Building Management System (BMS) and the occupants, 
powered by data analytics can lead the way to a greener world. Although the preliminary costs of sus-
tainable buildings that are developed on greenfield or brownfield sites may seem higher than traditional 
projects, it is observed that longer-term cost savings in operations and maintenance can help recover 
those costs within a few years (Mohd Isa et al., 2014).

SUSTAINABLE SMART BUILDINGS AT THE CORE OF SMART CITIES

Buildings that consume large amounts of energy and natural resources have a significant impact on 
climate change and air and water quality. Deterioration of livability concerns related to waste manage-
ment, scarcity of resources, air pollution, traffic congestion, aging public infrastructure, among other 
problems, cause human health concerns (Washburn et al., 2010). Therefore, cities with Smart buildings 
are fast emerging as the solution to sustainability challenges that have cropped up from rapid urbaniza-
tion. As Toli and Murtagh (2020) note, Smart cities are those that “perform well on six characteristics: 
environment, economy, mobility, people, living and governance.”

Planning and design of internal spaces and the overall urban-scape are indicators of both positive 
building performance as well as positively redirected priorities to achieving a Smarter City. Careful, 
sustainability-centric, intelligent planning not only helps generate and restore sustainable spaces in an 
urban cityscape but also helps realize SDGs. The United Nations’ SDGs are increasingly being recog-
nized as the foundation for greater global sustainability as the world shifts its focus to the Environmental, 
Social, and Governance (ESG) criteria.
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Performance Measurement and Management of Sustainable Smart Buildings

Besides the local regulations that are in place across the globe, the sustainability-related building standards 
and methodologies recognized worldwide spotlight evaluating environmental performance in buildings 
(Mohd Isa et al., 2014). These include the universally acknowledged LEED (Leadership in Energy and 
Environmental Design) and WELL (International Well Building Institute – IWBI) of the United States, 
BREEAM (Building Research Establishment Environmental Assessment Method) conceptualized in the 
United Kingdom, LBC (Living Building Challenge, the International Living Future Institute’s advanced 
sustainability measure), CASBEE (Comprehensive Assessment System for Building Environmental Ef-
ficiency) from Japan, France’s HQE (High Environmental Quality), and Australia’s Green Star, among 
others. With every country having its own Building Performance Assessment System (BPAS), it is still 
rare to find any that incorporate the ESG aspect or its mutuality. Most of these BPASs include similar 
broad evaluation categories, including energy consumption, indoor air quality, site and waste manage-
ment, water resourcing, building materials, and innovation.

BPASs such as LEED and LBC are leaders in certification programs that focus on “healthy” materi-
als, while also allowing buildings to earn points as they use Smart building technology (Bowen, 2021). 
They rate new and pre-existing buildings per environmental attributes and sustainability features (Jacomit 
et al., 2009). For the LBC and LEED certification credits, Smart tech solutions can be customized to 
make a marked difference in overall on-site energy consumed by buildings. Figure 1 summarizes the 
factors that influence technology investments and trends in Smart buildings, the top-ranking regions 
with LEED certification buildings, and the performance measurement and management apparatus for 
a Smart building.

It is essential that building performance be measured quantitatively, in the context of optimizing 
environmental impact and lifecycle cost of the buildings. Using material that has a Life Cycle Assess-
ment (LCA) certificate further supports energy goals. The LCA considers several vital factors, such as 

Figure 1. Summary of factors influencing Smart building technology investment, top-ranking regions 
with LEED certification buildings and building performance management apparatus
Source: Meadows (2021); Markets & Markets (2020); Urban Land Institute (2021); Fernandes (2021); USGBC (2022). Info-
graphic by the author.
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energy consumption, use of natural resources, GHG and pollution reduction, etc. (Wang & Adeli, 2014). 
Along with the LCA, a brownfield building’s Smart Readiness Indicator (SRI) rates its capacity to use 
new technologies and systems (Fichte & Hollfelder, 2020) to reduce energy consumption and carbon 
emissions, and adapt to occupants’ needs.

Sustainability measurement tools are imperative to assess compliance with sustainability principles 
and encourage reduction of environmental burden (Aktas & Ozorhon, 2015). The combination of sus-
tainability measurement tools and technology such as Building Information Modeling (BIM), Building 
Management Systems (BMS), AI, and Big Data show great promise with further research serving as 
an anchorage.

BIM can help with complex analysis of building performance to certify an optimally sustainable 
design by visualizing the functional and physical aspects of a building. The BIM represents the process 
of developing and using a computer-generated model to stimulate planning, design, construction, and 
operation of a building. Data apposite to occupants’ needs can be extracted and scrutinized from this 
virtual building model to obtain insights for better decision-making at the actual site. With research indi-
cating the Return on Investment (ROI) from BIM to be a gigantic 634% to 1633% (Schueter & Thessling, 
2008; Autodesk, 2008), linking the model to energy analysis tools allows for early and continual energy 
detection and modifications to boost sustainability.

BMS, on the other hand, is the overarching intelligent computer-based system that helps regulate 
and monitor a building’s electrical and mechanical equipment. The system helps building managers 
exercise intelligent control over the power system, programmable lighting and illumination, plumbing, 
solar thermal units, fire alarm, HVAC, video surveillance, access control, and a host of other build-
ing operations Hossain, 2019), with the incorporation of smart control software. Having an extensive 
implementation stack, from condition monitoring to predictive maintenance using sensors, the BMS 
can be implemented across a range of devices. Its core functionality is within a specified range of the 
building, offering malfunction alarms, monitoring device failures, and controlling operations based on 
occupancy and need (Hossain).

The main intent of the integration of data from BIM and BMS using AI techniques is effective en-
ergy and power management, environmental conservation, automation, and keeping occupants satisfied 
(Fazli et al., 2019), using data from sensors, power control systems, actuators, processes, and occupants 
themselves. While data from internal lighting, temperature and air quality can serve as examples of AI 
algorithm inputs that help in building operation automation, the resulting optimized parameters help 
change the actuators per occupant usage and requirements. These parameters help in conceptualizing an 
efficient Operations Performance Management (OPM) strategy for the Smart building (Verma, 2018).

OPM is aimed at achieving optimal functioning of operations. OPM software brings together raw 
data to determine the best suited actions to be taken based on consistent and clear semantic information 
(ThoughtWire, 2019) thanks to ML and AI algorithms. It rests on the ability to draw out context-specific 
information from the data collected, which includes real-time information about occupants and operational 
systems. Based on predefined rules, processes can self-adjust for the ideal functioning under the given 
conditions, thereby minimizing or eliminating human intervention. In summary, it brings together BIM 
and BMS to optimize operational performance, making the case for digital twin technology.

Digital twin technology for operations management has the ability to intuitively store, organize, and 
access large amounts of data (Koerner, 2021) generated by the Smart, yet complex, building systems. 
Being a virtual model of a physical building, the digital twin supports simulations that can help accu-
rately predict the operation and performance of the building based on the set parameters. Along with 
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digital twin, IoT technologies act as the catalyst to continuous operational enhancements helping drive 
occupant comfort, optimize building performance, and drive savings, consequently bridging the gap 
between buildings facilities and operational efficacy.

Greenfield Smart Buildings: Pivoting to Purposeful Profitability

The structure of a greenfield building is one of the most important factors in sustainable design. The 
strategies, planning and design are primarily established based on the form of the structure (Wang & 
Adeli, 2014). The use of land and material, energy consumption (Pinto et al., 2013; Lee et al., 2013), 
GHG emissions, maintenance, risk management, life cycle costs (Elhakeem & Hegazy, 2012), and 
recycling of resources largely depend on the selection of the structural system and form. Collins et al. 
(2008) suggest various strategies for structural forms, including optimization of climatic conditions 
(such as solar gain, day lighting, and wind harvesting), wind load response-based structures, and using 
a combination of nature-based solutions (such as service design, façade design, and structural form for 
natural ventilation), among others.

Additionally, designing tall buildings for mixed-use and multi-function, providing for more open 
community spaces, insulating interiors from external temperature variations, using vegetation and hydro-
ponic greenhouse and façade farms for urban and structural relief (Wood, 2008) as well as dual purpose 
exteriors with solar control skins doubling up as tuned mass damper could provide distinction in form 
and purpose. Studies show that creating healthier buildings is the chief trigger for designing ‘green’ 
globally, with occupant health topping the list of social reasons with 77% (WGBC, 2018). Designers may 
even carry out additional iterations on plans to satisfy the need for climate positivity, optimal building 
shape, as well as occupant comfort, health, and security.

Sustainability Measures in Greenfield Buildings

While designing a new building, there is great scope to thoughtfully consider the material that is being 
used in the construction. Concrete, steel, and aluminum used in the built environment are believed to be 
responsible for 23% of total global emissions (IEA & UNEP, 2018). Concrete, made from cement paste 
and aggregates, can release CO2 due to chemical reactions over time. With a pound of gas released for 
every pound of cement, it is recommended that fly ash and slag be added to cement, along with other 
recycled material, to improve structural durability and mechanical properties while reducing carbon 
emissions (Wang & Adeli, 2014). Further, real-world studies reveal that aluminum structures have a 
higher ratio of load-bearing capacity, better corrosion resistance, and lower maintenance requirements 
compared to similar steel structures. In other words, if designed and executed suitably, aluminum could 
be eco-friendlier and more economical than steel (Wang & Adeli).

In dense and humid cities, it is proposed that a Combined Heat and Power (CHP) system be used for the 
building structure where power, heat, and chilled water for air-conditioning are produced simultaneously 
through highly energy-efficient technology (Ali & Armstrong, 2008). CHP demonstrates marked savings 
in cost and reduced carbon emissions. Another interesting structural solution for greenfield buildings is 
the building envelope, which acts as a skin, creating an intermediate layer between the building interi-
ors and exteriors (Premier, 2012). The envelope acts as a dynamic façade, creating a filter between the 
interior and exterior, providing shade, sunlight, and ventilation. Leung and Weismantle (2008) explain 
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that creating wind movement between the interior and exterior environment conditions can be captured 
for passive cooling and ventilation in the building, improving air quality and general occupant wellbeing.

Self-draining glass, made from nanomaterials and installed as part of the building exteriors absorb 
heat energy from the sun and convert it to electrical energy (Alsarraf & Alobaidi, 2020). Moreover, solar 
skin, created with nanoparticles called quantum dots, that pass electrons and generate electric current 
when exposed to solar energy, will also soon see the light of day on building exteriors. Developed by 
the engineers at the University of Queensland, the dots can be printed on any flexible surface and have 
the potential to be applied to windows and other surfaces to harvest natural energy even on cloudy days 
or in cities with weak sunlight (Cox, 2020). Other aspects of greenfield design include heat-reducing 
facades, circuit-embedded windows, electric curtains, and naturally ventilated roofs and tiles that reduce 
energy consumption and boost occupants’ wellness.

When the building is operational, occupancy data and energy utilization become key to optimizing 
its energy usage. The data collected from the web of integrated IoT-based devices, including the secu-
rity system, the BMS, elevators, lighting, HVAC, and other sensor-based utilities, collect data across 
occupant behavior and building performance to incorporate all of it into the real-time representation of 
the building (Verma, 2018) using digital twins. Such a collaboration is important because the alliance 
of OPM tools with a digital twin can provide building owners complete control over optimizing energy 
efficiency and tenant wellbeing.

Phases of Sustainable Greenfield Implementation

Phase One: Map requirements with availability: A cohesive plan on what is to be built, listing the 
requirements, identifying the features that are conducive to the location of the building as well as the 
climate of the city are top priority. Exploiting locally available resources while integrating the grey with 
the green should also be part of the initial stage of planning.

Phase Two: Strategy formulation and modeling: Having a sound strategy and creating the BIM to 
understand and evaluate the outcome of the plan ahead of execution can help save time, resources, and 
monetary losses.

Phase Three: Blueprint for implementation before production: While the BIM serves as a ready 
reckoner from the time of planning to implementation, creating a blueprint based on the observations 
from the BIM is essential.

Phase Four: Operations Management: The operations management of the complete structure will 
be a combination of the BMS, the OPM and digital twin technology. The digital twin of the greenfield 
building will provide a real-time, holistic view of what is happening inside the structure, even offering 
building owners remote access to build and deploy their own sustainable data strategy.

Figure 2 illustrates some real-world examples of greenfield Smart buildings.

Brownfield Smart Buildings

The phrase “brownfield development” was conceived by the American Environmental Protection 
Agency, and universally acknowledged to signify the opposite of greenfield development (Thornton et 
al., 2007; Popescu & Pãtrãscoiu, 2012). Sustainable brownfield regeneration has been defined as the 
management, rehabilitation and return to beneficial use of brownfields ensuring the attainment and 
continued satisfaction of human needs for present and future generations in environmentally sensitive, 
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economically viable, institutionally robust and socially acceptable ways within the particular regional 
context (Franz et al., 2006).

Brownfield sites may come with outdated infrastructure, contaminated assets, and extant carbon 
footprint. However, as former president of the American Institute of Architects, Carl Elefante (2012), 
remarked, the greenest building is one that already exists. His report concluded from several case studies 
that reusing and upgrading an existing building for efficiency was better, regardless of the type of building 
or the climate around. Sarni (2010) agrees that the redevelopment of brownfield sites can create value 
from a liability via, what he terms, ‘asset conversion’, while emphasizing that incorporating sustainable 
land use and green building practices can create much greater value.

The adoption of nature-based and nature-identical solutions offers to decontaminate existing sites and 
promote brownfield redevelopment. These could result in a number of ESG benefits ranging from lesser 
energy consumption and greater material efficiency (O’Connor, 2020) to nurturing increased resilience. 
Connectivity is important to unbridling the potential of Smart buildings. Power over Ethernet (POE), 
coupled with 5G, run on an effective BMS can become the key enabler of brownfield smart buildings.

Implementing Sustainability Measures in Brownfield Buildings

The simplest way to improve energy efficiency in brownfield buildings is to replace old equipment with 
newer, higher efficiency models, increasing data observability. Upgrading lighting to automation capabili-
ties, fitting existing HVAC with economizers, or maximizing on variable speed drivers and refrigeration 
systems can yield an average 10-15% energy savings (Hatcher, 2021). And with a BMS being easy to 
install, maintain, and integrate with existing platforms, it becomes the go-to for brownfield redevelopment.

Smart space management can be achieved through occupancy sensors installed at appropriate locations 
within the structure. Occupancy thresholds can be set across different floors or areas of the building to 
optimize operations, prevent overcrowding, and conserve energy. Sensor data can also be used to track 
and ensure that humidity levels are per the standards set by the American Society of Heating, Refrig-
erating and Air-Conditioning Engineers (ASHRAE) and the EPA (Hedayat, 2020). The BMS can also 

Figure 2. Greenfield Smart buildings - examples from the world over
Sources: Arch20 (n.d).; Smart Cities World (2017); PwC (2017); Roxburgh (2016); Smart Energy International (2021); Wong, 
2019. Infographic by the author.
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be configured to auto-ensure air quality standards and adequate air circulation. Further, it can compare 
HVAC performance against the set specifications from the BIM to optimize operation, reduce energy 
consumption, and adjust temperature where and when needed, creating a healthy building environment.

While the BMS and OPM can be combined to create a digital twin for the brownfield structure, 
renovating brownfields with Restorative Environmental Design (RED) can help reverse damage caused 
by its past. Biophilic design, with special attention to environmental stimulation, coherence, and visual 
contact with natural elements, coupled with the presence of biomorphic forms and structures (Pasini 
et al., 2021) can not only promote health but also a stress-free building environment. In fact, views 
of greenery in office buildings can increase job satisfaction and reduce absenteeism (Gibbs & Peiser, 
2022). RED also emphasizes maximizing daylighting, thoughtfully configuring spatial plans, natural 
ventilation strategies, and interior greenery (Browning & Ryan, 2020). Several studies have demonstrated 
that natural daylight boosts occupant health, improves quality of sleep, enhances overall wellbeing, and 
increases employee productivity. It is important that key considerations be factored prior to retrofitting 
a brownfield site with sustainable measures: (i) health and environmental benefits from redevelopment 
(ii) direct and indirect benefits (iii) comprehensive benefits (Dong et al., 2020).

Phases of Brownfield Retrofit Considerations

Phase One: Evaluation for fit and identification of constraints: Several legacy sites may not be upgrade-
ready, having been earlier designed in silos with little provision beyond their original facilities. The 
consideration in such a situation would be the requirements that the project should meet to be deemed 
sustainable, and whether it would fit the rip-and-replace approach.

Phase Two: Evaluation of cost factor: Evaluating the lifespan of the brownfield building could help 
determine if reconstruction could pose cost-prohibitive (Thieme, 2019). This would include the build-
ing’s place in its life cycle since construction as well as the expected technical lifetime going forward.

Phase Three: Possible areas of implementation: There are several avenues for sustainably refurbish-
ing a brownfield asset. Broadly, these would include occupant wellbeing and engagement, occupancy 
management, and building operations (Hedayat, 2020). Bi-facial as well as rooftop solar panels, natural 
ventilation, cooling, and shade using slatted facades, energy-recovery ventilators with air purging op-
tions, biophilic green exteriors to reduce heat, recycling condensed water from cooling systems, are 
some of them.

Phase Four: Digital readiness: A brownfield asset has to be evaluated for digital readiness as well 
as for its resilience to the remedial solutions being considered. The strategies for renewable energy and 
incorporating remote sensing capabilities (EPA, 2021) need to be assessed to bridge the gap between the 
existing site and the retrofitted structure. Besides conceiving the seamless accommodation of interoper-
able technologies, this stage will also include charting the course of the BMS based on the SRI to be able 
to build an OPM system with a digital twin. Generating a digital twin for a brownfield building can be 
challenging, considering most pre-existing sites may not have a machine-readable design in place (Sierla 
et al., 2021) at the time of renovation. However, some added effort in conducting a fit-gap analysis and 
creating the digital twin can go a long way in simulating the recommendations before implementing 
them, remote-surveying the operations, and predicting through modelling (Digital Europe, 2020). Con-
sidering the existing assets of brownfields, this would also help better conduct what-if analyses, improve 
communication, and successfully integrate existent disparate systems.
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Figure 3 lists some of the real-world implementations of brownfield Smart buildings. Figure 4 com-
pares the phases of implementing brownfield and greenfield projects.

Tables 1 lists the differences between implementations of sustainability measures in greenfield and 
brownfield smart buildings.

Figure 3. Brownfield Smart building implementations from around the world
Sources: Solxenergy (n.d.); Sayadi et al. (2016); Beavis (2014); AIA (2021); Tay (2021); Fix Development (2013). Infographic 
by the author.

Figure 4. Phases of implementation in greenfield and brownfield projects
Sources: Wang & Adeli, 2014; Collins et al., 2008; Sarni, 2010; O’Connor, 2020; Pasini et al., 2021; Thieme, 2019; Hedayat, 
2020; EPA, 2021; Sierla et al., 2021; Digital Europe, 2020. Image created by the author.
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SOLUTIONS AND RECOMMENDATIONS: 
IMPLEMENTING RESILIENT SUSTAINABILITY

Energy usage by buildings is expected to rise by 32% by 2040 (US EIA, 2017). However, of the total 
carbon emissions from this increase, 57% is expected to come from embodied carbon and 43% from 
operational carbon (Architecture 2030, n.d.). In a bid to reducing carbon and achieving neutrality, plan-
ners must remember that building-related emissions can be separated into scope-1 emissions (such as 
those direct emissions from fossil fuel combustion), scope-2 (such as the indirect emissions from the 
generation of power and heat), and scope-3 (such as embodied carbon from the use of building materi-
als). Paying adequate attention to emissions in every form if we are to create a more sustainable planet 
is, therefore, in order.

As seen in the examples in this chapter, several innovations are being shaped and deployed to ac-
complish the decarbonization objectives of sustainable buildings. These innovations withstand the test 
of time as well as incremental changes in weather and environment, making the buildings structurally 
sound, energy efficient, and therefore, resilient.

Industry Trends in Resilient, Sustainable Buildings

Digital twins (Burton, 2021) integrated with design and operational data are being used by developers 
and property management organizations to track and manage energy consumption. Digital twins help 
map data gathered from all sources within the building onto a single digital model that is identical to 
the original structure. A single interface connected to the digital model offers an accurate view of the 
actual power being utilized in and around the site. With the combination of BIM, BMS, IoT sensors, 
and other compatible tools, run over high-speed low-latency 5G networks, building planners can receive 
useful insights to strategize efficient energy management (IIoT-World, 2021). With sensors installed in 
new or retrofitted structures, data can be conveyed in real time to a centralized dashboard from where 
appropriate control over various power generation devices can be exercised instantaneously.

Table 1. A comparison of greenfield and brownfield smart buildings

Greenfield Smart Buildings Brownfield Smart Buildings

Design Provides flexibility in design to meet project requirements Existing structure already in place, reducing scope for 
changes to design

Maintenance Lower, planned maintenance Higher maintenance, based on the additional fit-outs, 
modifications, and upgrades

Costs Lower costs, using judicious strategies Higher costs from decontamination, demolitions, and 
retrofit accommodations

Duration Can be completed faster once the design is in place Potential to take longer to complete projects as it involves 
deep revival and regeneration

Operations BMS and digital twins selection possible Need to conduct a fit-gap analysis with existing BMS and 
find operations optimization solutions to support OPM

Challenges Additional developmental costs, council approvals, 
difficult terrain to build on are sometimes overlooked

Design and operational efficiency could be compromised 
due to current constraints

Source: Compiled and explained by the author
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Smart strategies for energy management can ensure power consumption is restricted to when and 
where it is needed most, thereby optimizing efficiency. Studies (Minier & Tsai, 2021) have shown that 
carbon reduction is possible through upgrades to fabric, heating and cooling systems, lighting, and other 
power sources. The author classifies the solutions that can help advance the rollout of sustainable energy 
technologies in buildings as follows:

Heating, Cooling, and Ventilation Technologies: Fossil fuel and conventional electric equipment 
account for more than 80% of the world’s building equipment (UNEP and IEA, 2017). Coal, oil and 
conventional gas boilers are being replaced by condensing gas boilers, with at least 15% higher efficien-
cies (Enerdata, 2017). There is an evident rise in air source heat pump sales in many markets in Europe, 
offering an energy-efficient alternative to furnaces and air conditioners. Renewable, they produce greater 
heating and cooling than the energy traditionally consumed to yield similar performance.

Fuel cells of hydrogen and oxygen are being used for sustainable design (Ali & Armstrong, 2008) 
although they are still expensive. However, hydrogen fuel cells present several advantages over other 
power sources, in that they are renewable, readily available through electrolysis, more efficient than fossil 
fuels, charge faster, are more durable, and provide clean and flexible energy to support net zero strategies.

While the use of Smart controls and Smart grids can help improve operational efficiency and lower 
consumption, passive techniques for heating, cooling, and ventilation can also help alleviate the load of 
power consumption. Evaporative cooling, radiative cooling, integrated solar panels and skin on roofs, 
walls and other sunlit surfaces, solar shading and small-scale wind generation, earth-air heat exchange, 
roof ponds, among others, are examples of clean, passive techniques and form a part of building envel-
oping technologies.

Building Enveloping Technologies: Building envelope performance is expected to play an important 
role in meeting net zero targets. It forms the primary thermal barrier between the internal and external 
environment. If the building envelope, comprising the doors, windows, roof, foundation, siding, and other 
components of structural masonry, is not in good shape, none of the energy-efficient enhancements will 
show expected results. The new concept of “daylightophil” architecture (Bazazzadeh et al., 2021), where 
daylight and energy performance are considered optimal, holds promise for further research.

Lighting Technologies: Market trends indicate that LEDs are on track to meet climate targets. How-
ever, it is important that natural light be harnessed when possible, using passive techniques and powered 
lighting be resorted to only when needed. Dimmers, occupancy-based light sensors, white interiors with 
open floor plans for greater natural light – these are just some of the simple lighting solutions that a 
building can use to save on carbon emissions.

Water and Waste Management: Studies have acknowledged that the relationship between sus-
tainability, health, and water and waste management has seen new complexities from urban inequities, 
population density, and climate change. This has added to the challenges of sustainable health in large 
cities, because a burgeoning population increases both waste generation as well as water consumption.

IoT-enabled Smart water management solutions can provide real-time meaningful and actionable data 
about the flow, pressure, and distribution of water to enhance usage efficiency and reduce wastage. The 
gathered data can be used to optimize water distribution, and detect and repair leaks. Predictive analysis 
can be used to prevent water system failures. With outdated water systems resulting in millions of gallons 
of water lost each year, research shows that global investment in water management technology for Smart 
buildings is expected to grow from USD 2.0 billion in 2016 to USD 2.8 billion in 2025 (Hardcastle, 
2016). The global Smart water management market size is expected to almost double from USD 13.8 
billion in 2021 to USD 22.4 billion by 2026 (Research and Markets, 2021). Industry trends in Smart 

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



191

Smart City Buildings for a Resilient, Sustainable Future
 

water management include water-efficient plumbing and water monitoring software. Cloud-connected 
submetering of Smart buildings helps monitor water usage closely using granular data.

Similar cloud-based analytics can also be used to optimize waste management. Waste bin sensors 
installed across all floors of a building can use AI solutions acting on gathered data to understand when 
bins need to be emptied, the kind of waste being collected, and the optimal disposal methods. Smart waste 
sorting solutions can also reduce environmental footprint by helping segregate waste based on disposal 
method. Certain types of waste can also be recycled to produce energy that can be redistributed to the 
building in the form of electricity or heating. Sensors at the central waste collection area of the building 
can also provide a schedule to waste disposal companies to clear out the waste to prevent diseases and 
contamination. This can also streamline the operations of the garbage trucks, reducing emissions and 
saving fuel.

Policy Implementations towards Net Zero

Achieving positive climate ambitions require net zero-intensive policies. A good balance of building 
codes, carbon credits and other incentives, sound financing, and governance support are vital. It will 
also likely require changes in behavioral and social practices (Edenhofer, 2015). From building energy 
codes and incentive programs to rebates and financing, net zero policies apply to the entire building 
and construction value chain working towards reducing its collective carbon footprint. It is imperative 
that governments work with stakeholders to leverage their expertise and seek their perspectives while 
formulating policies that are optimal and feasible to implement.

Policies for Smart Cities should be framed to create a demand for Smart buildings. These could include 
tax deductions on financing costs for green projects as well as income derived from rental (Beng, 2019) 
or sale of such properties. Property tax rebates could also be introduced to owners of green properties 
in the form of tax allowances on capital expenditure and lowered tax rates on income from such proper-
ties. These rebates could be extended to property buyers as well (Marpakwar, 2018). Several countries 
are already offering tax breaks and introducing tax reforms as part of their national construction policy. 
France, for instance, offers tax credits for the adoption and installation of energy-efficient technology 
(Hendrickson, 2018). The US, Denmark and Switzerland, among others, also offer similar breaks for 
eco-friendly upgrades. Tax reforms should be recognized as offering long-term solutions (Kelly, n.d.) 
to adopting sustainable green solutions in Smart Cities.

Becqué et al. (2016) make the following policy proposition:

• Work in alignment with national policies and local governments.
• Set targets to improve efficiency of buildings.
• Lead by example with public sector buildings.
• Implement technologies to optimum potential – most deliver positive results in relatively short 

payback periods.
• Set performance systems, provide financial and non-financial incentives, and support stakeholders 

to pursue energy efficiency.
• Enable companies to purchase carbon credits that can be used to meet part of their emission reduc-

tion requirements.
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Governments can include “green conditionality” for low-carbon buildings and construction. They 
should also be able to collaborate with private global initiatives in reducing energy demand while in-
creasing awareness about tools and technologies that can make a case for sustainable construction.

It is not just about the tools and technologies used, but digital transformation fostered by Smart tech-
nology (Deloitte, 2021) that will bring value to all stakeholders. Establishing technological guidelines 
and creating a roadmap to prioritize sustainability through policies, regulations, penalties, and taxes on 
the one hand, and incentives and rebates on the other, could be the way forward. Extracting value from 
data should come before deciding to invest in sensor technologies running on 5G to identify exactly what 
is required. To further enhance interoperability, data sharing standards should be established ahead of 
implementation.

Sustainability and the Pivot to ‘Profit through Purpose’

Environmentally friendly neighborhoods and Smart cities are among the top choices to live and work. 
New sustainable buildings are set to represent a USD 24.7 trillion investment opportunity by 2030 (WEF, 
2021). Energy efficient improvements to existing assets can expect attractive ROI. US LEED-certified 
projects command 3.7% more in rent, have 4% higher occupancy rates, and 5.6% higher tenant renewal 
rates than non-certified buildings (Wesco, 2020). While there are various studies in the US market that 
have demonstrated premiums of up to 26% in the commercial sector (IEA, 2019), some of London’s 
energy-efficient offices have managed up to 12% rental premiums (Knight Frank, 2021).

However, the ROI of green buildings is not just financial but also social, environmental, and op-
erational. Smart buildings with integrated interoperable systems can realize 30-50% energy savings in 
existing buildings that are otherwise inefficient (King & Perry, 2017). PoE systems can reduce AC-to-DC 
conversion power loss by 15% compared to poorly designed systems (Tuenge et al., 2019). Sustainably 
designed buildings release 36% lesser CO2 emissions compared to the US national average (US GSA, 
2011). Sustainable buildings noted a reduction in capital expenses due to 20% faster lease-up rates as 
well as a 3% rent premium and a 2% increase in occupancy rates. Also, sale premiums rose between 10% 
and 30% on buildings with sustainability certifications (EY.com, 2017). New green buildings have a 
14% lower average operating cost, with a 7% increase in asset value for green buildings over traditional 
buildings (Dodge Data and Analytics, 2016).

FUTURE RESEARCH DIRECTION

Energy management cannot be altered overnight. And yet, the world is at a critical phase requiring 
urgency in action. Seizing this opportunity to make every effort toward a new climate-positive decade 
can avoid the lock-in of wasteful building performance mid-century.

It is evident that the buildings sector is off-track with its climate goals. The scope of sustainability 
must be kept open to constant-evolution, for better ideas, combinations of policies, rebates and economi-
cal innovations, and transformative solutions aimed at profit through purpose. Therefore, there is scope 
for further research in these areas, specifically to study the most effective global solutions. Advance-
ment in passive systems that require minimal intervention could be one of the key factors for further 
improvements. Studying the demographic, economic, social, climactic, as well as technological drivers 
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can point to the direction the future needs to take. Energy efficiency analytics and predictive analytics 
studies can enable better-informed decisions.

Technically, a super-low energy (SLE) efficient building with 60% energy savings is feasible. However, 
further research in the area to push the limits and achieve 80% efficiency can be strived for. The kind 
of structures that can achieve net-zero targets more easily need to be studied and replicated for optimal 
design. Insights into cost-effective and large-scale Smart technology solutioning with optimal use of 
advanced computational technologies need to be deduced.

CONCLUSION

Urbanization having become a worldwide phenomenon, with the world’s rural population falling from 
66% to 45% in the last 50 years (Kemp, 2019), congested cities and enormous energy usage are a reality. 
The United Nations Intergovernmental Panel on Climate Change (UN - IPCC) reported a 26% rise in 
direct emissions from buildings between 1970 and 1990 (WBCSD - EEB, 2009). Since then, there has 
been a steady rise in energy consumption and GHG emissions from buildings. In fact, the challenge to 
2050 is projected to be so stark that it would take a 94% reduction in energy use to restrict emissions to 
those reported in 2002 (EIA, 2016), assuming all improvement came from greenfield buildings. As the 
buildings industry looks toward a greener future, green development should be made the main criteria 
for Smart Cities of tomorrow.

A study of the energy use of 274 cities across the globe reveals that each city requires its own carbon 
emissions mitigation model to prevent energy consumption from increasing three-fold by 2050 (Thorpe, 
2015). This is why performance measurement tools and accreditations must vary in their approach de-
pending on regional requirements. While some regions may have a dire need to improve water efficiency, 
other cities may need to focus on power efficacy. Therefore, a building rating system that is unified, yet 
adaptable to the native environment, could be the ideal solution.

The emissions-saving potential of the building sector is said to be 84 gigatons of carbon by 2050 
(WGBC, 2016). Sustainable buildings in Australia that have achieved the Green Star Certification have 
seen a 62% reduction (WGBC, n.d.) in GHGs. Other countries, including India, South Africa, and the 
US, have also reported between 25 and 50% energy savings (WGBC) from green construction. Build-
ings represent significant untapped possibilities for a sustainable future. Along with a shift in mindset 
at different levels, there is a need to drive a change in the belief that anything green is big-budget. The 
efforts towards going green does not mean additional costs. Quite the contrary, it promises exponential 
returns on long-term running costs such as utilities, operations, and maintenance through the building’s 
entire lifespan. A substantial 50% reduction in operational carbon (WEF, 2021) can be achieved through 
changes in lighting, heating, cooling, and ventilation. However, for global, large-scale execution of low 
carbon technologies, there need to be policy-level implementations.

Policy implementations require concerted efforts and sustained participation at various levels: 
governmental backing through funding and incentives, public and private investments, cost-effective 
technologies, legal policies and regulatory frameworks, and citizen support. Government tax rebates, 
results-based incentives, and concessions could extend to both construction and the buyer who can be 
awarded tax breaks for investing in sustainable projects. Financers can do well by offering competitive 
rates on borrowings to encourage loans for development of, as well as investment in, green projects. 
While helping grow the economy, organizations also need to move their focus to becoming green in all 
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aspects from adopting Smart technology to reduce operational costs to promoting environmental initia-
tives with increased participation.

Harmonizing sustainability efforts and goals across the globe, coordinating planning and policies 
within and between countries, sharing resources and best practices, facilitating and supporting networks 
aimed at sustainability and energy management, can light the way ahead. Along with these, supplementing 
private investments with public sector financing, and driving the transformation roadmap powered by 
sustainable digital solutions can contribute to a holistic, integrated path to the carbon-negative journey. 
With a pragmatic framework and dedicated commitment, we should be able to get there.
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KEY TERMS AND DEFINITIONS

BIM: Building Information Modeling or BIM is a process that draws support from various tools, 
techniques, and technologies to digitally represent a physical space.

BMS: Building Management System or BMS is an all-encompassing control system that intelligently 
auto-controls and regulates the various interoperable aspects of a building for the purpose of active 
monitoring.

Digital Twin: A digital twin is a virtual representation of any object that offers real-time information 
about the object.

OPM: Operations Performance Management or OPM is used across industries and is the alignment 
of all operations within a structure to support them to work together to achieve a common objective.
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ABSTRACT

Smart cities have so far focused on improving citizens’ standards of living, with emphasis on better 
transportation, improved housing spaces and workplaces, and energy conservation. A pandemic-stricken 
world emerging to adopt a new normal has shifted the focus to health and hastened the need for leveraging 
technology, including but not limited to Blockchain, artificial intelligence (AI), and the internet of things 
(IoT) to enable Smart Cities to move to the next level of wellbeing. With public health and sustainability 
in the spotlight, civic agencies and government bodies are now alert to potential future contingencies 
that cannot be ruled out. This chapter emphasizes the need for a future-proofed healthcare system within 
sustainable Smart Cities that not only foresees and contains public health emergencies but also provides 
for its citizens’ general wellbeing.

INTRODUCTION

It has taken a century’s worth of pandemics to emphasize that healthcare is an essential part of city life. 
Cities that are going the sustainable way are posed with the challenges of judiciously meeting the ris-
ing demand on hospitals, medical care, and related resources, while balancing sustainability. A strong 
healthcare system involves a steady flow of patients and a matching supply of physicians and medical 
experts. A city that can provide real-time health condition monitoring, predict disease diagnosis ahead 
of time, and offer preventive treatment and rehabilitation, has met its goal of being a Smart City with 
health at its core.

More than half the world’s population currently lives in cities (WHO, 2020), with the figures set to 
rise to 70% by 2050. With not even three-quarters of the infrastructure or resources required to meet 
this growth in place today, urban planners have a huge transformative challenge ahead of them. Their 
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test is to create carefully-planned urban spaces enabling planetary health and citizen wellbeing, with a 
conscious link between the two. In other words, it is important to reform cities to have environmental, 
social, and population health at their center.

Individuals create thousands of data points throughout their daily lives. These data points help draw 
up data-driven solutions that solve challenges to health and sustainability. This data can be utilized to 
perform predictive and prescriptive analyses of various situations using AI and machine learning (ML). 
Digital models can help create value-based solutions that can fundamentally change life and health in 
a Smart City, with a focus on predictive and preventive healthcare for all. Figure 1 provides a snapshot 
of an intelligent healthcare ecosystem in a Smart City.

The multidimensionality of Smart Cities simultaneously focusing on sustainability and population 
health can pose a concern mainly due to the complexity of the concept. Appropriate policy implementa-
tions and a good governance model are needed to improve the quality of citizens’ health. The pace of 
implementation and the amount of funding could be ambitious, while also calling for changes in social 
and economic systems. The author deliberates on the maturity of Smart Cities to accelerate these actions 
and drive innovation, and attempts a proposition on reaching these goals.

BACKGROUND AND LITERATURE REVIEW

The World Health Organization (WHO, 2018) believes that where people live can affect their health and 
chances of leading flourishing lives. And yet, healthcare is often separated from urban infrastructure, 
although population health is a vital facet of city life.

Promoting population health and developing appropriate strategies rely on instantaneous connectiv-
ity. With a shift in paradigm from an ‘information society’ to a hyperconnected society, a healthy Smart 
City is a reality. Smart Cities comprise a hyperconnected digital network of devices producing big data 
(Wachowicz et al., 2013). With the arrival of 5G, terabytes of data collected from various sources across 
a Smart City’s data microcosm are all interrelated to provide valuable insights at low latency. Highly 
permeable data combined with ubiquitous technology and well-planned hyperconnected infrastructure 
in a Smart City can offer a solution to health challenges. Besides just hospitals and care facilities, it can 
extend healthcare to home, workplaces, and community spaces, and create a sustainable and safe living 
environment.

Rapid growth in population density and steady rise in the aging population has led to an upsurge in 
the incidence of communicable and chronic illnesses in large cities. Plextek conducted a survey of future 
health needs (Johnson, 2016) that revealed 76% of the population to be concerned about the elderly in 
their family living alone in cities, without adequate health support, the main anxiety being around them 
experiencing a health emergency. It is not just the concern around the elderly, but also others who are 
at risk from various urban lifestyle-induced illnesses and noncommunicable diseases (NCDs) such as 
diabetes, hypertension, heart disease, etc., that are seeing an increasingly alarming incidence at a young 
age lately. Constantly monitoring changes to health status and regular medical follow-ups are, therefore, 
in order. For an at-risk population, there could be several limitations to visiting a doctor, from lack of 
transportation to discouragement from long waiting time. The same concerns could beset a city plagued 
by a highly communicable disease. Pandemics, such as COVID-19, could be the scourge of the future, 
just as much as they have tortured cities in the past.
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Figure 1. Snapshot of an intelligent healthcare ecosystem in a Smart City
Infographic created by author
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With the looming threat from population growth and inefficient patient management, there is an 
absolute need to build and adapt a more efficient and sustainable healthcare infrastructure. The need 
is made more dire by limited healthcare resources but increasing life expectancy, higher frequency of 
hospital stays and re-admission, as well as poor interlinked communication between civic sectors.

A Smart City is ideally a community “where residents can engage with smart services that are 
specifically designed to improve their health” (Gibbons, 2020). Such a city is made of multiple smart 
environments that are central to preventing health crises. It is comprised of a system “that can interact 
and engage with all of the things that patients rely on to optimize and improve their health… in between 
doctor visits” (Gibbons). This would include a networked mesh consisting of a healthy living environment, 
clean air and healthy habits on the way to work, sustainable and planet-friendly workspaces, safety for the 
elderly, secure community centers promoting social and physical wellness, besides a holistic approach to 
all of this bundled together. Complex interoperability across healthcare, human services, public safety, 
environmental health, social and emergency services, living spaces, workplaces, public transport, and 
the immediate neighborhood is most essential for a networked system to work to its maximum potential.

Smart Cities can facilitate collaboration and response as they are perceived as “living organisms” 
(Costa & Peixoto, 2020), bustling with life and energy, and are interconnected and interoperable, all at 
once. With comprehensive and systematic planning for good health, Smart Cities can address the issues 
of inequality in healthcare services and ensure greater participatory governance towards social, economic, 
and environmental equality among diverse communities. Participatory governance (Gao et al., 2020) 
is an important step towards empowering citizens to take proactive care of their own health as well as 
play an active role in assessing real public needs. It is one of the most compelling concepts for Smart 
Cities that are looking to meet the Sustainable Development Goals (SDGs), improve local government 
efficiency, and move towards a more collaborative form of living.

Driving this route to resilience in a healthy Smart City is innovation. Innovation is key to promoting 
sustainability of large Smart Cities and their digital infrastructures, including healthcare management. 
Innovation in healthcare offers the opportunity to lower costs, improve access to medical care, and revo-
lutionize patient experiences and treatment outcomes for all. IoT for cities, run on AI algorithms and 
analyses, built on Blockchain technology, and fed by Big Data can be considered the biggest innovation for 
digitally-networked cities. Smart Cities employing embedded technologies that help with communication 
as well as monitoring could be the solution to preempting several health-related concerns. Healthcare 
that is continuous and automated can set the course for prevention of disease. The author discusses the 
possible healthcare strategies and solutions for sustainable and healthy Smart Cities in the next sections.

SMART HEALTHCARE MANAGEMENT FOR HEALTHY, SUSTAINABLE CITIES

In the modern world, preventable illnesses and diseases form a disproportionate chunk of the burden on 
a city’s infrastructure (Kharas & Remes, 2018). Advancement in pervasive digitization and computing 
have resulted in networked infrastructures that can be managed to create healthier, safer spaces by detect-
ing disease transmission, monitoring treatment, and managing rehabilitation. Healthcare ecosystems in 
Smart Cities are those that spotlight citizen wellbeing through preventive care and predictive intervention.

Powerful IoT-based Smart sensors and a range of wearables connected by wireless communication 
systems and integrated circuits can read health parameters to monitor patients remotely. By encouraging 
the use of wearables among citizens, the retrieved information can be managed to detect those who are 
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unwell, make accurate predictions, and take preventive action. Besides mobile devices, digitized infra-
structure fitted at every street corner and dotting every part of a Smart City can be leveraged to gather 
data to detect health concerns. Smart phones and mobile devices also play an important role in gather-
ing data, connecting healthcare with other Smart City services, without having to spend additionally 
on sensor infrastructure (Cook et al., 2018), improving response type and time. Mobile citizen-sensing 
can inform city service providers of time-critical events from the data collected from individual devices 
(Totty, 2017).

Figure 2 illustrates the patient journey in a Smart City with robust healthcare infrastructure, where 
health prediction, prevention, and diagnosis are automated and speeded up. In the Smart healthcare 
model, diagnoses are proactive and preemptive, and treatments personalized and timely. This sets it apart 
from the conventional healthcare practices where prognosis is based solely on visible symptoms and 
historical records. The Smart healthcare paradigm encourages a broader view of citizen health. Remote 
patient monitoring with sensors can collect and record data from patients, report anomalies, and send 
result to doctors for analysis. Linking self-health monitoring to remote healthcare professionals, doctors 
can then analyze all the available data along with patient history to prescribe personalized medications. 
The process is streamlined, cost-effective, and convenient, all with minimal interference to daily routine. 
With this end-to-end journey, patients can receive advice and treatment before their condition worsens.

IoT can, therefore, also enable prediction and prevention of NCDs as well as communicable infec-
tions by catching signs and symptoms in groups and communities before there is widespread outbreak. 
For a Smart City, all this translates into healthier citizens, lower hospitalization rates, lesser waiting 
time in care facilities, awarding patients more control over their health (Uludag, 2016), evidence-based 
precautionary measures, well-targeted population health campaigns, and better citizen health.

Figure 2. End-to-end patient journey in a Smart City with robust healthcare infrastructure
Infographic created by author.
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DATA-DRIVEN PREEMPTIVE HEALTHCARE

Identifying the relevant data and analyzing it for impactful insights has the potential to markedly im-
prove detection and mitigation of disease outbreaks. It can reduce the time taken for decision-making 
and action-taking to control critical situations. While data can be used to identify demographic groups 
with elevated health risks, it can also be used to curb disease incidence rates and further spread. The 
combination of AI and ML can help take a proactive approach through timely forecasts about how and 
where an outbreak is likely to spread – something that human effort cannot do with as much accuracy 
or speed (TechNative, 2018). Consider epidemiological investigators in South Korea who made use of 
their Smart City Data Hub tool (Millard, 2020) to trace COVID-19 transmissions based on citizen data 
pool to bring down infections by 90% without implementing lockdowns or self-isolation. The tool was 
part of several other smart projects being undertaken by the Korean government for citizen wellbeing.

Smart data can be used to find out where citizens are likely to need more medical assistance, and 
accordingly provide them with more relevant, localized healthcare facilities. For example, as part of its 
National AI Strategy to improve people’s lives, Singapore’s Multiple Readmission Predictive Model 
(Dhawan, 2021) uses AI and ML to create a list of potential high-risk NCD patients who may possibly 
need intervention. The intelligent solution auto-enrolls such patients into rehabilitation programs, miti-
gating serious illness and long-term hospitalization.

INTEROPERABILITY FOR HEALTH AND SUSTAINABILITY

Interoperability in a Smart City healthcare management system is essential to connect patient data points, 
and can be achieved through Blockchain technology. Blockchain helps combine multiple, fragmented 
health records about citizens to create a Smart healthcare ecosystem. A Blockchain is essentially a chain 
of blocks that are sealed in a secure way, with new blocks being appended as needed to form a larger 
and more holistic interconnected structure. In healthcare, this means that every medical transaction or 
every stop a citizen or patient makes along his journey is recorded on the Blockchain, documenting it 
for future reference.

Using Blockchain, it is possible to secure the privacy of patient health records while simultaneously 
being able to share medical history across multiple platforms and to multiple healthcare stakeholders. 
It helps increase the possibilities of available medical support. Blockchain-based healthcare solutions 
help with patient-managed data, longitudinal medical records, healthcare research (El-Gazzar & Stendal, 
2020), and the sharing of all these between patients and healthcare providers across a safe, permissioned 
network. This complex interconnection uses encrypted data, retaining the sensitivity of medical records, 
anonymizing patient identity, and facilitating collaboration and data sharing on-demand and in real-time. 
Such instantaneous processing also leads to a more efficient and sustainable healthcare system, saving 
on time, resources and costs.

Piggybacking on IoT-based devices and wearables, and collaborating with cloud and Edge, Blockchain 
use cases can be extended to various other components of a Smart City infrastructure amplifying the 
benefits towards sustainability. The Centers for Disease Control in the US (CDC, n.d.) has been explor-
ing Blockchain technology to preserve public health by identifying newer data sources to derive deeper 
insights. They have created a surveillance system for public agencies, accumulating and timestamping 
patient data, to research infections and predict possibility of disease outbreak.
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Figure 3 depicts the interconnections in a sustainable Smart Healthcare Blockchain.

BLOCKCHAIN FOR PERSONAL HEALTH RECORDS

Medical practitioners typically do not, and practically cannot, monitor and study the real-time flow 
of patient health data. Studies show an estimated 55% of physicians (Fleming et al., 2013) have been 
making use of electronic health records (EHRs) and personal health records (PHRs), enabled by Block-
chain, for quick and reliable diagnoses since close to a decade now. PHRs and EHRs gather data from 
different sources, including, but not limited to, patients’ personal devices, clinics and medical facilities, 
care centers and care delivery organizations, and pharmacies (Kenney, 2021). PHRs are a form of EHR 
and help mine historical records for individual patient details as well as the common conditions that 
exist across a sub-population. This enables doctors to arrive at the best possible medical prognosis and 
understand health trends.

PHRs help obtain a unified view of health data across multiple healthcare providers (Roehrs et al., 
2019) over a permissioned public network that can be accessed from any medical facility. Being inher-
ently decentralized, the data ownership of PHRs lies with the patient (Lee et al., 2020), dismissing any 
doubts about privacy concerns. A PHR is completely paperless, saving resources and space, supporting 
sustainability. From medical records and DNA test data, all the way from birth to the end of life’s stages 
can be stored, allowing for more holistic care and a closed-loop approach to health. With the PHR linked 
to an app, patients can receive personalized notifications when certain parameters are not in their normal 
range, encouraging self-service and a more patient-centric care model.

Blockchain-powered PHR allows patients the options of in-person or online consultations, or the 
support of a combination of both, while also being able to order medication online. Besides this, it can 
also be used for reminders for healthier lifestyles, early detection of illness and preventive care, and a 

Figure 3. Interconnections in a sustainable Smart Healthcare Blockchain
Infographic created by author
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more efficient risk management capability at a microlevel. At a broader governance level, this makes 
it possible to achieve superior clinical Big Data analytics capabilities for efficient planning of hospital 
facilities, patient care support features, and better preparation on urgent disease outbreak in the city. 
Collection of data, drawing meaningful insights, and ensuring data sharing trustworthiness can be listed 
among the top Key Performance Indicators (KPIs) of sustainable healthcare in a Smart City as they help 
uphold at least three of the United Nation’s 17 Sustainable Development Goals. Blockchain technol-
ogy that is optimally leveraged for the functioning of various public services, including healthcare, can 
therefore be a good measure of the performance maturity of a Smart city.

ESTONIA’S PIONEERING DIGITAL HEALTHCARE MODEL USING BLOCKCHAIN

Widely hailed as the most digitized nation on earth, Northern Europe’s small Baltic country, Estonia, 
has a groundbreaking digital healthcare model to emulate. The Estonian National Health Information 
System has been operational since 2008 (Health Europa, 2019). More than 99% of the data generated 
by medical care facilities and doctors in Estonia is digitized (Lewin, 2020). This means that citizens 
can access their medical records online and can share it securely with healthcare providers as needed 
and at will. In 2012, the country introduced Blockchain technology to process transactions and secure 
healthcare data using Keyless Signature Infrastructure to ensure the integrity of the sensitive data being 
shared. With trust built into the system, medical billing is completely managed on Blockchain, with 95% 
of all health data being ledger-based and e-prescriptions being 99% digital.

For the people of Estonia, this not only means video consultations that save both time and a trip to 
the hospital but also medicine deliveries through e-pharmacies. Being digitized ensures reissuance of 
e-prescriptions, auto-checks for drug interactions or allergies, and instant drug counterindication sup-
port. Interconnectivity also helps registrations and applications to be done swiftly. Registering birth or 
death and applying for health, birth, or death certificates, which take time in most other countries, is 
done effortlessly online.

All this is possible thanks to a state-issued digital identity for every Estonian (PWC, 2019). The iden-
tity helps tie together all e-health services that are availed by the citizens. For example, the e-ambulance 
system is connected to the e-health services database, providing emergency care professionals with pre-
filled health data forms even as they head out to save patients in dire need, improving overall efficiency 
and gaining time for resuscitation.

The e-health services also ensure sustainability of the overall healthcare system as more is achieved in 
lesser time with fewer resources. This is one of the most critical components in the shift from curative to 
preventive medicine, the backbone of a sustainable healthcare model in a Smart urban-scape. In fact, in 
the wake of COVID-19, the digital Republic proved that Smart healthcare solutions can help communi-
ties be crisis-ready. Estonia was able to continue all its public services uninterrupted by the pandemic.

As futuristic as its case sounds, Estonia has demonstrated the way forward to those countries that are 
seeking out radical ways to revolutionize their health systems towards a self-sustaining model. Estonia 
has managed its complete digital transformation journey at one percent (OECD, 2019) of its state budget 
to develop the technology to support digital ID, e-governance, e-health, e-school, i-voting, e-tax, and a 
host of other services. The pay-off in implementing most of these, step-by-step, has been seen in under 
four months of implementation of each. Moving further in preventive care, it started offering free gene 
tests at the Estonian Genome Centre in 2018, to advance personalized medicine studies in genomics. 
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The aim is to develop long-term AI and ML algorithms to detect high-risk groups of citizens prone to 
serious NCDs, including the more common cardiovascular disease and breast cancer. The gathered data 
can also be used in developing entire generations of healthier individuals through early diet planning 
and health predictions.

HEALTHCARE DEMAND PREDICTION USING DATA

While healthcare data is extremely powerful and insightful, it can be ginormous and unwieldly across 
heterogeneous platforms. Applying predictive analytics to this data and then sharing it securely back 
to hospitals and healthcare facilities can help with population health monitoring, healthcare demand 
forecasting, and disease prevention.

Predictive analytics using unsupervised learning can identify patterns in data using attribute-based 
algorithms. These algorithms can detect clusters and associations in data, creating dynamic models that 
can be used in developing responsive healthcare demand forecasts (Altmann-Richer, 2018). Conven-
tionally, only structured data, such as medical records and patient admission records, was being used to 
make healthcare demand predictions. Today, the shift to semi-structured and unstructured data, such as 
data from wearables, sensors, patient notes, voice transcriptions, etc., is helping with quicker and more 
accurate predictions. 

Prediction can be used to alert medical practitioners and clinicians of a likelihood of greater demand 
in healthcare and prevent resource shortage. Early signs and symptoms of illness or need for intervention 
can be modeled, whether in citizens connected to Smart technology or to warded patients in hospitals. 
Predictive analytics can help prevent acute challenges to healthcare preparedness by informing care 
facilities of the anticipated illnesses and rate of admissions. This can help in two ways: (1) Prevent the 
predicted outbreak of illnesses through enhanced city-level surveillance, health promotion, and early 
detection (2) Better manage the available manpower and resources to meet the demand surge when 
prevention fails, and take precautions to avert a worsening situation.

Meteorological factors such as changes in weather conditions, rain and wind patterns, and heat and 
cold waves often result in quicker transmission of communicable diseases, such as the flu, influenza, and 
dengue fever. Paired with socio-demographical factors, certain health emergencies can worsen popula-
tion health. Healthcare demand prediction using Big Data analytics can help discover new biomarkers 
of emerging disease outbreaks and intelligent therapeutic intervention strategies aimed at preventing 
illness and sustaining good health in the city.

The four hospitals in Paris that form the Assistance Publique-Hôpitaux de Paris (AP-HP) success-
fully leverage internal and external data, including decade-long hospital admission records, to chart out 
daily and hourly patient admission predictions (Marr, 2016). This has helped the hospital chain deploy 
hospital resources effectively for more efficient patient care. Sweden’s Sahlgrenska University Hospital 
and Södra Älvsborgs Hospital uses AI-modeling techniques with data-driven insights on predictive mod-
els to arrive at a reliable 14- to 21-day hospital admissions forecast that helped healthcare resources at 
the hospitals be prepared ahead for the demand during COVID-19. Internal crowd mobility data as well 
as external vaccination data were used, besides other available data to come up with the significantly 
accurate solution to prevent overburdening healthcare professionals.

The trends in usage of existing medical facilities, clinics, and hospitals, the cost of treatment involved, 
coupled with patient footfall, can help planners determine the need for more general physicians or medi-
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cal specialists, or their lack thereof. This would ensure areas that are under-served receive the care and 
attention they seek out either by enhancing existing services or providing additional temporary access 
to health experts. Data can also help citizens connect with service providers and medical specialists 
when human interaction is either not possible or not required, as in the case of telehealth. Seat Pleas-
ant, a small community in Maryland, launched a telehealth network integrated with its current Smart 
City platform called the Smart City Hub (Wicklund, 2020). This Nationwide Disease Surveillance and 
Chronic Disease Management Telehealth System uses telemedicine tools and mHealth platforms to 
monitor and aid local residents.

Besides, health experts can also use data to identify specific pockets of the city that are more prone 
to being affected by certain health issues. This can help them assist people of those areas with suitable 
health information and guidance to bring down mortality and promote preventive measures towards 
greater wellness. These statistics could also help urban planners incorporate certain design changes 
into the neighborhood blueprint. For instance, specific neighborhoods that show higher rates of obesity 
could have more parks and green spaces, walking and jogging paths, while encouraging cycling with 
the provision for dedicated lanes. Various earlier studies have shown that the combination of data and 
infrastructure are needed to optimize health outreach efforts to improve the population health of a city 
while also achieving sustainability targets of preventive care.

Analyzing data demand prediction data over a period of time can help recognize the demand troughs 
and peaks that a healthcare facility goes through along with its contributing factors. This data can be 
harnessed to devise preventive wellness strategies for targeted communities, promoting sustainable health. 
Among the most vulnerable in the community who require attention are the elderly.

ELDERLY CARE

With the world heading towards a longevity revolution, it is estimated that 1 in 6 people will be above 65 
years of age by 2050 (UN, 2019). One of the key challenges, therefore, is to create a centralized Smart 
technology platform to coordinate all individual and community efforts to address the needs of elderly 
care from a strategic, long-term perspective. This would include a preventive and predictive living 
environment for them for holistic health using gerontechnology. Gerontechnology supports successful 
aging, and is a combination of the aging society and rapidly emerging new technologies (Bronswijk et 
al., 2009). The aim of such inclusive design would be to enable them to remain fairly independent and 
in close connection to their families and the community at large.

Under the purview of Smart City health, Singapore launched the SHINESeniors project (Zaobao, 
2021) to help the elderly age in place independently, with healthcare professionals monitoring them 
remotely. In collaboration with the Singapore Management University, the solution makes use of IoT 
sensors that monitor the motion of the seniors inside their homes to detect any anomalies using AI 
algorithms (Gupta, 2017). This helps reach preventive medical assistance to the elderly in time and at 
home, reducing the pressure on nursing homes.

Several studies in the past (Tanner et al., 2008; Hwang et al., 2011) have considered various modifi-
cations in existing residences in order to support the elderly to age in place. The modifications are not 
just about changes in physical spaces to facilitate ease of safe movement but also enhancements driven 
by technology and greater connectivity (Cheek 2005, Noury 2000). Smart technology within homes 
can detect changes in the residents’ health and offer insights on the effects of these health conditions on 
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day-to-day life. Changes in cognitive performance when prescribed medication treatment is not regu-
larly followed (Austin et al., 2017), constant gait analysis using ambient sensors to predict issues with 
balance and potential for falls (Mancini et al., 2016) as well as early onset of neuromusculature diseases 
(Huisinga, 2012), detection of visitors (Petersen et al., 2012), and recording of time spent outdoors or 
indoors, talking on the phone or using social media (Petersen et al., 2015), are all possible to study us-
ing ambient sensors.

If activities can be recognized, then their future occurrences can be predicted (Minor et al., 2017), 
and appropriate reminders could be triggered, such as those for medicines, having dinner on time, etc. 
Nice, France, with a third of its population over 60 years of age, has made at-home care for its elderly a 
priority. A Smart health project launched in the city (USE, 2016) brings together healthcare stakeholders 
to create tools and services to enable independent living among the elderly. The government has also 
set up an e-Health Business Innovation Centre and co-working spaces to support start-ups in the space 
of Smart elderly care.

While the creation of a social network can help the aging stay connected and forge bonds, the deliv-
ery of essentials, including medicines, and the use of telemedicine and video consultations (Kharas & 
Remes, 2018) can help them feel healthier and reassured when they are immobile and overwhelmed by 
the doubt of disease.

Along with the elderly, another neglected and oft-overlooked section of society are the homeless. 
With the homeless either not having access to quality care or accessing different emergency medical 
services each time leads to fragmentation of their medical history and records. Emergency health provid-
ers face challenges serving them with quality care due to the lack of longitudinal data about their health. 
In 2019, Dell Medical School at the University of Texas, Austin, and the Austin Blockchain Collective 
collaborated to improve health for the homeless in the city. Through their collective understanding of 
data science and health informatics (Gilkeson & Tilton, 2019), the team piloted an identifier system 
called the MyPass Initiative. The MyPass Initiative helped solve data fragmentation and medical care 
problems faced by the homeless by creating a unique identifier for each individual to store and access 
their health records from any computer that is within the network of the permissioned Blockchain run 
by the city. This structure allowed doctors and emergency personnel access the complete health records 
of the homeless without a physical identification and provide them with equitable and quality care. With 
data recorded and stored away, the homeless can be rounded up for periodical preventive health check-
ups to ensure equitable quality care.

SOLUTIONS AND RECOMMENDATIONS: INTEGRATED, 
INTELLIGENT HEALTHCARE FOR SUSTAINABLE CITIES

Intelligent cities are about creating Smart healthcare ecosystems that can sustain themselves for the 
larger benefit of communities. They aim to diagnose and treat illness and disease in the best available 
way. More importantly, they are about leveraging digital technology to create an integrated system for 
early intervention and prevention.

A comprehensive combination of a wide range of computational systems in an integrated data envi-
ronment will be able to support interoperability between the various components of urban life. Sangui-
netti et al. (2016) propose a Smart City Information Model that integrates data from sensors in public 
and community spaces, Building Information Model (BIM), Building Management Systems (BMS), 
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neighborhood-level space syntax analyses, and Geographic Information Systems (GIS) to support the 
development of Smart data translators. This would include workplaces, common spaces, neighborhood 
and community centers, and public transport, among others.

INTEGRATED CARE IN SHARED SPACES

With sustainability spotlighting preventive healthcare, Smart cities can create physical and virtual com-
munities that can help encourage health and hygiene. However, the most basic shared unit of a Smart 
City, every building can also be an interoperable and fundamental part of healthcare.

Smart Workplaces

Creating and maintaining an environment that enables people to stay healthy and engaged at the same 
time can have a highly positive impact on their mental and physical wellness, making it a growing 
consideration in Smart building initiatives with embedded technology (The Economist, n.d.).Research 
indicates that chronic health conditions can be prevented or reversed with lifestyle changes, and that 
office designs that promote health can enhance productivity, reduce attrition, and improve wellness. 
Building developers are now globally creating workspaces that support a healthy lifestyle through Smart 
technology, considering employees spend over a third of their waking time working (McCormick, 2018). 
Office buildings can learn and enhance their services, become smarter and improve the experience for 
employees and occupants through the use of intelligent sensors, ML, AI, and advanced data analytics, 
all mapping back to cloud-based BMS. Smart controllers can support a range of sensor capabilities, 
including the heating, ventilation, and air conditioning (HVAC) system, air quality monitoring and CO2 
detection, air filtering to keep off airborne viruses, crowd monitoring, lighting modifications, and other 
energy-consuming devices (Stone, 2020) throughout office spaces. Healthy adjustments to workspaces 
for better wellness, including circadian lighting (CBRE, 2017), biophilic office design, and temperature 
moderation for a more relaxed environment can boost employee productivity during the day and restful 
sleep at night, ensuring a healthier body-clock rhythm.

WELLBEING IN THE NEIGHBORHOOD

The advantage of a Smart City neighborhood is that it can facilitate installing plug-and-play Smart ob-
jects (Jin et al., 2014) including sensors of different types and measuring numerous inputs, which can 
be deployed anywhere to blend into their surroundings. The IoT-powered devices, appliances, buildings, 
vehicles, etc., are seamlessly interconnected and interfaced with one another in real time, and can be 
relied on for an abundance of Smart data. They can not only help with health monitoring but also with 
conveying the demand for modifications to the neighborhood structures and facilities based on citizen 
requirements, predicting environmental and weather changes to send out alerts in the locality if citizens 
need to be forewarned of bad weather, keeping watch on safety and security in the area, as well as with 
informing citizens of arrival/departure timings and crowding in local public transport.

The hospitals and healthcare facilities at the coastal city of Cascais, Portugal, are world-class. And 
yet this Smart City endeavors to create an intelligent health ecosystem that is aimed at proactive health-
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care management through a local-level decentralized system. Cascais uses an interconnected network 
of mobile apps and other Smart tools to connect its citizens (Deloitte, 2019) with national healthcare 
institutions, managing health, emergency and medical resources on a single platform. These apps also 
help maintain clear and constant connection within neighborhood communities. This platform was used 
to enlist all 200,000 residents of the country for mass testing of coronavirus antibodies during the CO-
VID-19 outbreak, helping manage the crisis commendably. The city’s robust network of neighborhood 
and community-based caregivers collect and monitor health indicators of the more vulnerable sections 
for preventive assistance.

Drawing from this example, we see that healthcare experts can rely on data collected from various 
sources to study which pockets of the neighborhood need to maximize on its public health outreach ef-
forts. Such data can also be used to reclaim space by shutting down some roads and reducing automobile-
centric infrastructure to be transformed into greener and safer pedestrian trails to encourage exercise. 
More importantly, digital sensor systems in emergency vehicles and ambulances in the neighborhood 
can help prevent the possibility of getting stuck in traffic jams by transmitting information about their 
arrival to receptors installed at traffic lights well over 300 meters or so before they reach (Smartnet, 
n.d.). This helps create a high-speed green corridor for ambulances to reach hospitals without any delay, 
thanks to infrared sensors, 5G wireless communication, and GPS.

CHICAGO’S SMART HEALTH COMMUNITY ECOSYSTEM

Smart Health Communities (SHCs) can empower proactive health, foster social wellness, encourage 
digital health tool use, and enable overall healthy ecosystems. Chicago supports establishing a complex 
and highly interconnected health and wellness community-based ecosystem that is focused on increasing 
healthcare provisions, easy access, and equitable medical services. As part of Healthy Chicago 2.0 initia-
tives (Deloitte, 2021) that were flagged off in 2016, the SHCs work towards improving living conditions 
and enhancing health outcomes through the optimal use of data. The highest impact of the program has 
been seen in reducing tobacco use, improving health for mothers and babies, and preventing HIV, along 
with addressing several lifestyle-related NCDs. Highly dependent on technology for innovative tracking, 
data analytics, and delivery models, the Chicago SHCs also assist with neighborhood health promotion, 
mental health, knowledge sharing, aspects of clean air, exercise and walkability—all towards a higher 
quality of life. Healthy Chicago 2.0 leverages surveillance and data to ensure each of the 82 objectives 
and 30 goals charted are measurable and achievable.

Close on the heels of the SHCs is the Healthy Chicago 2025 program (Chicago.gov, n.d.). A five-year 
community health improvement plan that was launched in 2020, it is the result of the work of several 
hundred community members and organizations to reach a stronger, healthier, and vibrant neighborhood.

DENMARK: AN E-HEALTHY AND HAPPY COUNTRY

Named the third happiest country on the planet, Denmark’s e-healthcare system is among the most ad-
vanced in the world. It is one of the most forward-looking examples of government-supported objectives 
and efficient collaboration between healthcare stakeholders. One of the most digitized economies in the 
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European Union (Medical Futurist, 2019), the priority has been on patient health and data security. The 
country’s new digital health strategies are centered around integrated care and prevention.

Interestingly, the Danish National Patient Registry has records dating back 40 years, making it the 
world’s oldest nationwide hospital registry. This rich health databank provides critical information that 
can be leveraged for preventive care. To supplement this, the newly established Danish National Genome 
Centre aims to have at least 60,000 whole-genome sequenced by the turn of the decade to be able to 
create better health for the future. The Copenhagen Healthtech Cluster has been set up with the goal to 
network with data registers for real-time information for doctors in Operation Rooms.

Besides these lofty projects, the push for e-health in Denmark since well over two decades has encour-
aged the adoption of several e-health technologies (Kierkegaard, 2013). The Danish healthcare system 
allows for free and equal access to digitized medical practitioner services. The patient portal allows 
citizens to access their data and book appointments. The government is considering bringing together 
public registries and specialized data sets for specific purposes to establish close collaboration between 
companies and the healthcare sector towards greater innovation.

FUTURE RESEARCH DIRECTION

On the road to global progress, sustainable Smart healthcare overtakes the drive. The digitalization of 
healthcare is long-winding, with innovative and immensely beneficial potential. However, there is scope 
for further research to evaluate the right path for each country, based on several regional and demographic 
factors. Countries like Estonia, Spain, Denmark, and Singapore, among others, have explored ways in 
which lives of citizens and healthcare providers can be improved and eased. Smart cities and countries 
that are open to innovation can use these as benchmarks to further the cause of long-term, sustainable 
preventive health.

If the global healthcare system has to be made sustainable, it has to be intelligent and adaptable to the 
constant evolution of the healthcare scenario. Future research needs to focus on the genomics revolution 
that can make the best use of emerging technologies and stop serious NCDs among entire generations. 
Along with this, the global demographics dynamics needs to be studied to arrive at newer and optimal 
models of healthcare.

THE TRANSITION FROM CURATIVE TO PREVENTIVE CARE

There needs to be a transition from curative or responsive care to preventive care. Personalized medi-
cine based on patient experience and medical history can be achieved through deep genomic studies, 
changing the course of healthcare. The ability for more precise diagnostics can pave the way towards 
personalization and newer ways of healing. The answer should not be to always turn to medical care 
for help, but rather to minimize the need for healthcare through a good measure of prevention, extra 
care, and overall wellbeing. While this can reduce the burden on healthcare providers, it can also boost 
the health of a nation, its citizens, and its economic stability. Preventive healthcare would require that 
research focus on more trusting data sharing methods, enhanced interoperability between key contribut-
ing factors, greater provision for equitable access, ways to maneuver change in consumer behavior, and 
more astute scientific breakthroughs.
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POLICY IMPLEMENTATION

Preventive care is the answer to sustainable health in Smart cities, where governments can bring in 
policy changes through regulation and political leadership. Collaborating with technology companies 
and encouraging enriching partnerships between public and private healthcare players can be a first step. 
Building security and a trustworthy privacy infrastructure can establish the required faith in the system.

The World Health Organization has been canvassing for better healthcare across the globe. In a 2005 
resolution (WHO, 2021), the World Health Assembly urged its member states to draw up long-term 
strategies to implement e-health services. Following up on this, in 2013 and 2018, member states were 
issued directives to adopt e-health interoperability and a global strategy on digital health. The purpose 
of such a strategy is mainly to reinforce healthcare systems by using Smart health technologies towards 
empowering patients, supporting care providers, and “achieving the vision of health for all.”

Governments would do well to restructure timeworn healthcare policies and consider incentivizing 
development plans by both public sector and private healthcare organizations. Such policies can also 
help institute community-driven hubs that can strengthen healthcare reach, support medical capabili-
ties, and increase operational efficiency of care. National digital health roadmaps should be chalked out 
with sustainability and interoperability as the driving force. Smart technologies for shared, reusable, 
and secure systems could be used to meet the objectives. The target should be an increasing adoption of 
sustainable e-health systems that are cost-effective and efficient. Fast-tracking these efforts can ensure 
healthier populations across the world.

CONCLUSION

As we head towards a more interconnected and intelligent world, the future of health is set to be data-
intensive and digitally-driven. Health and healthcare will no longer be about treating illnesses but 
about sustaining wellbeing and preventing disease. And with the pervasiveness of data and digitization, 
healthcare is likely to be more equitable, affordable, accessible, and accurate. In an idyllic tomorrow, 
the citizen will be at the center of healthcare.

Smart City innovations show immense potential in reinventing and enhancing healthcare services. 
According to some earlier analyses, establishing Smart healthcare services and hospitals using AI is 
expected to drive the growth of the global Smart hospitals market to cross USD 103 billion before the 
turn of this decade (Business Wire, 2020). Cutting-edge technologies such as AI, IoT, and Blockchain 
are set to turn health challenges into opportunities to make healthcare management more efficient and 
effective. Additionally, the demand for home care and elderly care as well as remote patient monitoring 
will benefit from the technology-based healthcare revolution.

With cities of the future speckled by data-capturing technologies, citizens will form a greater part of 
the interoperability function, acting as sensors, alerting city services to wellbeing challenges and envi-
ronmental issues (Fonseca et al., 2021). The aim of Smart Cities is to primarily increase the quality of 
life by providing better services and finding solutions to environmental sustainability, through greater 
citizen participation (Berntzen et al., 2018). A well-rounded approach to health and sustainability will 
hold the answer to the future of a resilient Smart City ecosystem, where the synergy between citizens 
and all other stakeholders is at its best possible. Such a holistic solution can be realized through improve-
ment in the existing models of healthcare delivery, including a “more innovative, preventive, proactive, 
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evidence-based, person-centered, and wellness-driven” strategy (Knickman & Snell, 2002; Johnson et 
al., 2007; Swan 2009).

As the world transitions with the lessons learnt from health emergencies and pandemics, adopting 
new responses and solutions to deal with emerging challenges, it is yet another step towards driving 
sustainable growth at scale. Each Smart City, though governed by similar technology principles, has its 
own personality and its unique vision for a better future. Citizen participation, commitment to effective 
collaboration, and greater levels of coordination between contributing agencies can help secure sustain-
able benefits for a healthier world. After all, our health is in our hands. Much like the question posed by 
WHO (2020), “If the purpose for (urban) planning is not human and planetary health, then what is it for?”
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KEY TERMS AND DEFINITIONS

Electronic Health Records: Electronic health records or EHRs are a collection of systematized 
health and medical records of a patient or the population at large, stored in a compact, digital format.

Personal Health Records: Personal health records or PHRs are a type of EHR. PHRs are a collection 
of medical records or health documents that are electronically maintained by the individuals themselves 
or their caregivers. They contain the individuals’ complete medical histories.

Population Health: Population health is the collective health of a group of individuals within a 
given region.

Sustainable Health: Sustainable health is the commitment to taking care of health and maintaining 
it either at a personal level, within a community or neighborhood, or for an entire city.
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ABSTRACT

Adequate access to sanitation and safe water is a main challenge to improve urban health in low-income 
countries. Diseases derived of precarious hygiene conditions are a major burden in African rapidly 
growing urban areas. These challenges are embedded in complex stakeholder networks and need to 
be addressed through a holistic approach. It is argued that schools are a key objective for sanitation, 
water, and hygiene actions in the city. Concerns for improvement of hygiene conditions among school 
children have risen in the context of contemporary sanitary crisis. Furthermore, schools play a pivotal 
role between the public and the private realms and a potential to foster change. The study focuses on 
WASH actions implemented in schools of the city of Makeni, Sierra Leone. It seeks to define a set of 
context specific recommendations to improve the health-related conditions in the school environment.
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INTRODUCTION

Eleventh Sustainable Development Goal (SDG11) of the UN 2030 Agenda calls for “inclusive, safe, 
resilient and sustainable” cities, but the very notion of sustainable cities is, as we know, problematic. 
And this is specially so in vulnerable urban environments. When confronted with the rapid and chaotic 
growth of some African cities, these concepts take a very different meaning than that we may find in 
first world contexts. In Herbert Girardet´s seminal definition, the sustainable city is “organised so as to 
enable all of its citizens to meet their own needs” in a sustainable way (Girardet, 1999).

Sustainable environments in this sense, necessarily address necessities and equity among all citi-
zens. In urban contexts where there is a demand of basic services such as water or sanitation, the lack 
of access to these infrastructures is cause to inequity and vulnerability. This takes us to World Health 
Organization (WHO) definition of healthy cities, that points out how the Healthy City tackles the needs 
of its inhabitants by enhancing community capacities:

A Healthy City is continually creating and improving those physical and social environments and ex-
panding those community resources which enable people to mutually support each other in performing 
all the functions of life and in developing to their maximum potential. (Goldstein & Kickbusch, 1996)

It is therefore at the community scale where the response to necessities is organised through enabling 
environments that foster mutual support. Improvement of common resources in the neighbourhood en-
vironment is, thus, a key aspect to generate healthier and more sustainable cities.

The 2030 Agenda´s SDG6, on the other hand, emphasizes the need of clean water and sanitation to 
“ensure availability and sustainable management of water and sanitation for all”. Access to adequate 
sanitation is a main challenge to improve urban health worldwide, significantly so in developing countries. 
According to the U.N., inadequate water, sanitation, and hygiene are related to large disease burdens 
concerning malnutrition, diarrhoea, or soil-transmitted parasites; deficits in this area led to 870,000 
deaths worldwide in 2016 (United Nations, 2019). The U.N considers the efforts on this aspect must 
be doubled in order to achieve the 2030 Agenda´s goal of basic sanitation services for all. The space 
where these aspects meet is no other but the city´s public realm. It is in the public space, in the com-
mon resources and shared communal infrastructures, where the organization of the city as an enabling 
environment can be most directly addressed.

This is especially important in the informal urban contexts. Here, the public realm is more relevant 
than ever, setting the standards in terms of hygiene and sanitation. But also, because the urban infra-
structure in informal contexts forms a significant part of the public space. Most of the access points to 
safe drinking water in places as Makeni, Sierra Leone, are public. These infrastructures generate gather-
ing spaces around them that eventually become everyday landmarks in the urban fabric. In a landscape 
of limited formal resources, it is the infrastructure networks such as water, sewage, sanitation, public 
lighting, or green spaces, that project a greater visibility of the public realm by structuring everyday life 
and the urban landscape around them. It has been pointed out that place centred communities achieve 
greater relevance for those with reduced social mobility (Nash & Christie, 2003).

In the studied Sierra Leonian context this would include infrastructures such as community meeting 
spaces or commons as the cereals drying facilities around which the neighbourhood gathers at certain 
times. In most neighbourhoods and villages community centres are key infrastructures for social rela-
tions, together with circular small, covered structures called baffa. Following this idea, the school ap-
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pears as one of the main spaces of the community public realm. Primary and secondary schools are a 
critical scenario for health and sanitation infrastructures, community identity and placemaking. SDG4 
stresses the importance of education spaces as centres of the community to “ensure inclusive and qual-
ity education for all and promote lifelong learning” (United Nations, 2019). U.N points out that many 
homes, health centres and schools lack water and soap, significantly increasing risk of diseases: “Access 
to safe drinking water, sanitation and hygiene can save millions of lives per year and improve school 
attendance” (United Nations, 2019). 2020 COVID19 pandemics has raised awareness on the importance 
of proper hygiene in public areas to prevent the spread of contagious diseases. Sanitation requirements 
have a significant impact in public areas and facilities, crucially those concerning education. One third 
of public schools worldwide lacked proper water supply and sanitation in 2016 (United Nations, 2019). 
On top of that, lack of safe and adequate sanitation installations in school centres has a special impact on 
female schoolers attendance during their menstruation, increasing gender inequality. Therefore, tackling 
water and sanitation in the public realm is key to improve sustainability and equity in vulnerable urban 
environments, and the implementation of such actions in school facilities is a critical entrance point to 
the betterment of urban communities in the neighbourhood scale.

Some key precedents can be found in the nationwide program to implement water and sanitation 
provision in Schools in Uganda from mid-1990´s to mid-2000´s managed to reduce the ratio pupils/ 
cubicle from 700:1 to 100:1. For that purpose, the UNICEF School and Community Hygiene and Water 
Programme developed a design of improved latrine cubicle with prefabricated components and fostered 
hygiene education to change behaviours (Rugumayo, 2004). In this line, the implementation of School 
Health Clubs in cases as the program funded by the Dutch NGO SIMAVI in Kimusu District, Kenya, 
complement hardware provision of water supply and sanitary facilities with hygiene education and pro-
motion of management (Rop & Ufanisi, 2004). These clubs include training of groups of students who 
form in turn fellow students. The members foster hygiene behaviour and supervise the maintenance of 
the facilities. In Bangladesh, the program School Health Nutrition, promoted by Save the Children in 
2009, identified schools that lacked WASH facilities and provided them with latrines and hand washing 
facilities. This initiative included the organization of management committees and student brigades for 
the maintenance of the facilities. The responsibility on daily care fostered an enhanced sense of pride 
and ownership (Save the Children, 2009). Other approaches have emphasized a strategy of leveraging 
resources, such as WASH SDG programme in Negelle Arsi, Ethiopia promoted by BBBBC. These pro-
grammes leverage resources for the construction of improved latrines through microfinance entities that 
provide loans to households or schools (Hailegiorgis, Ebrahim, Lemecha, & IRC, 2022).

HEALTH, WASH AND THE CITY

The links between water, sanitation, and health (WASH) in the city have been widely explored since the 
hygienist urbanism of the 19th century. At the time of the initial period of industrialization in Europe 
and the United States, the rapid deterioration of environmental urban conditions led to the development 
of public health policies. The increase in illnesses affecting the working-class neighbourhoods in the 
1830´s came together with social unrest. The rise of mortality rates and health problems were seen as 
a threat for labour availability. As a result, first social surveys were organized to gather information on 
the population´s health conditions and hygiene regulations were developed. The urban discipline was 
born as a specialized technique for physical environment control and new health legislation was put in 

 EBSCOhost - printed on 2/8/2023 10:26 AM via . All use subject to https://www.ebsco.com/terms-of-use



227

Urban Health in Vulnerable Environments
 

place such as the Public Health Act in the UK in 1848 or the Melun Act of unhealthy urban habitation 
in France in 1850-51, applied by Haussmann in Paris (Ragon, 1978; Sica, 1976). This situation led both 
to the implementation of centralized water and sanitation systems and the rise of working-class housing 
projects.

The challenges confronted nowadays by cities in developing countries do not necessarily have much 
in common with the times of hygienist urbanism except for the extremely rapid growth of urban popula-
tion and the burgeoning difficulties concerning health and habitation in the most vulnerable areas. The 
complexity of the situation linked to urban health includes huge socio-economic challenges, deficient 
legislation frameworks, property and tenancy precariousness, environmental threats, and complex gov-
ernance networks of stakeholders. It is in this context that water and sanitation problems are of utter 
significance to tackle urban health. But these issues cannot be isolated from the urban, social, political, 
and environmental context. Solutions to water and sanitation problems such as centralized sewage sys-
tems may not be directly translated to the context of cities in developing countries (Strande, 2014) just 
as top-down, patronizing models can hardly be applied today. Some contemporary visions on health 
and the city tend point towards a systems approach. In contrast with a linear concept of health as the 
result of a given situation and the application of a set of solutions, the systems approach considers it 
integrated with urban life and the urban system. In this view, the city is seen as a complex system of 
networks and flows. The different processes and stakeholders interact in nonlinear ways. Within this 
vision, health must be studied within a complex field of actions and interactions of urban systems. The 
system approach has been characterized by three conditions: the construction of conceptual models that 
consider feedbacks from one system to another, the use of system tools such as simulation models and 
the integration of different kinds of data (Gatzweiler et al., 2017).

This perspective traditionally relays heavily on data availability and simulation models which may 
not be always appropriate for the achievement of certain objectives. In the context of water improvement 
related projects in developing countries, it has been argued that a hard systems method is excessively 
rigid to foster the necessary diversity of disciplines (Cable, Seok, Alemayehu, & Foster, 2009). The 
systems approach advocates for the use of both analytical and qualitative, context-based information 
and it specifically calls for a “goal-centred approach rather than a technologically-centred approach” 
(Gibson, Scherer, & Gibson, 2007, p. 35). Nevertheless, the focus on analytical modelling of the hard 
systems approach may prevent the required engagement of a variety of stakeholders (Cable et al., 2009) 
and thus, lack the bottom-up component. On the other hand, a more holistic definition of systems ap-
proaches calls for “efforts to resolve complex problems by understanding the systems involved and ap-
plying appropriate corrective actions” (Rietveld et al., 2016). Such perspective widens the approach to 
the health-related challenges in the urban context by proposing the study of the problem and its possible 
solutions as embedded in nonlinear dynamic processes that require transdisciplinary thinking. It also 
comprehends the co-production of knowledge through the participation of different stakeholders, using 
both expert analysis and community knowledge around a specific goal or necessity.

Addressing water and sanitation in vulnerable contexts, the juxtaposition of different networks and 
processes, make it necessary to have a transversal perspective of the different layers of the problem. 
There are a variety of technologies operating at the same time, projects, and infrastructure for central-
ized management together with decentralized informal domestic waste and faecal sludge management 
(FSM), as well as formal and informal stakeholders. A system-level approach has been proposed in order 
to analyse the processes throughout its different aspects. This perspective would consider the technology 
but also the management systems and the planning and governance process (Strande, 2014).
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Systems analysis has been used (dos Muchangos, Tokai, & Hanashima, 2016) to map out the material 
flow analysis of Maputo City, from the use of natural resources to the disposal and management of the 
waste. The study analyses the interactions between different stakeholders, the governance and quantifies 
the waste flow. It establishes the relation of waste generated and the outcome result in terms of formal 
and informal dumping, material recovery and uncollected waste. In such approach, flows of wastewater, 
rainwater or formal and informal sludge treatment can be visualized together with governance aspects 
of the process (Rietveld et al., 2016). Therefore, through holistic analysis, conclusions and recommen-
dations are drawn regarding the main barriers detected and a connection with policies and decision 
making is established. Such a concept approach is also applied at a smaller scale, drawing conclusions 
on urban space FSM-related problems. The study of one informal block in Maputo City shows how 
urban space interacts with waste management. Difficult access through narrow and unpaved streets to 
domestic sanitary installations prevents the primary waste disposal systems causing waste accumulation 
that, combined with lack of drainage, results in water contamination (Subtil, Matos, & Santos, 2018).

Governance, Management, and Technology

In the first place, from the governance point of view, urban health must be understood as socially deter-
mined factor as is proposed by the Social Determinants of Urban Health perspective. Within this vision, 
research in urban health must unpack the relation between governance structures and health. This criti-
cally includes local and national governments. The determinants of urban health in the different layers 
of governance need to be identified together with the interconnections and systems that have an impact 
in health. In order to achieve these goals, coalitions must be established, and a participatory planning 
procedure needs to be put in place (Vearey, Luginaah, Magitta, Shilla, & Oni, 2019). Micro level ac-
tion has been pointed out as the necessary basis for urban services improvement efforts in Sub Saharan 
Africa (Hoelzel, 2021), especially when the presence of government is scarce or hesitant. Nevertheless, 
government support is also considered critical by UN Habitat, who identify six different areas that con-
stitute an enabling environment for the planning process of sanitation projects. Government support is 
considered critical for the success of the planning process. It is an aspect often assumed but not neces-
sarily defined. Assessing government support involves checking if sanitation issues are clearly stated as 
a priority by local and national administrations and checking if there is a will to decentralize the inter-
ventions in order to achieve these goals. Legal framework, including environmental law, land tenancy, 
health codes and technical standards, is key to understand the margins of action in the implementation 
of sanitation planning. To implement a participatory approach, institutional arrangements must be cre-
ated that constitute coalitions between different layers of stakeholders, including households, schools, 
authorities, private providers, and community organizations. Development of skills and capacity is also 
crucial as an enabling factor. Financial assessment must be assessed early in the process. Lastly, there 
must be socio-cultural acceptance from the community to participate in such process and take decisions 
to change environment, service, and habits (Lüthi, Morel, Tilley, & Ulrich, 2011).

In second place, the management of water and sanitation systems involves a complexity of networks 
and interrelations that exceed the technological solution. Considerations such as centralized versus de-
centralized management or public versus private operation have enormous implications in the resolution 
of necessities and inequities in urban health. In the case of FSM, centralized sewage systems have been 
considered in the past as a priority to solve sanitation problems in developing countries. Centralized 
treatment and disposal through sewage infrastructures has traditionally been considered a safer technol-
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ogy in opposition to on-site management. Nevertheless, such systems are often far from affordable for 
cities in low income developing countries, its infrastructure is costly, and its legal implementation finds 
problems related to informal urban growth and land tenure. The limited viability of such solutions can 
generate the opposite effect, widening the inequity gaps (Strande, 2014).

Thirdly, on the technology aspect, on-site technology is increasingly viewed as a more viable and 
affordable approach, but the entire service chain must be considered. In this sense, solutions cannot 
be limited to the household scale, but they must be consistent with the complete FSM structure. This 
comprehends all its phases: collection, transportation, treatment and use or disposal. Specially the last 
phase conditions the process from the household infrastructure. The type of end product used in the 
treatment and whether there is an ulterior use may require a specific process. It is in this sense that any 
intervention must be done in the framework of an FSM plan.

The threats of a deficient FSM include contamination of the environment due to inadequate or in-
formal disposal or treatment and the subsequent human health and wellbeing problems. Some possible 
hindrances may come from excessive costs of the system or lack of equitable access, difficulty of collec-
tion and transport due to cramped spaces, narrow streets or unpaved roads, large distances to treatment 
facilities or lack of them, lack of financial viability for private operators, lack of coordination or even 
design mistakes resulting in useless infrastructures (Strande, 2014). These problems can cause informal 
direct dumping and prevent a correct maintenance of household infrastructure, thus increasing the risk 
of environmental contamination and associated diseases.

WASH ACTIONS IN MAKENI

Sanitation and Urban Health in Makeni

Sierra Leone ranks among the countries with a lowest human development index; 52% of its population 
living under the poverty line (“The World Bank,” 2021). According to the 2016 PNUD report on Human 
Development, Sierra Leone is the country with the lowest life expectancy, 51,3 years. Access to safe water 
and improved sanitation is one of the main habitability challenges for the country. In Sierra Leone, only 
6,1% of the population in urban areas out of Freetown, have access to drinkable piped water and 0,2% 
live in household with connection to a sewerage system (World Cities Report 2016: Urbanization and 
Development - Emerging Futures, 2016) and 16% of Sierra Leonese population have access to improved 
sanitation, shared among various households in most cases. In urban areas the most common improved 
system is the simple latrine with slab (8,4%), followed by the toilet with cistern and septic tank (7,6%). 
In rural areas the dominant improved systems are the latrine with slab and the ventilated improved latrine 
(VIP). Shared systems are used by 54% of population in urban areas and 31% in rural areas.

This situation is critical in the city of Makeni. In the interior of Sierra Leone, the Northern Province 
and the Bombali District present a more pressing precariousness than the rest of the country (Sierra 
Leone 2015 Population and Housing Census, 2016). Whilst in the urban areas of Freetown and other 
significant cities, tap water is the most common water supply system, 89,1% of households in Makeni 
used water from wells according to the most recent disaggregated figures, while 62,7% used shared toi-
lets, consisting in most of cases (93%) of simple latrine systems (Figure 1) (Perea Moreno, Salas Ruiz, 
& Arana Giralt, 2018).
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The precarious situation of sanitation, the scarcity of water in the dry season and the deficiencies in 
hygiene, generate health problems throughout the city. Despite efforts by the City Council and NGO´s, 
FSM presents serious deficiencies. The sludge treatment plant is not fully operative due to unrepaired 
constructional faults and while there is a project by Makeni City Council to implement a public private 
partnership for the sludge transportation system to the plant, it is not yet operational. Maintenance of septic 
tanks and latrines is manual and there is not a reliable system to empty, transport and dispose the waste.

Background Participation Process

A strategic planning process in the city of Makeni is being developed through a collaboration of education 
institutions (CEU San Pablo University and University of Makeni) with Makeni City Council. Within 
this process a series of participation workshops were organized between 2013 and 2019 with the pres-
ence of authorities, education institutions and civil society (Perea Moreno et al., 2018).

The workshops brought together different stakeholders to discuss the situation of the city and sought, 
among other issues, to detect priorities. They counted with the presence of both administrative and con-
suetudinary authorities of the chiefdom system. Representatives from SALWACO, the agency for water 
and sanitation were also present as well as technicians from local institutions. The necessity to emphasize 
training was one of the outcomes of the 2019 workshop together with the need for transparent processes 
of information and decision making.

Neighbourhood Upgrading Programme

Together with the strategic planning process, a Neighbourhood Upgrading Programme was established in 
2013 by University CEU San Pablo in cooperation with University of Makeni and Makeni City Council. 
The programme has conducted a detailed habitability study in different neighbourhoods and villages 
of Makeni. Its main goals include field analysis of current conditions through data collection, capacity 
building and detection of priorities and funding options. The neighbourhood analysis comprehends col-
laborative cadastral mapping of the area, transect walks, interviews, and questionnaires. The methodology 
includes an organized set of topics to understand the main characteristics and vulnerability assessment 

Figure 1. Poor state of sanitation facilities, Makeni Sierra Leone
Source: HD-LAB
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of the neighbourhood, including access to water and sanitation. This approach focuses on the gathering 
of a quantitative data sequence to be used in future monitoring and evaluation (Perea Moreno, 2015). 
The results of the survey show that in the analysed neighbourhoods only 10% of the population have 
access to improved sanitation with half of the households using shared latrines. The dominant system 
is a basic not ventilated pit latrine. Some problems presented by this type of construction are flies, 
mosquitoes, odours, and water contamination due to a high groundwater level, floods, short distances 
to water sources and poor maintenance. Sanitation in public facilities in the community primary school 
of Masuba community has only two latrines for 500 students while the school of Ropolon with 500 
students has no sanitation facilities.

Different actions were implemented in the context of a systems approach considring the different 
intervention scales in the city. In first place, a strategic planning approach to the city, rising awareness 
and involving the stakeholders in a participation process to define actions and priorities.

In second place, the analysis at the community scale through the neighbourhood upgrading pro-
gramme has been crucial for the assessment of the situation of sanitation in relation to habitability, 
health, and the urban realm. The neighbourhood mapping process brought to light the precariousness 
of the access to water and sanitation in the most vulnerable areas of the city as well as the peri urban 
communities. Lastly, the focus on school facilities as a privileged public realm within the community 
brings the opportunity to make small significant actions that have an impact in their context. The school 
is thus, an important node of everyday life, with direct connections to health, education, and wellbeing 
within vulnerable urban environments. These actions are framed by two projects: The first one, funded 
by Manos Unidas, seeks to implement sanitation projects in three schools of Caritas Makeni, a project 
in which University CEU San Pablo has collaborated with the design and technical development. The 
second project consists of a research on habitability funded by Madrid Council for a new community in 
the corridor Panlap-Kunshu including an action on sanitation, water and hygiene.

Water, Sanitation and Hygiene Actions in Schools

Necessities Addressed by the Project

The general situation of water and sanitation (WASH) in schools is also deficient. Not only the quality 
of the facilities is poor, but the provision of them in relation to the school population is below standards. 
The rate of students per latrine is above admissible standards in similar contexts and there is usually no 
access to safe drinking water. This results in open defecation and a higher risk of disease among children.

Health related outcomes of the deficient access to safe water and sanitation are the water contamina-
tion, attraction of mosquitoes, cholera, diarrhoea and malaria. The extension of these deficiencies to the 
urban scale constitutes a mayor challenge, as pointed out by WHO.

“Many homes, healthcare facilities and schools also still lack soap and water for handwashing. This 
puts the health of all people – but especially young children – at risk for diseases, such as diarrhoea. 
As a result, every year, 361 000 children under 5 years of age die due to diarrhoea. Poor sanitation and 
contaminated water are also linked to transmission of diseases such as cholera, dysentery, hepatitis A, 
and typhoid” (Drinking-water, 2019). At the same time, solid waste management is a persistent problem. 
A large proportion of plastics and common debris is dumped in areas around the households. As docu-
mented in the field studies by research group by research group HD-LAB (Habitability and Develop-
ment Laboratory) of University CEU San Pablo, solid waste accumulates in the back yards or in specific 
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locations of the neighbourhoods. Despite significant financial efforts to implement a centralized solid 
waste management plan, the precariousness of the situation remains. The garbage accumulation often 
blocks street drainage, causing floods and worsening environmental contamination in combination with 
poorly maintained sanitation infrastructures.

A field study of school facilities conducted by HD-LAB shows that the average amount of students 
per latrine in Makeni is higher than 100 (Table 1), while desirable standards in similar contexts are 
between 20 and 30 students per latrine (Chatterley & Thomas, 2013). This overall situation implies 
frequent open defecation. Lack of access to a steady supply of clean, safe water worsens the problems 
of health, together with equity, gender inequality and school absenteeism.

Absenteeism also represents an important hindrance to equity and progress in this context. According 
to 2015 census, school attendance in Sierra Leona among children 6 to 14 years old is 37,8% and 35,6% 
for girls, dropping to 23% above 15 years old children -19,9% for girls-. In the Northern Province, atten-
dance figures are the lowest in the country with a 28,8% and a 41,7% of the population who have never 
attended school. The field study showed it takes some students close to two hours to walk from their 
dwellings to the school in Makeni. Walkability throughout the city presents important deficiencies and 
there are no safe routes for children who often must walk in narrow roadsides among traffic with little 
if any safety measures. Household work claims the children presence during school hours and boys and 
girls walk the streets after school, selling fruits, vegetables, and other products. But absenteeism is also 
related to water, sanitation, and hygiene installations. The lack of hygienic conditions for washing during 
menstruation period is a recurrent cause for girls not attending class and this can be greatly improved 
through the betterment of the facilities. In this sense, lack of access to safe water can also condition the 
assistance to school, requiring children to make long detours to gather water.

Use of latrines by children in school is limited. In most cases the rate of latrines per student is bel-
low standards and part of the latrine provision of the schools is reserved to teaching staff. But not only 
the scarce provision of facilities makes its use difficult, precarious maintenance and lack of hygiene 
discourage the use of the sanitation infrastructure by children provoking open defecation in the back of 
the latrines or in the vicinity of the school.

Table 1. Rate of students per latrine. Based on field research conducted by CEU University and Uni-
versity of Makeni

School Students per latrine

Bombali Bana School 125

Every Nation Academy 54

Al Harrken Islamic Primary School 100

Alhadi Islamic Primary School 90

Gish International Elementary Primary and Secondary School 65

St Francis School 150

Masuba School 150

Ropolon School 500 students. No sanitation infrastructure

Yalisandra School 600 students. No sanitation infrastructure
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In most of the schools visited during the field work in different locations of the city the situation 
presents grave deficiencies in water and sanitation facilities. The sanitation system consists usually of 
simple well latrines, hardly ever emptied. They are often unused by children due to odours and poor 
state of the installation, being open defecation in the surroundings a common practice. It is therefore 
critical to revert this situation through actions that can be used as replicable models. Although hygiene 
training among children, teachers and families is a key aspect to reverse these dynamics, the improve-
ment of water and sanitation systems is necessary to turn the schools into better and safer environments 
from a sanitary perspective.

Technical Solution

The proposed solution represents a qualitative leap in access to water, sanitation and hygiene for the 
schools in the area. Instead of the precarious situation that results from the use of simple latrine solutions, 
the user interface of the model consists of a pour flush toilet with a septic tank storage system and a 
rainwater collection tank. The second phase development of the initial prototype within the project funded 
by Manos Unidas, a 60 m borehole and a tower water tank are added to provide access to safe water.

Such solution for improved water, sanitation and hygiene facilities in schools is based on a tested and 
integrated system (Tilley et al., 2014). The goal is to establish a model that allows to move towards safer 
flush water sanitation facilities with drinking water and sinks for handwashing, using rainwater through 
collection tanks. The integration of a water-based technology allows for a qualitative improvement in 
hygiene. It allows for handwashing and safe water access as well as providing a water seal to prevent 
odours and a safer user interface.

The system requires steady provision of water and periodic emptying of the septic tanks. This implies 
the project needs to address key challenges in management, maintenance, funding, and sensitization. 
Water recycling is included in the facilities through a central tank connected directly to the toilets. This 
water circuit is intended for toilet flushing of blackwaters to the septic tank. A different circuit of drink-
ing water is established from a borehole to an elevated water tank connected to the sinks. During the 
dry season the borehole can supply water to the central tank, although the flush circuit should prefer-
ably operate with non-drinking water from other sources. Within its context, the action seeks to dignify 
the sanitation facilities. It integrates the installations in the school environment, connecting them to the 
classrooms through paved areas, adding vegetation, benches, and relation spaces. The sole improvement 
of the facilities is not enough to make a durable improvement. The action in rural and urban schools com-
pletes a wider strategy together with training, capacity building, water committees and coordination and 
maintenance units, integrating the action with a holistic system approach and enhancing its sustainability.

Governance Approach

In terms of governance, the program considers two aspects: up-down and bottom-up. Regarding the 
first aspect, the sanitation projects are aligned with government´s programs for the promotion of health 
and human development such as the sanitation and water project in Freetown, promoted by the African 
Development Bank Group. Furthermore, the COVID pandemic situation has resulted in an increased 
attention from the administrations towards hygiene practices. At the local level, authorities are involved 
in the development of the project in the framework of the ongoing neighbourhood upgrading programme. 
Makeni City Council is pushing an FSM plan to foster a private public collaboration in the collection 
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and transport of sludge from septic tanks to the treatment plan. Regarding facilities, the council identi-
fied the provision of public toilets amongst the 10 top priorities for its inhabitants. Nevertheless, the 
main operators in charge of the FSM processes are central government institutions as SALWACO and 
coordination between different levels cannot always be taken for granted.

The involvement of the local administration in the project includes the selection of critical locations 
for water and sanitation actions. Besides administration authorities, any action related to FSM involves 
various actors as NGO´s and religious institutions who frequently fund and oversee the schools. It needs to 
be mentioned the importance of consuetudinary authorities. The Paramount Chieftaincy is of the utmost 
importance in any decision-making process. It is especially so if considered that Paramount Chiefs and 
noble local families own most of the land and are seen at the same time as leading community figures.

In second place, the project of WaSH for schools proposes to involve citizens through the creation of 
water committees in each school, joining parents’ associations, the school community, and the project 
coordination units.

Involvement of stakeholders as students, parents and teachers from the beginning is considered crucial. 
The school community acts as a multiplier of behaviours and is therefore a key player in the betterment 
of both public and private standards in sanitation (Lüthi et al., 2011).

Bottom-up governance is also a key factor for the sustainability of the facilities. Many of the sani-
tation installations suffer decay, poor maintenance, and vandalism. School Management Committees, 
formed by teachers, parents and students as well as members of the community and authorities oversee 
the maintenance and management. Sensitization and awareness rising in water, sanitation and hygiene 
is another aspect to be implemented within the community scale. Students of UNIMAK (University of 
Makeni) will collaborate with the WASH committees both as a form of training and sensitization of the 
university community on pressing challenges related to water, sanitation, and hygiene.

Phase 1. Prototypes of Sanitation Facilities

Although there is a small percentage of population using an improved ventilated latrine system, the area’s 
high water table and the weather conditions during the rainy season contraindicate the use of perme-
able collection systems. Together with a foreseeable increase of water use as the City Council tries to 
improve access to pipe water in the city, it seems possible to move towards watertight systems that avoid 
environmental contamination. A first latrine prototype is designed by CEU San Pablo University and 
installed in the schools of St. Francis and Masuba, in Makeni (Figure 2). The model consists of four pour 
flush toilets with collection tank, sink and an access ramp. The prototype will be a reference for future 
actions and will be improved in following models. On site monitoring of the performance will be key to 
improve the prototype and add other solutions such as the installation of safe drinking water elements.

Regarding FSM, this user interface is supported by the existence of a sludge treatment plant 8,5 km 
from the city. The project is implemented in coordination with main responsible institutions at state and 
local levels: SALWACO, City Council and NGO´s. But the action in schools cannot be limited to the 
implementation of facilities. The schools are community nodes and any improvement in WASH must 
necessarily involve a wider approach: In an initial phase the candidate schools for the intervention and the 
actions to be implemented are identified together with the community, the administration, and the school 
authorities. The water, sanitation, and hygiene actions in the school and its context include the following 
aspects: Construction of new sanitation block including accessible features in one of the latrines. Reform 
of existing latrines improving the ventilation conditions, maintenance work and installation of septic 
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tanks or emptying of the existing tanks. Accessibility improvement actions in the surroundings of latrine 
blocks. Reform and maintenance of existing water wells attending to possible structural deficiencies, 
access, and underground water availability. Construction of new wells to provide non-drinking water 
to the school and the latrines. Construction of water towers for the wells. Construction of boreholes or 
deeper wells to access safe drinking water all year through.

Phase 2. Technical Aspects for Improved WASH Facilities in Schools

Once the first two prototypes are installed, the second phase of the project involves implementation of 
improved WASH facilities in other schools of Makeni. After construction and monitoring of the first units 
and in accordance with detected necessities and technical options (Tilley et al., 2014), a set of technical 
requirements is laid out for the actions to be implemented in the next phase.

Site location: The latrine blocks need to be allocated as far as possible from the classrooms and kitchen. 
Minimum distance between the water sources and the septic tanks or the infiltration system is stablished 
in 15-30 meters. The connection of the new facilities to the school areas must be clear and accessible. 
The facilities need to provide privacy but there must be at the same time a visual contact of the latrines 
from the school. The surroundings of the latrine block need to allow access area for the vacuum trucks 
and the streets around the access point need to have adequate width and pavement. The intervention is 

Figure 2. Prototype of WASH facilities in ST. Francis Primary School, Makeni 2019
Source: HD-LAB
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also an opportunity to organize the spatial configuration of the school premises, including paved paths, 
sitting space, covered areas or vegetation.

Construction and spatial requirements: The studied building solution consists of sand-cement block 
walls. It also includes bamboo framework perimeter walls to provide privacy in the perimeter. Given 
the raised floor slab, ramps must be provided to improve accessibility. One latrine unit must be acces-
sible for physically disabled users. This unit will be also used for teachers. A specific private space for 
changing and washing has been detected as a necessity in order to facilitate access to school to girls 
during menstruating period. Responding to the detected necessities, the team formed by Díaz, Muñoz 
and Navarrete (2021) have developed a technical solution that will be used as model during this phase 
of the project. The scheme proposes a block of eight latrine units surrounded by a bamboo perimeter 
wall to ensure users privacy (Figure 3).

Sanitation and hygiene equipment: Based on the field research and technical assessment of the first 
prototypes and other different solutions, the CEU San Pablo university led research team has adopted 
an approach based in the implementation of pour flush toilets as user interface. In this system, water 
is poured usually using a bucket. Each unit has a water tap connected to the water collection tank to 
provide flush water. Through the curved pipe, the water seal prevents odours as well as insects coming 
from the tank, but this system needs a water input to drag the excreta. If water is poured from a height, 
a volume of 2-3 litres is considered enough (Tilley et al., 2014). Handwashing basins outside the cabins 
are provided with water taps connected to the drinking water circuit from the borehole well. The surfaces 
must be easy to clean. Industrial ceramic solutions for sanitation equipment are still hardly affordable 
even for public facilities, although there are also local hand-made solutions made of recycled ceramics. 
Frequent cleaning of the facilities must be organized by the responsible stakeholders’ committees. The 
water collection tank will be attached or integrated to the block. It will be connected to a circuit of non-
drinking water to be used in the latrines.

Collection and Storage: The studied solution for the project is a septic tank with a drainage field. Some 
requirements for a septic tank solution are availability of water all through the year and a functioning 
FSM end treatment system. As opposite to pit latrines, septic tanks are watertight and must be regularly 
desludged. Although septic tanks can be seen in the city, especially in public buildings, the conveyance 
and end treatment system has not been reliable in the past, resulting in the tanks been seldom emptied. 

Figure 3. Prototype project for WASH facilities
Source: Díaz, Muñoz and Navarrete (2021)
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As referred by local technicians, sometimes tanks have been built with holes in the bottom to avoid them 
from filling up. The liquid effluent of the septic tank can be dispersed or transported. If the available 
space allows it, the dispersion can be done through a soak pit or a leach field. The field distributes the 
effluent from the septic tank to the subsurface soil. This system can be applied in the studied schools of 
Makeni since it requires open and not very dense areas. The infiltration area must be located 30 m away 
from water sources and can be planted with vegetation if trees or other deep-rooted plants are avoided. 
Further treatment systems can be studied in order to reduce pathogenic load (Tilley et al., 2014). An 
objective of the project is to test the viability of the system within contemporary FSM improvements in 
the city. This will greatly depend on maintenance, availability of water and FSM efficiency.

Conveyance: Access of vacuum trucks to the septic tanks needs to be available. This is possible in most 
of the schools studied but may be a problem in the urban context of private households. For mechanical 
emptying, trucks need to be within 30 meters from the tank. The sludge treatment plant is located 8,5 
km from the city. Transportation is one of the issues addressed by the FSM improvement program un-
dertaken by Makeni City Council together with SALWACO and some NGO´s operating in the country. 
The goal is to have a reliable float of vehicles for sludge emptying and transportation to the treatment 
plant. To this purpose, the aim is to foster private stakeholders’ collaboration that would promote business 
creation and employment. As referred by local authorities, after an initial phase this initiative has found 
some obstacles. Until solutions to this aspect do not become affordable and operational, human-powered 
emptying and transport will continue to be a standard practice. A semi centralized system as transfer 
stations may be an intermediate solution to make affordable the transportation to the treatment plant.

CONCLUSION

Revision of systems approach applications to health-related WASH challenges in low-income cities of 
developing countries reveals the potential of a holistic vision that encompasses the complex network 
of stakeholders and the various processes of management, governance and technology involved. In this 
sense, it seems sensible to approach the problem combining both top-down and a bottom-up approaches. 
Therefore, a WASH strategy will necessarily seek alignment with priorities explicitly set by both local and 
state authorities as well as other institutions including consuetudinary authorities, NGO´s and religious 
institutions. On the other hand, the development of a governance system will require the involvement of 
the community from the beginning, defining the vision and detecting necessities. Local high education 
institutions can play here a pivotal role through the engagement of its teachers and students.

At the neighbourhood scale, the focus of WASH efforts in schools has proven to be a valuable ap-
proach to foster change through small actions. In the first place, they are priority environments for hygiene 
actions, especially after sanitary emergency situations as the Ebola outbreak or the COVID pandemic 
situation. In the second place, schools as part of the public realm and everyday life of the community, 
have the potential to set an example and become an asset in the dissemination of cultural and technical 
knowledge on health and WASH, promoting the translation of solutions from the institution to the pri-
vate realm. Finally, the school is a community node, a privileged forum to involve the families and the 
institutions in a process of betterment of the community health-related challenges.

From the technical aspect, the project intends to be part of a transition from the predominant simple 
pit latrine towards safer and more adequate technologies in the context of the city of Makeni. Never-
theless, threats detected during this phase of the project include FSM efficiency, sustainability of the 
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actions and governance. An efficient and affordable FSM system is necessary to foster any change in 
sanitation and hygiene practices. Maintenance and sustainability through time is a challenge for any 
implemented action centred in a technologic leap, especially if there is an excessive centralization or it 
relays on discontinuous funding programs. At the present rate of urban growth, problems can scale to 
an even greater dimension.

Therefore, it is necessary to achieve in these actions a balanced governance throughout the process, 
to co create a collective knowledge on health-related everyday life aspects, engaging community and 
key local stakeholders in sustainable solutions to avoid preventable illnesses, to improve wellbeing and 
to reduce inequity.
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