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na smjernicama najbolje prakse za urednike časopisa Odbora za etiku objavljivanja (COPE).
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originalan, napisan od strane navedenih autora i da nije prethodno objavljen ili predan na
objavljivanje drugdje prije njegovog prihvaćanja.
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Sabina Hodžić, University of Rijeka, Faculty of Tourism & Hospitality Management, Croatia
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Pregled potencijalnih ekonomskih učinaka razvoja 5G infrastrukture –
slučaj Hrvatske

Tajana Barbić
1,*

1 Ekonomski institut, Zagreb, Hrvatska Q
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SAŽETAK

U radu su navedene potencijalne ekonomske prednosti implementa-
cije 5G infrastrukture u Republici Hrvatskoj kroz kritički pregled re-
levantne literature. Pojava 5G infrastrukture obećava transformativne
promjene u različitim sektorima, preoblikovanje industrija i poticanje
gospodarskog rasta. Brojne su studije i istraživanja koja predvid̄aju da
će 5G imati značajan ekonomski utjecaj, otvarajući nova tržišta i mo-
gućnosti za rast u mnogim industrijama kroz stvaranje novih poslova,
poboljšanje produktivnosti i poticanje globalnog ekonomskog rasta.
Ovaj rad predstavlja regulatorni okvir za 5G infrastrukturu u Hrvat-
skoj i EU, uz identificiranje potencijalnih koristi koje bi različite indus-
trije i slučajevi korištenja mogli imati od implementacije 5G mreže i
povezanih digitalnih mobilnih tehnologija. Cilj ovog rada je dati de-
taljan i kritički pregled takvih istraživanja te se posebno kroz analizu
dostupne literature fokusirati na ključne sektore u Republici Hrvatskoj
kod kojih bi potencijalne koristi od 5G mreže bile najveće. Ti sektori
uključuju proizvodnju, IKT, usluge javnog sektora, trgovinu na veliko
i malo, financije i osiguranje, prijevoz i skladištenje, kao i turizam. Do-
prinos rada sastoji se u identifikaciji i kompilaciji potencijalnih izazova
implementacije 5G mreže iz postojeće literature.

KLJUČNE RIJEČI
digitalizacija, 5G infrastruktura, socio–ekonomski učinci

1. Uvod

Razvoj 5G infrastrukture rezultirat će brojnim pozitivnim učincima i promijeniti način na
koji živimo i poslujemo. Cilj ovog rada je utvrditi potencijalne prednosti razvoja 5G in-
frastrukture u Hrvatskoj. 5G je najnovija, peta generacija mobilnih komunikacijskih mreža
koja koristi OFDM metodu za modulaciju digitalnih signala na više različitih kanala, čime
se smanjuju smetnje i povećava učinkovitost prijenosa podataka. Kao prirodni slijed razvoja
mobilnih mreža od 1G, 2G, 3G, 4G do 5G donosi značajna poboljšanja u brzini, pouzdanosti
i kapacitetu mreže, omogućujući razvoj novih aplikacija i tehnologija, poput pametnih gra-
dova i autonomnih vozila. Svaka nova mrežna tehnologija (skraćeno G) značajno je promicala
korisničko iskustvo, latenciju, brzinu i širi pristup mobilnoj širokopojasnoj mreži.

∗Dopisni autor
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Prva generacija (1G) mreža, pokrenuta 1979. godine, bila je ograničena na povezivanje
ljudi putem osnovnih komunikacijskih funkcija. Druga generacija (2G), uvedena 1991., nas-
tavila je omogućavati povezivanje ljudi, ali i ured̄aja. Treća generacija (3G), koja je pokrenuta
2002. godine, označava prvi korak prema globalnom povezivanju, omogućujući poveziva-
nje milijuna ured̄aja s kašnjenjem od približno 300 ms i brzinom prijenosa podataka do 42
Mbit/s. Četvrta generacija (4G), uvedena 2009., dodatno proširuje kapacitete mreže s brzi-
nama do 1000 Mbit/s, smanjenim kašnjenjem izmed̄u 30 i 40 ms, te povezivanjem milijardi
ured̄aja. Peta generacija (5G), pokrenuta 2019., predstavlja vrhunac u brzini i kapacitetu, s
brzinama prijenosa podataka do 10000 Mbit/s i kašnjenjem manjim od 10 ms, omogućujući
povezivanje biljuna ured̄aja i potpuno globalno povezivanje (Wang i sur., 2021; IHS, 2017;
EIZ, 2021).

Iako su pozitivni učinci napretka mreže prepoznati i za korisnike, fokus ovog rada stav-
ljen je na analizu prednosti za industriju. Najznačajnija promjena dogodila se s 4G na 5G,
a potonja je bila osnova za razvoj četvrte industrijske revolucije jer je omogućila napredni
pristup mobilnoj širokopojasnoj mreži, veće brzine, manju latenciju i veću pouzdanost u ko-
munikaciji. U skladu s tim, 5G je polazna točka za primjenu pametnih tvornica, obrazovanja,
gradova i vozila, jer omogućuje trenutni prijenos podataka pri velikim brzinama te upravlja-
nje i analizu velikih količina podataka. Četvrta industrijska revolucija temelji se na prijenosu
dijela aktivnosti na strojeve, što je dopušteno kombinacijom kibernetsko–fizičkih sustava, In-
terneta stvari (IoT) i internetskih sustava (IoS). Nadalje, u industrijskim primjenama, brže
brzine i niže latencije omogućavaju bolju automatizaciju, nadzor i kontrolu u realnom vre-
menu. Veća pouzdanost koju 5G mreža nudi je ključna za industrije poput proizvodnje,
logistike i zdravstva, gdje mrežni prekidi mogu prouzročiti značajne operativne probleme.
Temelj 5G mreže temelji se na tri stupa: poboljšana mobilna širokopojasna mreža (eMBB),
masivni internet stvari (Mass IoT) i usluge kritične misije (MSC). Iako se očekuje da će sluča-
jevi korištenja eMBB-a imati znatan učinak, predvid̄a se da će ukupni gospodarski utjecaj tog
stupa na 5G mrežu biti manje transformativan u usporedbi s masovnim aplikacijama Inter-
neta stvari i MSC-a (IHS, 2017). Osim toga, 5G mreža poslužit će kao platforma za generiranje
novih poslovnih modela i kataliziranje transformacije industrija i gospodarstava širom svijeta
(IHS, 2017).

Brojne su studije i istraživanja koja predvid̄aju da će 5G imati značajan ekonomski utjecaj
na razini pojedine zemlje, ali i na globalnoj razini, otvarajući nova tržišta i mogućnosti za rast
u mnogim industrijama kroz stvaranje novih poslova, poboljšanje produktivnosti i poticanje
globalnog ekonomskog rasta. Cilj ovog rada je dati detaljan pregled i kritički osvrt takvih
istraživanja te se posebno kroz analizu dostupne literature fokusirati na ključne sektore u
Republici Hrvatskoj kod kojih bi potencijalne koristi 5G mreže bile najveće. Iako se priznaje
važnost razvoja 5G mreže za širu industriju, ključno je odrediti sektore s najvećim kapa-
citetom za apsorpciju i potencijalom za poticanje ukupnog gospodarskog rasta. Ovaj rad
doprinosi oskudnoj literaturi na temu analize ukupnih potencijalnih učinaka 5G mreže na
gospodarstvo RH. Takod̄er, doprinos rada sastoji se u identifikaciji i kompilaciji potencijalnih
izazova implementacije 5G mreže iz postojeće literature.

Ostatak rada organiziran je na sljedeći način. Nakon pregleda regulativnog okvira u
EU i Hrvatskoj, fokus je na ekonomskim učincima 5G infrastrukture u pojedinim zemljama
ili regijama. Potom se u četvrtom poglavlju daje pregled metodoloških pristupa u analizi
socio–ekonomskih koristi 5G infrastrukture. Poglavlje pet pojašnjava potencijalne ekonomske
učinke 5G infrastrukture za Hrvatsku, a završne napomene nude se na kraju rada.
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2. Regulatorni okvir 5G mreže u EU i Hrvatskoj

Tijekom godina Europska komisija prepoznala je potencijal 5G mreže kao katalizatora druš-
tvenih i poslovnih prilika. Aktivno promiče javno–privatna partnerstva kako bi ubrzala is-
traživanje i razvoj 5G tehnologije, dodijelivši u tu svrhu više od 700 milijuna eura u okviru
programa Obzor 2020 (EC, 2019). Europska komisija donijela je 2016. akcijski plan za 5G, što
predstavlja strateški pomak prema napretku 5G tehnologije. Sljedeće ključne etape uključuju
rano pokretanje 5G mreža u odabranim područjima 2018. i korištenje Europskog zakonika
elektroničkih komunikacija (EECC) u istoj godini za poticanje ulaganja. U očekivanju 2025.
godine, Europska komisija predvid̄a integraciju 5G mreže u urbana područja i duž glavnih
prometnih pravaca. Osim toga, postoji plan dijeljenja 5G spektra kako bi se podržao Inter-
net svega. Gigabitno društvo (EGS) je uvedeno 2016. s ciljem neprekidne pokrivenosti 5G
mrežom u svim urbanim područjima i glavnim prometnim pravcima do 2025. Godina 2021.
donijela je inicijativu Digitalno desetljeće u kojoj je iznesena vizija digitalne transformacije u
EU do 2030. Digitalni kompas obuhvaća četiri ključna područja: IKT vještine, transformaciju
poslovanja, sigurnu i održivu infrastrukturu te digitalizaciju javnih usluga. 5G je identifici-
ran kao ključan element u postizanju uspjeha, s ciljem pokrivanja svih naseljenih područja
5G mrežom do 2030. godine. Nadalje, u Planu za oporavak i otpornost za 2021. infrastruktura
za 5G prepoznaje se kao ključno područje ulaganja za digitalni i zeleni oporavak. Znatan dio
proračuna od 150 milijardi EUR namijenjen je ulaganjima u infrastrukturu 5G mreže. Tim se
planom dopunjuju Instrument za povezivanje Europe i program Digitalna Europa.

Različiti pojasevi spektra igraju ključnu ulogu u ispunjavanju zahtjeva 5G tehnologije
i iskorištavanju njezina potencijala. Prema IHS (2017) spektar je klasificiran u niske, sred-
nje i široke propusnosti, od kojih svaka zadovoljava odred̄ene slučajeve upotrebe 5G mreže.
Europska komisija je identificirala 700 MHz, 3,6 GHz i 26 GHz kao primarne frekvencijske
pojaseve za uvod̄enje 5G tehnologije. Dakle, početne gigabitne 5G implementacije oslanjat će
se na tri frekvencijska pojasa: 700 MHz olakšava distribuciju širokopojasnog pristupa inter-
netu, 3,6 GHz omogućuje gigabitne brzine i mobilnost, dok 26 GHz nudi značajne kapacitete
i veće gigabitne brzine za stacionarne aplikacije.

Digitalna strategija 2032. za Hrvatsku naglašava značaj 5G tehnologije u poticanju digi-
talne evolucije. U dokumentu se navode ciljevi za promicanje opsežne integracije 5G mreža u
više sektora kao što su industrija, zdravstvo, poljoprivreda i promet. Cilj je potaknuti inova-
cije, povećati operativnu učinkovitost i ojačati konkurentnost unutar tih sektora. Nacionalni
plan razvoja širokopojasnog pristupa internetu u Republici Hrvatskoj, koji je aktivan od 2021. do
2027. godine, bavi se izazovima koji ometaju napredak Hrvatske u njegovom razvoju. Treći
i četvrti cilj dokumenta posebno su usmjereni na 5G, s ciljem uvod̄enja 5G mreža u urbanim
područjima, duž glavnih kopnenih prometnih pravaca i u ruralnim regijama. Ključna mjera
u okviru plana uključuje promicanje uvod̄enja 5G mreža dodjelom potrebnog radiofrekven-
cijskog spektra. Dodatni korak u okviru ove inicijative uključuje provedbu postupaka za
dodjelu radiofrekvencijskog spektra posebno za zahtjeve 5G mreže.

U skladu s tim ciljevima Hrvatska regulatorna agencija za mrežne djelatnosti (HA-
KOM) dodijelila je radiofrekvencijski spektar u ožujku 2023. mobilnim komunikacijskim
mrežama u frekvencijskim pojasevima 800 MHz, 900 MHz (880-915 MHz/925-960 MHz),
1800 MHz (1710-1785/1805-1880 MHz), 2100 MHz (1920-1980/2110-2170 MHz), 2600 MHz
(2500-2570/2620-2690 MHz) na nacionalnoj razini i 3600 MHz (3400-3480 MHz) na regional-
noj razini. Još jedan korak prema usklad̄ivanju hrvatskog zakonodavstva sa standardima
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godine. Med̄u njegovim ciljevima, zakonodavstvom se naglašava poticanje ulaganja u široko-
pojasnu infrastrukturu velikih brzina i uspostavljanje preduvjeta za uvod̄enje i unapred̄enje
5G tehnologije.

Prema izvješću DESI indeksa (engl. Digital Economy and Society Index) za 2022. godinu,
Hrvatska drži 24. poziciju u povezivanju, s ukupnim rangom od 21 (EC, 2023). Povezivost,
zajedno s komponentom digitalnih javnih usluga, služi kao primarni čimbenik koji ograni-
čava ocjenu indeksa. U Hrvatskom planu za oporavak i otpornost planiraju se ulaganja u
iznosu od 106 milijuna EUR za poboljšanje povezivosti, čime se usklad̄uje s ciljem EU-a da se
do 2025. postignu gigabitne veze. Na području povezivosti se planiraju dva projekta – prvi
koji ima za cilj poboljšanje gigabitne povezivosti za kućanstva te ključne socioekonomske
faktore, dok će drugi projekt biti fokusiran na razvoj pasivne infrastrukture, poput neovisnih
antenskih stupova i optičkih kabela, koji će omogućiti povezivanje mobilnih baznih stanica
(EC, 2023). Potonji je dominantno fokusiran na ruralna područja s ispodprosječnim gospo-
darskim i socijalnim uvjetima. Ulaganje u povezivosti u ruralnim područjima u pravilu nije
predmet interesa privatnih ulagača.

Vrijednosti DESI indeksa ukazuju na značajan ostvareni napredak u pokrivenosti 5G
mrežom, koji se povećao s 0% u 2020. na 34% u 2021. u naseljenim područjima (u usporedbi
s prosjekom EU od 66% u 2021.), daljnja ulaganja smatraju se ključnima za postizanje ciljeva
digitalnog desetljeća do 2030. Uspjeh u ovom pokazatelju povezuje se s činjenicom da je
2021. Hrvatska dodijelila spektar za 5G mrežu koji je usklad̄en na razini EU u pojasevima od
700 MHz, 3,6 GHz i 26 GHz. Dodijeljene licence uključuju obveze pokrivenosti, koje variraju
ovisno o pojasevima, s ciljem da se do 2025. godine postigne pokrivenost 99% ukupne duljine
autocesta, 95% odabranih željezničkih pruga i 95% stanovništva u urbanim područjima, dok
se do 2027. godine planira postići 50% pokrivenost ruralnih područja (EC, 2023).

3. Pregled literature o ekonomskim učincima 5G mreže

Pojava 5G mreža olakšava digitalnu transformaciju gospodarstava i integraciju Interneta
stvari i drugih suvremenih tehnologija. Forge i Vu (2020) ističu da se usvajanje 5G teh-
nologije može analizirati u skladu s važećim teorijama u literaturi koje pojašnjavaju kako i
zašto tehnologije i inovacije postaju široko prihvaćene. Model prihvaćanja tehnologije (Davis,
1989), teorija difuzije inovacija (Rogers, 1983), te model tehnologije, organizacije i okruženja
(Tornatzky i Fleischer, 1990) tri su važna modela. Model prihvaćanja tehnologije sugerira
da percipirana korisnost i jednostavnost korištenja igraju ključnu ulogu u odluci pojedinca
da usvoji novu tehnologiju. Ako korisnici smatraju tehnologiju korisnom i lako se koristi,
vjerojatnije je da će je prihvatiti i koristiti. S druge strane, teorija difuzije inovacija pruža širi
pogled na proces usvajanja jer se nove ideje šire kroz društvo, a različiti faktori mogu utjecati
na brzinu i širinu tog procesa. Model tehnologije, organizacije i okruženja istražuje kako
različiti aspekti unutar tvrtke i njenog okruženja utječu na usvajanje tehnologije.

Brojne su studije imale za cilj mjerenje socio–ekonomskih učinaka 5G mreže na nacional-
noj, regionalnoj ili globalnoj razini. U nastavku se kritički analiziraju najvažnija istraživanja,
s primarnim naglaskom na ekonomske i društvene koristi istaknute u relevantnoj literaturi.
Većina recentnih istraživanja uglavnom uključuju optimistična očekivanja vezana za utjecaj
5G mreže na globalno gospodarstvo u sljedećih 10–15 godina.
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Potencijalna globalna ekonomska vrijednost do 2035. zbog 5G mreže procjenjuje se na
12,3 bilijuna američkih dolara, a očekuje se da će samo globalni lanac vrijednosti 5G stvoriti
22,3 milijuna radnih mjesta (IHS, 2017). Slično tome, izvješće Tech4i2 (2019) predvid̄a da će
5G pridonijeti 137000 radnih mjesta u Švicarskoj do 2030. godine, s ekonomskim doprino-
som od 42,4 milijarde švicarskih franaka. WEF (2020) prepoznaje potencijal 5G tehnologije za
stvaranje društvene vrijednosti u 11 ključnih područja usklad̄enih s 11 od 17 ciljeva održivog
razvoja Ujedinjenih naroda, posebno uključujući napredak u dobrom zdravlju i dobrobiti,
odgovornu potrošnju, održive gradove i zajednice te promicanje dostojanstvenog rada i gos-
podarskog rasta.

U izvješću EC (2016) navode se ključne socio–ekonomske koristi od uvod̄enja 5G mreža
za EU, pri čemu konzervativne procjene obuhvaćaju različite scenarije u automobilskom sek-
toru, zdravstvu, prometu i komunalnom sektoru. Procijenjena ulaganja na razini EU za
provedbu 5G mreža iznose 56,6 milijardi EUR, a procjena Hrvatske iznosi 480 milijuna EUR.
Potencijalne godišnje gospodarske koristi od 5G mreže procjenjuju se na 113,1 milijardu EUR.
Primarne koristi iznose 62,5 milijardi EUR, a odnose se na koristi koje ostvaruju izravno pro-
izvod̄ači u ključnim sektorima, pri čemu je procijenjeno da će automobilski sektor imati najz-
načajniji učinak. Sekundarne koristi, uključujući povećanje produktivnosti na radnom mjestu,
inicijative pametnih gradova, pametne domove i razvoj ruralnih područja, procjenjuju se na
50,6 milijardi EUR, a očekuje se da će radno mjesto ostvariti najznačajnije koristi.

Wang i sur. (2021) ističu ključne doprinose prerad̄ivačkoj industriji, maloprodaji, zdrav-
stvenom sektoru, automobilskom i transportnom sektoru te energetskom sektoru. Ukupan
doprinos 5G mreže američkom gospodarstvu procjenjuje se na način da se uzimaju u obzir
izravni, neizravni i inducirani efekti. Broj radnih mjesta koji će se stvoriti ili transformirati
do 2025. godine pod utjecajem 5G mreže iznosi 16 milijuna, dok se očekuje da će doprinos
ukupnim prihodima iznositi 2,7 bilijuna dolara.

PwC (2021) proveo je analize u pet sektora: zdravstvu, pametnim komunalnim poduze-
ćima, potrošačima i medijima, industrijskoj proizvodnji i financijskim uslugama, projicirajući
kumulativni učinak na globalni BDP koji će do 2030. dosegnuti 1,3 bilijuna američkih do-
lara. Konkretno, PwC (2021) predvid̄a da će zdravstvo imati koristi od 530 milijardi USD,
komunalne usluge za 330 milijardi USD, potrošačke i medijske aplikacije za 254 milijarde
USD, industrijska proizvodnja za 134 milijarde USD i aplikacije za financijske usluge od 85
milijardi USD. Nadalje, studija koju su proveli Roberts i sur. (2021) procijenila je utjecaj 5G
infrastrukture na gospodarstvo, zaposlenost i emisije stakleničkih plinova u pet europskih
zemalja: Francuskoj, Španjolskoj, Poljskoj, Belgiji i Rumunjskoj. Rezultati provedenog istraži-
vanja procjenjuju preko milijun novih radnih mjesta i ukupne prihode od 407 milijardi EUR
do 2030. godine u odabranim zemljama. Osim toga, u studiji se potvrd̄uje očekivano smanje-
nje emisija stakleničkih plinova, u ukupnom iznosu od 33 milijuna tona ekvivalenta ugljičnog
dioksida u pet zemalja do 2030.

Za ovaj rad posebno je značajna analiza koju su proveli Stewart i Daly (2020) jer sluča-
jeve korištenja kategorizira u četiri klastera: pametnu proizvodnju i logistiku, pametno selo,
pametni grad i pametnu javnu upravu. Uvod̄enje 5G mreže u Europi potencijalno bi moglo
donijeti koristi u ukupnom iznosu od 210 milijardi EUR neto sadašnje vrijednosti, s poveza-
nim troškom od približno 46 milijardi EUR, što bi dovelo do omjera koristi i troškova od 4,5
(Stewart i Daly, 2020). Omjeri koristi i troškova u odred̄enom klasteru su sljedeći: pametni
grad 8, pametna javna uprava 5, pametno selo i pametna proizvodnja 4. Ta projekcija troškova
i koristi relevantna je i za hrvatsko gospodarstvo s obzirom da je istraživanje procijenilo da
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bi ukupna korist iznosila 658 milijuna EUR do 2035. godine. Prema studiji Ekonomskog ins-
tituta, Zagreb iz 2021. godine koja je primijenila istu metodologiju kao Stewart i Daly (2020)
predvid̄a se da će ulaganje u 5G mrežu u Hrvatskoj donijeti značajne koristi, s procijenjenom
neto sadašnjom vrijednošću od 1,33 milijarde eura, nadmašujući troškove ulaganja od oko
445 milijuna eura (EIZ, 2021). Omjer troškova i koristi u Hrvatskoj od 3,0 svrstava ga uz bok
zemljama poput Estonije, Latvije, Grčke i Bugarske, što je nešto niže od prosjeka EU od 4,3.
Na pojedinačnoj razini to znači godišnju neto dobit od 14,5 EUR po stanovniku, što odgovara
1,72% BDP-a (EIZ, 2021).

Istraživanje Oughton i sur. (2019) analizira kapacitet, pokrivenost i troškove različitih
strategija za poboljšani mobilni širokopojasni pristup (eMBB) u kontekstu integracije novih
5G spektarskih pojaseva i povećanja gustoće postojećih mreža, kroz studiju slučaja Nizozem-
ske. Analize ulaganja temelje se na ponudi i potražnji, gdje ponuda procjenjuje kapacitet pu-
tem novog spektra prije dodatne mrežne densifikacije, dok potražnja kvantificira performanse
ulagačkih strategija pri različitim brzinama po korisniku (30, 100 i 300 Mbps). Rezultati istra-
živanja pokazuju da 5G spektar može osigurati prosječno poboljšanje kapaciteta prometa po
korisniku od 40% u usporedbi s postojećim LTE kapacitetom u Nizozemskoj (Oughton i sur.,
2019). Relevantna literatura naglašava da poboljšanje digitalne infrastrukture takod̄er donosi
pozitivne rezultate za poslovnu učinkovitost (Castaldo i sur., 2018), inovacije u proizvodima
i uslugama (Katz i sur., 2010) te osnivanje i privlačenje novih poduzeća (Mack i Rey, 2014;
Ford, 2018).

Unatoč nedvojbenim ekonomskim koristima, implementacija 5G mreže uključuje odre-
d̄ene izazove koji variraju od ekonomskih prepreka i regulativnih pitanja do sigurnosnih
briga i društvenih implikacija. Naime, jedan od najvećih izazova u implementaciji 5G mreže
su visoki početni troškovi (Oughton i Frias, 2018) koji mogu biti posebno zahtjevni za ma-
nje razvijene zemlje koje već zaostaju u tehnološkoj infrastrukturi (Forge i Vu, 2020). Čak i
unutar pojedinih zemalja postoji opasnost da će 5G tehnologija, uz produbljivanje digitalnog
jaza, dodatno produbiti ekonomski jaz izmed̄u urbanih i ruralnih područja. Köstereli i Ergün
(2024) te Forge i Vu (2020) naglašavaju važnost kreiranja nacionalnih strateških dokumenata
uz uvažavanje regulatornih izazova koji bi trebali pokriti sve aspekte, od raspodjele spektra
do pravila o privatnosti i sigurnosti. Naime, s povećanjem broja povezanih ured̄aja i količine
prenesenih podataka, rastu i rizici za privatnost i sigurnost (Uher i sur., 2016). Iako trenutni
znanstveni konsenzus sugerira da 5G mreže ne predstavljaju izravan zdravstveni rizik, postoji
javna zabrinutost zbog mogućeg utjecaja elektromagnetskih polja na zdravlje. Analiza litera-
ture iz ovog područja nadilazi ekspertizu i fokus ovog rada. Brojni su radovi koji ispituje stav
javnosti o različitim aspektima prihvaćanja 5G mreže (Cheng i sur., 2021; Ejdys i Soler, 2023),
koji mogu biti od koristi i nositeljima politika i ulagačima. Drugu stranu medalje automatiza-
ciji i povećanju produktivnosti predstavljaju mogući gubici poslova u odred̄enim sektorima.
Arntz i sur. (2020) su dokazali pozitivan mali neto efekt automatizacije na zaposlenost na
primjeru Njemačke u petogodišnjem razdoblju, koji dolazi uz velike strukturalne promjene
u zanimanjima i industrijskim sektorima. Ističu da rutinski kognitivni poslovi opadaju zbog
zamjene strojevima, a poslovi koji uključuju apstraktne ili interaktivne zadatke su u porastu
i obično dopunjuju nove tehnologije. U tom kontekstu, očekuju da će radnici sposobni za
prelazak na nove poslove profitirati od novih tehnologija, dok će oni bez potrebnih vještina
vjerojatno osjetiti negativne posljedice. Stoga je važno da se aktivno pristupi prilagodbi na
strani ponude radnih mjesta, odnosno obrazovnog sustava kako bi se osiguralo da tranzicija
ne rezultira socijalnim nejednakostima (Eberhard i sur., 2017; Goulart i sur., 2022).
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4. Pregled metodoloških pristupa u analizi korisnosti 5G infrastrukture

Prilikom procjene socio–ekonomskih utjecaja 5G tehnologije, koriste se raznovrsne empirijske
metode i statistički pristupi, uključujući input–output modele (I/O), analize troškova i koristi
(CBA), tehno–ekonomske modele (TEM) i razne ekonometrijske modele, pri čemu se nerijetko
u istraživanjima kombiniraju različiti pristupi.

Input–output modeli su važan alat u analizi socio–ekonomskih učinaka 5G tehnologije, s
obzirom da omogućuju kvantifikaciju multiplikativnih efekata 5G mreže kroz med̄usektorske
veze. Procjenjuju se izravni, neizravni i inducirani učinci svakog sektora na cijelu ekonomiju.
Primjena I/O modela u analizi ulaganja u širokopojasnu mrežu je česta te uglavnom uključuje
dodanu vrijednost, zaposlenost, uvoz i porezne prihode koji se stvaraju duž opskrbnog lanca
ulaganja u širokopojasnu mrežu (Katz i sur., 2010; Koutroumpis, 2019). Input–output modeli
često se koriste u kombinaciji s ekonometrijskim modelima, ali i kvalitativnim istraživanjima,
što je slučaj u većini istraživanja predstavljenih u prethodnom poglavlju provedenih s ciljem
procjene socio–ekonomskih učinaka 5G mreže na nacionalnoj, regionalnoj ili na globalnoj
razini. U tom smislu, metodološki pristup u studiji IHS (2017) temelji se na makroekonom-
skom i mikroekonomskom utjecaju 5G tehnologije na gospodarstvo. Primjenom I/O analize
oblikovan je med̄unarodni model korištenjem podataka iz svjetske I/O baze podataka za
kvantificiranje ekonomskog doprinosa. Obuhvaćeno je sedam ključnih zemalja: SAD, Kina,
Japan, Njemačka, Južna Koreja, Francuska i Ujedinjeno Kraljevstvo. Metodologija uključuje i
semi–kvalitativno istraživanje te ocjenu produktivnosti za 16 sektora temeljenu na budućim
5G slučajevima korištenja. Na kraju, koristi se složeni makroekonomski model GLM (engl.
Global Link Model) koji pokriva 68 zemalja i uključuje 250 do 500 vremenskih nizova po zem-
lji, obuhvaćajući sve glavne ekonomske regije. Kao model dinamičke opće ravnoteže, GLM
analizira učinke ulaganja u 5G na globalni gospodarski rast kroz preraspodjelu resursa med̄u
sektorima, što omogućuje procjenu neto učinka 5G tehnologije na globalno gospodarstvo.

Wang i sur. (2021) koriste Arellano–Bover/Blundell–Bond dinamički panel za procjenu
veze izmed̄u povećane mobilne penetracije na prodajne prihode. Na temelju kvalitativnog
istraživanja dodatno se procjenjuje diferencirani učinak 5G tehnologije u odnosu na 4G u
svakom sektoru koristeći faktore kao što su stvaranje novih industrija, povećanje produktiv-
nosti i optimizacija troškova. U sljedećem koraku, početni rezultati se prilagod̄avaju kako
bi obuhvatili specifičan utjecaj 5G tehnologije. I/O modeli korišteni su za procjenu utjecaja
na BDP, zaposlenost i ukupne prihode. EC (2016) takod̄er primjenjuje složeni metodološki
pristup koji obuhvaća kvalitativnu i kvantitativnu analizu, uključujući I/O i CBA modele.
Stewart i Daly (2020) provode detaljnu analizu troškova i koristi kako bi procijenili utjecaj
implementacije potpune 5G mreže u različitim sektorima u Europi. Glavni elementi analize
uključuju usporedbu ekonomskih, društvenih i ekoloških koristi s povezanim troškovima
implementacije. Nadalje, Agnoletto i sur. (2022) provode analizu troškova i koristi (CBA)
kako bi procijenili socio–ekonomski utjecaj različitih strategija dodjele spektra, s posebnim
naglaskom na implementaciju 5G mreže. Analiza uključuje izravne i neizravne učinke: iz-
ravni učinci obuhvaćaju potrošački i proizvod̄ački višak, dok se neizravni odnose na šire
ekonomske koristi, poput rasta BDP-a, povezane s usvajanjem digitalnih tehnologija. Meto-
dološki pristup obuhvaća i regulatorne procjene utjecaja koje pomažu identificirati optimalne
strategije za dodjelu spektra, ističući važnost analize troškova i koristi kako bi se osigurale
regulatorne odluke koje maksimiziraju društvenu i ekonomsku vrijednost spektra.
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U literaturi se za procjenu 5G tehnologije često koriste tehno–ekonomski modeli (TEM).
Oughton i Lehr (2022) pojašnjavaju provod̄enje TEM-a kroz tri ključna koraka: (1) definiranje
inženjerskih specifikacija tehnologije, uključujući kapacitet i pokrivenost, (2) kvantifikaciju
potrebnih mrežnih resursa i (3) primjenu financijskih pokazatelja kako bi se omogućila de-
taljna procjena investicijskih potencijala. Iako je cilj ovog istraživanja prvenstveno pružiti
pregled istraživanja koja su provela procjenu ukupnih socio–ekonomskih koristi na nacional-
nim i regionalnim razinama te na globalnoj razini, korisno je dopuniti analizu širim pregle-
dom literature u svrhu pojašnjenja korištenja TEM-a u analizi ekonomskih koristi 5G infras-
trukture. U tom smislu, Oughton i Lehr (2022) pružaju opsežan pregled tehno–ekonomske
literature o 5G tehnologijama, ističući 75 relevantnih studija kategoriziranih kroz šest ključ-
nih dimenzija: slučajeve primjene 5G-a, tehnologije, tehnike modeliranja, financijske metrike,
poslovne modele i prostorni fokus. Tehnike modeliranja u provod̄enju tehno–ekonomskih
analiza uključuju najčešće optimizaciju, analizu osjetljivosti i analize scenarije, dok finan-
cijska metrika obuhvaća procjenu kapitalnih ulaganja i operativnih troškova. Takod̄er, ovi
modeli obuhvaćaju sveobuhvatne ekonomske procjene kroz metrike poput troška ukupnog
vlasništva i stope povrata na investiciju, pružajući vrijedne pokazatelje održivosti ulaganja
(Oughton i Lehr, 2022).

Smail i Weijia (2017) ocjenjuju komercijalnu održivost i troškovnu učinkovitost 5G in-
frastrukture u odnosu na 4G mreže korištenjem tehno–ekonomske analize, pri čemu se us-
pored̄uju kapitalna ulaganja i operativni troškovi s očekivanim prihodima tijekom razdoblja
implementacije. Rezultati pokazuju da 5G donosi značajne koristi uslijed nižih troškova u us-
poredbi s 4G LTE mrežom te porasta prosječne potrošnje podataka koju omogućuju 5G tehno-
logije i porasta broja korisnika. Tehno–ekonomski modeli dodatno su prilagod̄eni za detaljnu
analizu troškova i koristi uvod̄enja 5G mreža, koristeći podatke o kapitalnim ulaganjima
i operativnim troškovima, potražnji za uslugama, očekivanoj korisničkoj bazi i prihodima.
Primjerice, Chiaraviglio i sur. (2017) koriste TEM kako bi modelirali dugoročne ekonomske
koristi i troškove uvod̄enja 5G mreža u odabranim urbanim sredinama, dok Jha i Saha (2018)
primjenjuju ovu metodologiju u slučaju masivnog MIMO HetNet-a, analizirajući ekonomske
koristi uvod̄enja 5G mreža u urbanim i ruralnim područjima države Teksas. Rezultati po-
tonjeg istraživanja pokazuju da su ukupni troškovi vlasništva za 5G mreže otprilike jedna
trećina troškova implementacije 4G LTE napredne mreže, dok analiza osjetljivosti pokazuje
da 5G donosi profitabilnost u 70% slučajeva, u usporedbi s alternativnom tehnologijom.

Koratagere Anantha Kumar i Oughton (2023) koriste tehno–ekonomsku analizu i ma-
tematičko modeliranje kako bi procijenili modele dijeljenja 5G infrastrukture u ruralnim po-
dručjima. Ključne metode uključuju usporedbu troškova izmed̄u različitih strategija dijeljenja
(bez dijeljenja, pasivno dijeljenje, aktivno dijeljenje i neutralna host mreža) te procjenu zah-
tjeva za nadogradnjom mreže. Rezultati istraživanja pokazuju da strategija neutralne host
mreže može smanjiti ukupne troškove za 10-50% u usporedbi s drugim modelima. Neoko-
smidis i sur. (2017) se fokusiraju na identifikaciju socio–ekonomskih čimbenika koji utječu na
usvajanje 5G mreža, koristeći fuzzy analitički hijerarhijski proces (AHP) za prioritizaciju raz-
ličitih čimbenika koji utječu na usvajanje 5G mreža. Rezultati pokazuju da je najvažniji kriterij
za usvajanje 5G mreža njihova izvedba, osobito niska latencija, visoka pouzdanost i brzina
prijenosa podataka. AHP pristup omogućava strukturirano odlučivanje koje kvantificira pre-
ferencije donositelja odluka u složenim problemima, što je posebno korisno u brzorastućem
sektoru IKT–a gdje se često javlja potreba za evaluacijom različitih tehnologija i strategija
(Dede i sur., 2011).
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5. Potencijalni učinci 5G mreže na produktivnost i rast u Hrvatskoj

U ovom poglavlju primjenjuju se nalazi relevantne literature kako bi se identificirali najistak-
nutiji sektori u Hrvatskoj i pokušali procijeniti njihove potencijalne koristi. Naime, kako bi
se iskoristio puni potencijal 5G mreže važno je prepoznati koji sektori će biti najučinkovitiji
u iskorištavanju navedenih potencijala u pojedinim gospodarstvima. Relevantna literatura,
ali i uvažavanja strukture gospodarstva su polazišne točke prilikom prepoznavanja takvih
sektora, a onda i oblikovanja ciljanih javnih politika koje bi na najučinkovitiji način poticale
pozitivne promjene i digitalnu transformaciju.

Prilikom identifikacije sektora analizirao se i značaj pojedinog sektora za hrvatsko gos-
podarstvo prema kriteriju bruto dodane vrijednosti. Sektori s najvećim očekivanim koristima
od uvod̄enja 5G mreže u Hrvatskoj bili bi proizvodnja, IKT, usluge javnog sektora, trgovina
na veliko i malo, financije i osiguranje, prijevoz i skladištenje, kao i hoteli i restorani (EIZ,
2021). O prednostima svakog sektora detaljno se raspravlja u nastavku.

Sektor prerad̄ivačke industrije će imati koristi od 5G tehnologije u smislu povećanja
učinkovitosti u proizvodnim pogonima i duž lanaca opskrbe (PwC, 2021). Wang i sur. (2021)
ističu da će tvornice povezane 5G mrežom iskusiti porast produktivnosti od 20% do 30%,
uz unaprjed̄enje vremena proizvodnje od 50% te utvrd̄ivanja kvara od 90%. 5G tehnologija
nudi potencijal za poboljšanje ekonomije razmjera, racionalizaciju velike proizvodnje putem
optimiziranih sustava i omogućavanje prilagodljivih varijanti proizvoda pomoću fleksibilnih,
računalno upravljanih sustava. Attaran (2023) pak ističe da napredak u tehnologiji u pre-
rad̄ivačkoj industriji skraćuje vrijeme proizvodnje i plasmana novih proizvoda na tržište te
ubrzava odgovor na zahtjeve potražnje. Povećanje produktivnosti proizlazi iz prilagodljivih
računalno upravljanih sustava, dok je poboljšana povezanost proizvodnih procesa na različi-
tim lokacijama olakšana koordiniranim logističkim sustavima. Pametne tvornice koriste 5G
tehnologiju u automatizaciji, umjetnoj inteligenciji i Internetu stvari. Rao i Prasad (2018) ističu
da će 5G mreža omogućiti unaprijed̄enu komunikacijsku platformu koja će pokrenuti stvara-
nje novih poslovnih modela u pametnim tvornicama. Inteligentni samooperativni ekosustavi
spremni su poboljšati lance opskrbe proaktivnim predvid̄anjem i rješavanjem pitanja (PwC,
2021). Predvid̄a se da će autonomni roboti i vozila u industrijskim okruženjima doprinijeti
globalnom BDP-u s oko 130 milijardi USD do 2030. godine, dok se očekuje da će poboljšana
učinkovitost, koja proizlazi iz smanjenja nedostataka, donijeti neto doprinos od 4 milijarde
USD (PwC, 2021). Razmatrajući prednosti 5G mreže za hrvatsku prerad̄ivačku industriju,
treba imati na umu da hrvatska prerad̄ivačka industrija trenutno zaostaje u tehnologiji, ula-
ganjima i inovacijama u usporedbi s drugim državama EU, što potencijalno ograničava koristi
od 5G mogućnosti.

Informacijski i komunikacijski sektor (IKT) ima značajnu važnost u omogućavanju bu-
duće digitalizacije prerad̄ivačke industrije jer ubrzava usvajanje Industrije 4.0, kao što su
umjetna inteligencija, robotika, automatizacija, što bi trebalo potaknuti gospodarski rast unu-
tar ovog sektora. Attaran (2023) identificira različite pokretače koji potiču proizvodne in-
dustrije na prihvaćanje digitalizacije, uključujući poboljšanje prihoda poboljšanom korisnič-
kom službom, zadovoljavanje sve veće potražnje, nadmašivanje konkurenata, smanjenje tro-
škova poboljšanom produktivnošću i učinkovitošću te ublažavanje rizika jačanjem sigurnos-
nih mjera. Ti su pokretači relevantni ne samo na globalnim tržištima, već i na lokalnoj razini,
pri čemu 5G služi kao katalizator ove digitalne transformacije. Napredovanje 5G tehnolo-
gija olakšava brz i opsežan prijenos podataka, omogućujući aktivnosti kao što su streaming
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HD videozapisa, igranje videoigara te iskustva proširene i virtualne stvarnosti. Nadalje, ši-
renjem 5G tehnologije promiče se digitalna uključenost omogućavanjem pristupa internetu
velike brzine nedovoljno razvijenim regijama, čime se potiče socijalna jednakost i proširuje
sudjelovanje u digitalnom gospodarstvu. Ubrzana digitalizacija potaknuta širenjem 5G mreže
takod̄er će poboljšati performanse malih i srednjih poduzeća (MSP) u Hrvatskoj. Prema in-
deksu DESI za 2022., 50% MSP–ova ima barem osnovnu razinu digitalnog intenziteta med̄u
ukupnim poduzećima. Nadalje, 5G ima ključnu ulogu u širenju IoT ekosustava i aplikacija
u različitim industrijama izvan proizvodnje, uključujući poljoprivredu, zdravstvo i pametne
gradove. Integracija 5G tehnologije s IKT–om i inicijativama pametnih gradova dovodi do po-
boljšanja urbanih usluga, prometnih sustava, energetske učinkovitosti i javne sigurnosti, što
u konačnici povećava kvalitetu života grad̄ana i privlači ulagače. Taj napredak ima poseban
značaj za razvoj pametnih gradova u Hrvatskoj, posebno u turistički intenzivnim područjima,
koji se bore s raznim povezanim izazovima.

Sektor javnih usluga imat će koristi od ubrzane brzine i proširenih kapaciteta 5G mreže,
a kao ključni korisnici tog napretka pojavljuju se sustavi gospodarenja otpadom i inicijative
za javnu sigurnost. Korištenje analitičkih sustava koji se napajaju podacima iz 5G mreža
u stvarnom vremenu može omogućiti prediktivne sposobnosti za vrijeme i lokaciju, čime
se olakšavaju proaktivne mjere za sprečavanje prirodnih katastrofa poput poplava i tajfuna.
Med̄utim, pozicija Hrvatske u pogledu digitalnih javnih usluga izaziva zabrinutost, što je
istaknuto indeksom DESI za 2022. godinu, gdje značajno zaostaje za drugim zemljama EU,
zauzimajući ukupno 23. mjesto. Zemlja zaostaje u gotovo svim aspektima digitalnih javnih
usluga, posebice u pogledu stopa usvajanja korisnika e–uprave, koje iznose 55% (EU prosjek
je 65%). Pojava 5G mreže takod̄er predstavlja značajne mogućnosti za zdravstveni sektor,
posebno u području telemedicine (Dananjayan i Raj, 2021). Ova tehnologija omogućuje kon-
tinuirano praćenje pacijenata i olakšava odluke o liječenju na temelju opažanja u stvarnom
vremenu. Hrvatski zdravstveni portal, jedan od sedam e–usluga koje nudi portal e–Grad̄ani,
omogućuje pristup centraliziranim podacima e–zdravstvene evidencije integriranim u Cen-
tralizirani zdravstveni informacijski sustav Republike Hrvatske (CEZIH).

U području e–trgovine Hrvatska nadmašuje prosjek EU kako je istaknuto indeksom DESI
za 2022. Konkretno, 29% MSP–ova u Hrvatskoj bavi se internetskom prodajom, što premašuje
prosjek EU od 18%. Osim toga, promet e–trgovine čini 13% ukupnog prometa MSP–ova u Hr-
vatskoj, u usporedbi s prosjekom EU od 12%. Ostali pozitivni pokazatelji uključuju usvajanje
e–računa od strane 43% hrvatskih MSP–ova, čime je premašen prosjek EU od 32%, te korište-
nje tehnologija umjetne inteligencije od strane 9% hrvatskih MSP–ova, što premašuje prosjek
EU od 8%. Razvoj 5G infrastrukture trebao bi ubrzati širenje e–trgovine u Hrvatskoj. Osim
toga, očekuje se da će 5G olakšati razvoj interaktivnih demonstracija proizvoda, virtualnih
iskustava isprobavanja i prilagod̄enih preporuka, osnažujući kupce da prilagode svoja iskus-
tva kupovine. Veletrgovci i trgovci na malo imat će koristi od 5G tehnologije poboljšanom
povezivošću, omogućavanjem upravljanja zalihama i lancima opskrbe u stvarnom vremenu,
kao i pojednostavljenom obradom narudžbi. Korištenjem IoT ured̄aja i senzora s podrškom
za 5G, tvrtke mogu pristupiti neposrednom uvidu u svoje lance opskrbe, omogućujući im
praćenje razine zaliha, praćenje pošiljaka proizvoda i optimizaciju logističkih operacija radi
veće učinkovitosti.

Hrvatski financijski sektor ima povijest brze integracije novih digitalnih tehnologija u
svoje poslovanje. Značajan primjer je široko prihvaćanje usluga internetskog i mobilnog ban-
karstva. Povećane brzine i sigurnost koje nudi 5G mreža spremne su dodatno poboljšati
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financijske usluge u budućnosti, čineći ih personaliziranijima i prilagod̄enijima individual-
nim potrebama kupaca. Nadalje, hrvatska osiguravajuća društva imat će koristi od pobolj-
šanih mogućnosti procjene rizika pristupom širem rasponu pravovremenih informacija. To
uključuje podatke pametnih senzora u domovima i vozilima, omogućujući osiguravateljima
da ponude točnije i personalizirane police osiguranja na temelju individualnih ponašanja i
obrazaca upotrebe. Integracija 5G tehnologije u hrvatski financijski sektor i sektor osiguranja
zahtijeva pažljivo razmatranje regulatornih zahtjeva i standarda usklad̄enosti. Bit će potrebno
da se regulatori pozabave pitanjima privatnosti podataka, kibernetičke sigurnosti i pouzda-
nosti mreže kako bi osigurali sigurnu i odgovornu upotrebu 5G tehnologije u tim sektorima.
Integracijom 5G tehnologije u Hrvatsku prijevozničke tvrtke mogu poboljšati svoje logističke
postupke pristupom podacima u stvarnom vremenu o prometnim uvjetima, prometnim nez-
godama, prometnom zagušenju i vremenskim prognozama. Ove informacije omogućuju op-
timizaciju rute, što rezultira smanjenim vremenom isporuke, potrošnjom goriva i troškovima
prijevoza. Štoviše, 5G olakšava brz prijenos podataka u stvarnom vremenu, pomažući u opti-
mizaciji prometnih pravaca, ublažavajući tako zagušenje prometa i ublažavajući posljedice za
okoliš (EIZ, 2021). Neposrednim pristupom podacima jačaju se i veze izmed̄u prijevozničkih
poduzeća i njihove mreže klijenata i dobavljača, čime se smanjuje udaljenost koju prelaze
vozila bez tereta. Nadalje, 5G tehnologija omogućuje implementaciju inteligentnih rješenja
za skladištenje, uključujući automatizirane sustave upravljanja zalihama, robotiku i auto-
nomna vozila. Te inovacije pojednostavljuju poslovanje skladištenja, povećavaju učinkovitost
skladišta i smanjuju oslanjanje na ručni rad. Osim toga, optimizirane logističke i transportne
operacije, koje omogućuje 5G, dovode do manje potrošnje goriva, smanjenja emisija i ekološki
održivijeg prometnog i logističkog sektora, usklad̄ujući se s hrvatskim ciljevima održivosti.

Hrvatsko gospodarstvo uvelike ovisi o turizmu. Poboljšanja 5G mreže mogu imati bla-
gotvoran učinak na stvaranje MSP–ova u turističkom sektoru i inovacije poslovnih modela.
Očekuje se pozitivan učinak 5G na produktivnost u hotelskom sektoru jer bi se IoT ure-
d̄aji mogli koristiti za pametno upravljanje sobama, energetsku učinkovitost i personalizirane
usluge gostiju. 5G može pomoći u optimizaciji gradskog prometa i logistike, smanjujući gu-
žve i poboljšavajući iskustvo putovanja. Turistička područja mogu koristiti tehnologiju za
upravljanje protocima posjetitelja, čime se izbjegavaju prenapučenost i poboljšava zadovolj-
stvo turista. Analiza velikih baza podataka omogućit će bolje upravljanje očekivanjima svojih
klijenata kroz personalizirane preporuke i ponude temeljene na preferencijama i ponašanju
korisnika. Korištenje tehnologija virtualne i proširene stvarnosti podržanih 5G mrežom može
doprinijeti popularizaciji turističkih destinacija, dok se održivost može unaprijediti upravlja-
njem energijom i optimizacijom resursa.

6. Zaključak

Uvod̄enje 5G infrastrukture u Hrvatskoj ima veliki potencijal za poticanje gospodarskog rasta,
povećanje produktivnosti i poticanje inovacija u različitim sektorima. Prijelaz s prethodnih
generacija mobilnih komunikacijskih mreža na 5G predstavlja značajan skok u smislu brzine,
latencije i kapaciteta, utirući put transformativnim promjenama u industrijama. Regulatorni
okvir na razini Europske unije i unutar Hrvatske naglašava stratešku važnost 5G tehnologije,
uz značajna ulaganja koja se dodjeljuju kako bi se osigurala široka pokrivenost i usvajanje.
Inicijative kao što su Digitalno desetljeće Europske komisije i Hrvatski plan za oporavak i
otpornost ističu predanost iskorištavanju 5G tehnologije za digitalnu transformaciju i gospo-
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darski rast. Opsežan pregled literature o ekonomskim učincima 5G mreže otkriva obećava-
juće prognoze, a studije predvid̄aju značajan rast BDP-a, otvaranje radnih mjesta i društvene
koristi koje se mogu pripisati usvajanju 5G mreža. Očekuje se da će sektori kao što su pro-
izvodnja, IKT, javne usluge, trgovina na veliko i malo, financije i osiguranje, prijevoz i turizam
doživjeti znatan napredak u učinkovitosti, inovacijama i konkurentnosti.

Unatoč optimističnim izgledima, i dalje postoje izazovi, posebno u osiguravanju praved-
nog pristupa 5G infrastrukturi i rješavanju problema nedostataka u digitalnim vještinama.
Napredak Hrvatske u digitalizaciji, što se odražava u DESI indeksu, ukazuje na područja
za poboljšanje, posebno u digitalnim javnim uslugama i usvajanju IKT–a med̄u MSP–ovima.
Med̄utim, zajednički napori na nacionalnoj razini i razini EU, zajedno sa strateškim ulaga-
njima u infrastrukturu i ljudski kapital, mogu pozicionirati Hrvatsku da u potpunosti isko-
risti potencijal 5G tehnologije. Osim navedenih, literatura prepoznaje troškovne, regulatorne,
sigurnosne, zdravstvene i obrazovne izazove.

Analiza literature ukazuje da efikasna implementacija 5G tehnologije zahtijeva sveobu-
hvatan pristup koji uključuje koordinirane napore nositelja politika, industrije i obrazovnih
institucija, a kako bi se osiguralo da 5G tehnologija bude korisna i dostupna svim segmen-
tima društva, te da pritom budu zaštićeni interesi i sigurnost korisnika. Iskorištavanjem tran-
sformativnih sposobnosti 5G mreže u ključnim sektorima Hrvatska može potaknuti održiv
gospodarski rast, povećati konkurentnost i poboljšati kvalitetu života svojih grad̄ana uvaža-
vajući i adresirajući analizirane izazove. Nadalje, analizirana literatura o socioekonomskim
utjecajima 5G-a nastoji obuhvatiti sve aspekte 5G tehnologije, od osnovne analize troškova
do složenijih procjena regionalnih i vremenskih učinaka. Rezultati provedenih istraživanja
zajedno pružaju čvrste temelje za razumijevanje i predvid̄anje ekonomskih koristi i izazova
5G tehnologije, omogućujući donositeljima odluka razvijanje ciljanih politika za poticanje
ekonomskog rasta i tehnološkog razvoja. Stoga bi javne politike trebale biti usmjerene na
edukaciju i razvoj digitalnih vještina radne snage, ali i na daljnju digitalizaciju malih i sred-
njih poduzeća. Osim toga, smisleno je primijeniti ciljani pristup prema sektorima s najvećim
potencijalnim koristima od 5G tehnologije, poput proizvodnje, usluga, transporta i turizma,
kako bi se maksimizirao učinak ulaganja. Značajni napori potrebni su u prilagod̄avanju obra-
zovnog sustava potrebama tržišta rada. Točnije, nužan je aktivan pristup na strani ponude
radnih mjesta, odnosno obrazovnog sustava kako bi se osiguralo da tranzicija prema novim
radnim mjestima uzrokovanja napretkom umjetne inteligencije i automatizacije ne rezultira
širokim socijalnim nejednakostima. Konačno, ulaganja u jačanje istraživanja i razvoja u po-
dručjima poput interneta stvari (IoT), umjetne inteligencije i automatizacije povećavala bi
inovacijski kapacitet Hrvatske. Ovo istraživanje je suočeno s nekoliko ograničenja. Analiza
je primarno temeljena na pregledima i procjenama iz dostupne literature, što može rezul-
tirati ograničenom preciznošću predvid̄anja specifičnih ekonomskih učinaka implementacije
5G infrastrukture u Hrvatskoj. Rad je primarno fokusiran na makroekonomske aspekte i
sektorsku razinu, s manjkom podataka o specifičnim slučajevima korištenja. Brzo mijenjanje
tehnologije može utjecati na dugoročne projekcije, jer se i tržišni uvjeti i tehnička infrastruk-
tura ubrzano razvijaju. Konačno, još uvijek postoji nedostatak empirijskih istraživanja koja
bi omogućila izravne usporedbe s drugim zemljama, što može dovesti do manjih razlika u
procjenama ekonomskih koristi 5G infrastrukture za Hrvatsku. Kako bi se prevladala ogra-
ničenja ovog istraživanja, buduće istraživanje planira se usmjeriti na provod̄enje empirijske
analize koja bi omogućila precizno mjerenje učinaka 5G infrastrukture na različite sektore
hrvatske ekonomije- Istraživanje bi uključilo prikupljanje primarnih podataka putem anketa
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i intervjua s ključnim dionicima u prepoznatim sektorima, čime bi se omogućilo detaljnije
razumijevanje utjecaja implementacije 5G tehnologije na produktivnost i konkurentnost na
mikrorazini. Nadalje, primjena empirijskih modela, korištenih u sličnim istraživanjima nave-
denim u ovom radu, mogla bi poslužiti za analizu utjecaja 5G tehnologije na ključne pokaza-
telje, poput BDP-a, zaposlenosti i produktivnosti. Ovakav pristup olakšao bi komparativne
analize s drugim zemljama slične veličine i strukture ekonomije te pružio smjernice nosite-
ljima ekonomskih politika pri oblikovanju regulative za primjenu i razvoj 5G infrastrukture
u Hrvatskoj, uzimajući u obzir specifične uvjete i prioritete nacionalnog gospodarstva.
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Ejdys, J. & Soler, U. (2023). The society’s attitude toward 5G technologies – a case
study of Poland. Technological and Economic Development of Economy, 29(5):1539–1558. doi:
10.3846/tede.2023.20157

EC, (2016). Identification and quantification of key socio–economic data to support strategic
planning for the introduction of 5G in Europe. European Commission: DG Communications
Networks, Content and Technology – Final Report, 1–114. doi: 10.2759/56657

EC, (2019). 5G for Europe’s Digital and Green Recovery. European Commission Brochure.
https://digital-strategy.ec.europa.eu/en/library/5g-europes-digital-and-green-recovery

EC, (2023). Digital Economy and Society Index (DESI) Croatia. European Commission, 1–18.
https://ec.europa.eu/newsroom/dae/redirection/document/88697
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SUMMARY
This paper outlines the prospective economic advantages of
implementing 5G infrastructure within the Republic of Cro-
atia through a critical review of relevant literature. The emer-
gence of 5G infrastructure promises transformative changes
across various sectors, reshaping industries and driving eco-
nomic growth. Numerous studies and research predict that 5G
will have a significant economic impact, opening new markets
and opportunities for growth in many industries through the
creation of new jobs, enhancing productivity, and stimulating
global economic growth. This paper presents the regulatory
framework for 5G infrastructure in Croatia and the EU, iden-
tifying potential benefits that various industries and use cases
might gain from the implementation of the 5G network and
associated digital mobile technologies. The aim of this paper is
to provide a detailed and critical review of such research and
to focus specifically on key sectors in the Republic of Croatia
where the potential benefits of the 5G network would be gre-
atest. These sectors include manufacturing, ICT, public sector
services, wholesale and retail, finance and insurance, transpor-
tation and storage, as well as tourism. The contribution of this
work consists of identifying and compiling potential challenges
of implementing the 5G network from existing literature.
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SUMMARY

The asymmetric impact of urbanisation on poverty reduction was ex-
amined for South Africa employing data from 1990 to 2022. The study
was motivated by the need to establish the effects of positive and neg-
ative shocks on poverty reduction. The study used the non–linear
autoregressive distributed lag model (NARDL). The study is timely as
it is conducted at a time when most countries, including South Africa,
are trying to recover from the COVID–19 global pandemic, which led
to a surge in poverty levels. The study found that positive and nega-
tive shocks of urbanisation are only instrumental in poverty reduction
in the short run. In the long run, positive and negative shocks of ur-
banisation have no significant effect whatsoever on poverty reduction.
The study also found that the effects of positive shocks were more
dominant than negative shocks on poverty reduction. The findings of
the study point to the importance of urbanisation in poverty reduction
in the short run. Policy implications are discussed.
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1. Introduction

The drive to sustainable development has been on the cards for the past decade, spearheaded
by the United Nations. This has been expressed in the Millennium Development Goals (MDGs)
that expired in 2015 and the subsequent programme the Sustainable Development Goals (SDGs).
The extension of the MDGs through the SDGs reflects key development aspects that were not
fully accomplished during the MDGs. One of the goals that has recurred from the MDGs to
the SDGs is poverty eradication. Although eradication of extreme poverty was achieved un-
der the MDGs at an aggregate level, some countries remained with extreme poverty. Under
the SDGs progress was made to eliminate poverty. However, COVID–19 has largely derailed
the progress that was made. Most countries have witnessed a surge in poverty owing to
economic activity restrictions during the COVID–19 pandemic that resulted in some compa-
nies closing and some families losing breadwinners. At a national level, the government lost
the capacity to support struggling families, leading to elevated poverty levels. This has hap-
pened at a time when most countries have experienced urbanisation, characterized by rural

∗Corresponding author

©2024 Copyright of this article is retained by the author(s)
This is an open access article under the CC BY–NC–ND 4.0 license

mailto:tsile.musa@gmail.com
https://creativecommons.org/licenses/by-nc-nd/4.0/


18 Musakwa & Odhiambo

populations moving into cities in search of better opportunities. Looking past the COVID–19
period, South Africa is among the countries that witnessed an increase in poverty as mea-
sured by poverty headcounts and poverty gaps. Several studies have been undertaken on the
relationship between poverty reduction and urbanisation, assuming a linear relationship be-
tween the two. However, in the recent past, the asymmetric impact of one variable to another
has become more informative to policy makers. Against this background, this study aims to
relook at the asymmetric impact of urbanisation on poverty reduction in South Africa.

Numerous studies have examined the impact of urbanisation on poverty, assuming a
linear relationship, i.e. the negative and positive changes in urbanisation have the same effect
on poverty reduction (Ahimah–Agyakwah et al., 2022; Calì and Menon, 2013; Ha et al., 2021;
Khan et al., 2016; Mahumane and Milder, 2022; Ravallion, 2002).

This study diverts from the current literature by exploring the asymmetric impact of
urbanisation on poverty reduction. This approach is more informative regarding poverty
reduction policies associated with urbanisation. The study employs the non–linear autore-
gressive distributed lag approach (NARDL) to examine the nature of the relationship be-
tween poverty reduction and urbanisation. In this study, poverty is captured by household
consumption expenditure, a proxy that captures income poverty.

South Africa makes a good case study because it is among the countries that have expe-
rienced an increase in poverty in recent years despite government policies targeting poverty
alleviation. For instance, the poverty headcount and poverty gap at 2.15 USD per day in-
creased from 18% to 20.5% and from 5.5% to 6.9%, respectively, between 2010 and 2014
(WBG, 2023). Furthermore, policymakers acknowledge poverty to be among the triple chal-
lenges that the country is facing, as spelt out in the National development plan 2030 for South
Africa (NPC, 2014). Given that South Africa is part of the SDGs, the reduction of poverty
remains a national goal. Moreover, some countries in Africa look up to South Africa as one
of the upper middle–income countries in Africa.

The study is structured as follows. Along with introduction, Section 2 provides insights
into urbanisation and poverty dynamic in South Africa, while Section 3 covers empirical lit-
erature review. Section 4 outlines the estimation methodology. Data analysis and discussion
of results are presented in Section 5. Section 6 concludes the paper.

2. Urbanisation and poverty dynamics in South Africa

According to the World Bank, over 50% of the world’s population lives in urban areas, and
by 2025, the urban population is projected to increase by 1.5 times (WBG, 2023). South Africa
is not an exception. The PMG (2024) highlighted that 63% of the South African population
lives in urban areas and this proportion will increase to 71% by 2050. Given this rapid
urbanisation, South African policymakers have put in place policies to minimize the negative
impact of the movement of people to urban areas. Urbanisation, although it brings many
positive benefits to those moving to urban areas, puts pressure on social services. This has
negative consequences, especially if policymakers do not anticipate urbanisation or the speed
of urbanisation. Challenges of urbanisation include environmental factors, unemployment,
crime, urban congestion and an increase in the cost of living, among other factors (PMG,
2024).
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The South African government has come up with an Integrated urban development frame-
work (IUDF). The IUDF was adopted in 2016 to spell out the policies, principles, and pro-
grammes to achieve the National development plan by addressing spatial issues and develop-
ing a shared understanding of how to manage urbanisation (IUDF, 2024). The IUDF rests on
levers, namely spatial planning, sustainable finances, empowered communities, urban gover-
nance, economic development, land governance, urban infrastructure, transport and mobility,
and human settlements (IUDF, 2024). Apart from the IUDF, some sectorial policies have been
developed to support service provision and infrastructure development that consider urban-
isation. For example, a White paper for human settlements was developed to guide and call
for a partnership between the private and the public sector and a coordinated effort between
the three tiers of government to address housing challenges in South Africa. Other initia-
tives include the Cities support programmes, District development model and Intermediate cities
municipalities.

The annual growth in urbanisation was highest in 1990 at 4%, and it eased in subsequent
years until 2006, when a surge in urbanisation was recorded (WBD, 2024). This trend con-
tinued until 2015, before the growth slowed down, except for 2019 when 2% was recorded.
The year coincided with the recovery period of the financial crisis, and this could have mo-
tivated several South Africans to move to urban areas in search of greener pastures. The
average annual growth in urbanisation in South Africa over the study period was 2% (WBD,
2024). Urbanisation growth rate (URBGR) and household consumption expenditure (HHC as
a proxy for poverty rate) seem to have had a general downward trend during the observed
period in South Africa (Figure 1). However, downward trending behavior of HHC exhibit
poverty increasing.

(a) Urbanization growth rate (%) (b) Household consumption (% GDP)

Figure 1. Trends in urbanisation and household consumption expenditure 1990–2022

Looking at poverty, South Africa is a signatory to the SDGs, which automatically obliges
the South African government to work towards achieving the 17 SDGs. Among the SDGs,
goal 1: "End poverty in all its forms everywhere", calls for the government to roll out policies
that eliminate poverty in all its forms in South Africa. In addition, the South Africa Naional
development plan (NDP) was designed to take the SDGs into account (NPC, 2014). In the NDP,
the government highlighted the triple challenge of unemployment, inequality and poverty.
South Africa has been battling with high poverty and inequality levels since independence.
Some of these challenges originated in the apartheid error, owing to the policies that were
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pursued. The government has adopted a three–pronged approaches to poverty reduction in
South Africa. First, the government made social services available to those who are unable
to afford them ensuring that they are available and accessible to every South African. For
example, there are free primary schools where parents do not have to pay for tuition and
free primary health for most South Africans. The second approach entails empowerment
of the poor and integrating them into the economic stream, through small, medium and
micro enterprises (SMME), Black economic empowerment programmes, Employment equity and
funding programmes that target specific categories of the population, like the youth. The third
approach is through social safety nets, where government transfers are made to alleviate
poverty in families that cannot afford basic meals and other social services. Some of the
grants include the social relief of distress grant, foster care, care dependency, child support,
social relief and pension, among other programmes. The Social Security Agency (SASSA)
of South Africa is responsible for the administration of the grants in South Africa and is
under the Department of social development. In December 2023, SASSA paid a total of R18.9
million in grants distributed across old age, war veteran, foster care, disability, child support
and care dependency grants (SAASA, 2023). Among the disbursements that were made, child
support received the highest total payment, followed by old age, while the least paid went
to care dependency (SAASA, 2023). The province with the highest grant payout is KwaZulu
Natal, followed by Gauteng. The province with the least payments is the Northern Cape
(SAASA, 2023). The trends in poverty levels measured by poverty headcount and poverty
gap for South Africa are reported in Table 1.

Table 1. Poverty headcount and poverty severity 1990–2020

poverty headcount poverty gap poverty headcount poverty gap
Year (2.15 USD per day) (2.15 USD per day) (6.85 USD per day) (6.85 USD per day)

1993 33.5 12.0 71.1 42.7
2000 36.8 14.3 74.3 45.7
2005 28.3 9.3 71.8 41.6
2008 18.7 5.4 62.4 32.8
2010 18.0 5.5 60.9 31.9
2014 20.5 6.9 61.6 33.4

Source: World Bank Database – World Development Indicators

The data reported in Table 1 indicate a decline in poverty between 2000 and 2010, before
taking an upward trend from 2014 across all the measures (WBD, 2024). The trend in poverty
levels in 2014 reveals a reversal of the gains that were made from 2000 (WBD, 2024), and thus,
calling for more coordinated efforts to address the scourge of poverty in South Africa.

3. Empirical literature review

Urbanisation can have an impact on poverty through different channels: i) through an in-
crease in employment opportunities, ii) through access to better social services, and iii)
through an increase in the demand for agricultural products (Ahimah–Agyakwah et al., 2022).
In this section, previous studies that have investigated the impact of urbanisation on poverty
reduction have been reviewed. There is also a dearth of studies that have investigated the
asymmetric impact of urbanisation on poverty reduction.
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Ahimah–Agyakwah et al. (2022), for example, while using panel data from 29 urbanising
countries in sub–Saharan Africa from 1985 to 2019, within two–step generalised methods of
moments GMM, found urbanisation to reduce poverty gap and poverty headcount. Wang et
al. (2022) investigated the impact of urbanisation on rural and urban area poverty in China
using panel data from 2000 to 2017. The study found that urbanisation increased urban and
rural per capita income levels. In addition, a U–shaped relationship between urbanisation
and poverty was found to exist. Ha et al. (2021) studied the impact of urbanisation on
poverty reduction in Vietnam using panel data from 63 provinces and data from 2006 to 2016.
Employing difference GMM estimator, the study found a U–shaped relationship between
poverty level and urbanisation. This finding aligns with the results of Wang et al. (2022) in
their study on China. According to Ha et al. (2021) the estimated threshold for urbanisation
on poverty reduction was 40.1% and 43.68% for static and dynamic models, respectively.

Datt et al. (2016), using poverty data spanning over 60 years for India, found urbanisation
to reduce poverty through several channels. These channels include urban consumption that
brought gains in the rural sector and a change in the composition of the urban primary, sec-
ondary and tertiary sectors. Similarly, Zhang (2016), in a study on China using survey data,
found urbanisation to reduce the rural—urban gap. Calì and Menon (2013), in a study on
Indian districts using data from 1983 to 1999, found urbanisation to contribute to a reduction
in rural poverty. The spillover effect of urbanisation was found to be a major contributor in
comparison to the movement of people to urban areas. Urbanisation resulted in an increase in
agricultural products and urban–rural remittances. The results from this study are consistent
with the findings by Ahimah–Agyakwah et al. (2022), Wang et al. (2022) and Zhang (2016).
Deichmann et al. (2009) investigated the importance of rural–urban linkage for non–farm
employment in Bangladesh, and found that people get more well–paying jobs in non–farm
employment, and the closer they are to urban areas, the more opportunities increase.

The previous studies reviewed here point to a positive relationship between urbanisation
and poverty reduction. However, most of them assume that there is a symmetric relationship
between the two variables. This study, therefore, adds value to the body of knowledge by
decomposing the impact of positive and negative changes in urbanisation on the poverty.

4. Data and estimation technique

The variables of interest in this study are poverty reduction, proxied by household consump-
tion expenditure (HHC) as a percentage of GDP, and urban population growth rate (URBGR)
as annual percentage. Other control variables included in the model are education (EDU), un-
employment (UNE) as annual %, domestic credit to the private sector (DCPS) as a percentage
of annual GDP, and household debt (HHDEPT) as a share of household disposable income.
The data for all variables were observed from 1990 to 2022, and retrieved from World Bank
Database, i.e. World Development Indicators (WBD, 2024), except for the household debt
to disposable income (HHDEPT) which was extracted from the South African Reserve Bank
Quarterly Bulletin (SARB, 2024).

This study uses a non–linear autoregressive distributed lag (NARDL) model to investi-
gate the asymmetric impact of urbanisation on poverty in South Africa. The approach was
selected based on the growing literature projecting that negative and positive changes in an
independent variable have a different impact on the dependent variable.
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The NADRL model specification is given in Equation 1.

∆HHCt = θ0 +
p

∑
i=1

θi1∆HHCt−i +
q1

∑
i=0

θi2∆URBGR+
t−i +

q2

∑
i=0

θi3∆URBGR−
t−i

+
q3

∑
i=0

θi4∆EDUt−i +
q4

∑
i=0

θi5∆UNEt−i +
q5

∑
i=0

θi6∆DCPSt−i

+
q6

∑
i=0

θi7∆HHDEPTt−i + β1HHCt−1 + β2URBGR+
t−1 + β3URBGR−

t−1

+ β4EDUt−1 + β5UNEt−1 + β6DCPSt−1 + β7HHDEPTt−1 + εt

(1)

where ∆URBGR+
t is a positive change of urbanisation, ∆URBGR−

t is a negative change of
urbanisation, p, q1, q2, q3, q4, q5 and q6 are time lags associated to every differenced variables
on the right hand side, while β1, β2, β3, β4, β5, β6 and β7 are the long run coefficients.

To test for cointegration on variables in Equation 1, a null hypothesis of no cointegration
H0 : β1 = β2 = · · · = β7 = 0 is tested against an alternative of the presence of a long run
relationship by utilizing an F−statistic. If F−statistic is greater than the upper bound critical
values (at 10%, 5% or 1% significance level), cointegration is confirmed.
The ECM (Error Correctoin Model) specification of Equation 1 is given in Equation 2.

∆HHCt = θ0 +
p

∑
i=1

θi1∆HHCt−i +
q1

∑
i=0

θi2∆URBGR+
t−i +

q2

∑
i=0

θi3∆URBGR−
t−i

+
q3

∑
i=0

θi4∆EDUt−i +
q4

∑
i=0

θi5∆UNEt−i +
q5

∑
i=0

θi6∆DCPSt−i

+
q6

∑
i=0

θi7∆HHDEPTt−i + λECt−1 + ϵt

(2)

where θi are short run coefficients, and λ is parameter associated with error correction term.

5. Empirical results

The study uses the Dickey–Fuller Generalized Least Square and the Phillip–Perron (PP) to test
for stationarity of the variables included in the model. The results reported in Table 2 confirm
that the variables are stationary in the first differences (whenever the unit root hypothesis is
rejected).

Table 2. Unit root tests

Dickey–Fuller GLS statistic Phillips–Perron statistic
Variable levels differences levels differences

HHC −2.405 −4.929∗∗∗ −2.333 −6.988∗∗∗

EDU −1.606 −3.378∗∗ −1.655 −3.323∗∗

UNE −0.422 −8.633∗∗∗ −0.372 −10.709∗∗∗

DCPS −1.932 −5.161∗∗∗ −1.506 −6.928∗∗∗

HHDEPT −2.963 −3.600∗ 0.171 −2.607∗∗

URBGR −2.144 −6.129∗∗∗ −4.446∗∗∗ −5.297∗∗∗

Note: *, ** and *** denote statistical significance levels at 10%, 5% and 1%
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The test for cointegration confirms the presence of a long run relationship between the
variables included in the model according to reported F−statistic in Table 3, which has been
found to be greater than the upper bound of the asymptotic critical value at 1% significance.

Table 3. Cointegration test

F−statistic Cointegration status

7.823∗∗∗ Cointegrated
Asymptotic critical values

10% 5% 1%
I(0) I(1) I(0) I(1) I(0) I(1)

2.457 3.797 2.970 4.500 4.270 6.211

Notes: *** denotes statistical significance at 1% level

In the first part of Table 4 short run and long run estimates are reported, while the second
part includes commonly used goodness–of–fit measures and diagnostic tests (for checking the
error terms normality, independency and homoskedasticity), along with short run and long
run asymmetric tests, WaldLR−statistic and WaldSR−statistic, respectively.

Table 4. Non–linear ARDL results

Long run results Short run results
Variable Coefficient Variable Coefficient

URBGR+
t −2.642 ∆URBGR+

t 1.573∗∗∗

URBGR−
t −0.909 ∆URBGR+

t−1 3.135∗∗∗

EDUt −0.115 ∆URBGR−
t −1.535∗∗

DCPSt −0.113∗ ∆URBGR−
t−1 0.807

HHDEPTt −0.218∗∗ ∆EDUt −0.049
UNEt 0.383 ∆EDUt−1 −0.223∗∗∗

∆DCPSt 0.019
∆DCPSt−1 0.067∗∗∗

∆HHDEPTt −0.043
∆UNEt −0.393∗∗∗

∆UNEt−1 −0.451∗∗∗

ECMt−1 −0.764∗∗∗

R2 0.899
R2 adjusted 0.828
F−statistic 12.647∗∗∗

Normality test 0.818
Serial correlation 1.418
Heteroskedasticity 1.097
WaldLR−statistic 5.787∗∗

WaldSR−statistic 45.549∗∗∗

Note: *, ** and *** denote statistical significance at 10%, 5% and 1% levels

The results reported in Table 4 show that there is a positive association between the
positive shock of urbanisation and poverty reduction in the short run, but not in the long
run. In the long run, the positive shock of urbanisation is found to have no impact on poverty
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reduction. This has been confirmed by the coefficient of URBGR+
t which has been found to

be statistically insignificant. In contrast, the coefficients of ∆URBGR+
t and ∆URBGR+

t−1 have
been found to be positive and statistically significant in the short run, thereby confirming
a positive association between the positive variation in urbanisation and poverty reduction.
Likewise, the negative shock of urbanisation has also been found to be statistically significant
in the short run but not in the long run. The insignificant impact of negative variation in
urbanisation on poverty reduction, in the long run, has been confirmed by the coefficient
of URBGR−

t , which was found to be statistically insignificant. Conversely, the coefficient of
∆URBGR−

t in the short run has also been found to be negative but statistically significant.
Overall, the results indicate that, in the short run, positive shocks to urbanization and

poverty reduction are positively associated, while negative shocks to both urbanization and
poverty reduction show a negative association, as reflected in the signs of their coefficients.
However, in the long run, both positive and negative shocks have no impact whatsoever
on poverty reduction. The results also show that positive shocks of urbanisation are more
dominant than negative shocks in poverty reduction. This has been corroborated by the
cumulative dynamic multiplier graph (Figure 2), which shows the asymmetric adjustment
patterns following positive and negative shocks to the explanatory variables. Indeed, the
results reported in this figure exhibit that the positive shocks of uncertainty have a deeper
effect than the negative shocks on poverty reduction. These findings are consistent with
the theory that the movement of households living in poverty to urban areas is expected to
increase their chances of getting better–paying jobs and higher incomes.

Figure 2. Cumulative dynamic multiplier of urbanisation on poverty reduction shock

Other results reported in Table 4 confirm that education has a negative impact on poverty
reduction in South Africa in the short run, which is contrary to expectation. However, the
cost of funding education could result in the poor being in a worse position, given the limited
resources they have access to. Domestic credit to the private sector has a negative impact on
poverty reduction in the long run and a positive impact in the short run. Thus, domestic
credit to the private sector provides relief to those living in poverty only in the short run,
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while in the long run, credit could become a burden to the same people experiencing poverty,
resulting in a debt trap. The study found household debt to disposable income to have a
negative impact on poverty reduction in the long run and to be insignificant in the short run.
Unemployment has a negative impact on poverty reduction only in the short run. The results
corroborate the findings of a study by Tregenna and Tsela (2012), which found that South
Africans depend on income earned to support their needs, and a decrease in income results
in deprivation of some social services.

The NARDL model is a good fit with an R–square of 90% and the error correction term
with an expected negative sign (−0.764). The diagnostic results reported in Table 4, show the
model passed normality test, independency test (no serial correlation) and homoskedasticity
test (no heteroskedasticity). In addition, the stability of the model is confirmed at the 5%
level of significance by the cumulative sum plot (CUSUM) and cumulative sum of squares
plot (CUSUMQ), both exhinited in Figure 3.

(a) CUSUM plot (b) CUSUMQ plot

Figure 3. Stability plots

6. Conclusion

The asymmetric impact of urbanisation on poverty reduction was examined for South Africa
using data from 1990 to 2022. The study was motivated by the need to establish whether
positive and negative shocks on urbanisation have the same effect on poverty reduction. This
comes at a time when most countries, including South Africa, where poverty levels have
surged, are trying to recover after COVID–19. The study used household consumption ex-
penditure to capture income poverty. Employing the NARDL, the study found positive (neg-
ative) changes in urbanisation to be positively (negatively) associated with poverty reduction
in South Africa in the short run.

However, the study found no significant association between positive and negative vari-
ations in urbanisation on poverty reduction in the long run. The study also found that the
effects of positive shocks were more dominant than negative shocks on poverty reduction.
This shows that urbanisation shocks are only instrumental in poverty reduction in South
Africa in the short run. Based on these findings, the government needs to have a two–
pronged approach. First, it should continue with the expansion of social services in urban
areas to accommodate the increase in population living in urban areas. Second, it should im-
plement developmental projects in rural areas aimed at alleviating poverty, thereby reducing
unplanned migration from rural to urban areas in the long run.
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Although measures were taken to ensure the scientific rigour of the study, a few limita-
tions can be highlighted: i) availability of long time–series data restricted the sample study
period, and ii) only one proxy was used to capture the poverty. Future studies could benefit
from extending the study period and incorporating additional variables into the model to
more effectively capture the multidimensional nature of poverty.
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SAŽETAK
Asimetrični utjecaj urbanizacije na suzbijanje siromaštva is-
tražen je za Južnu Afriku koristeći podatke od 1990. do 2022.
godine. Studija je motivirana potrebom da se utvrde učinci poz-
itivnih i negativnih šokova na smanjenje siromaštva. Korišten
je nelinearni autoregresijski model s distribuiranim pomacima
(NARDL). Studija je pravovremena jer se provodi u trenutku
kada se većina zemalja, uključujući Južnu Afriku, pokušava
oporaviti od globalne COVID–19 pandemije, koja je dovela do
porasta razine siromaštva. Studija je pokazala da su pozitivni
i negativni šokovi urbanizacije korisni za suzbijanje siromaštva
samo u kratkom roku. Dugoročno, pozitivni i negativni šokovi
urbanizacije nemaju značajan učinak na siromaštvo. Takod̄er je
utvrd̄eno da su učinci pozitivnih šokova bili izraženiji od uči-
naka negativnih šokova. Nalazi studije ističu važnost urban-
izacije u smanjenju siromaštva u kratkom roku. Diskutirane su
i implikacije za nositelje politika.
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potrošnja kućanstva, NARDL, suzbijanje siromaštva, Južna Afrika
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SUMMARY

Studying the extreme value theory (EVT) involves multiple main ob-
jectives, among them the estimation of the tail index parameter. Some
estimation methods are used to estimate the tail index parameter like
maximum likelihood estimation (MLE). Additionally, the Hill estima-
tor is one type of maximum likelihood estimator, which is a more
robust with a large sample than a small sample. This research pro-
poses the construction of an alternative estimator for the parameter of
the heavy–tailed distribution using the maximum lq–likelihood esti-
mation (MLqE) approach in order to adapt the ML and Hill estima-
tor with the small sample. Furthermore, the maximum lq–likelihood
estimator asymptotic normality is established. Moreover, several sim-
ulation studies in order to compare the MLq estimator with the ML
estimators are provided. In the excesses over high suitable threshold
values the number of the largest observation k will lead to an efficient
estimate of the Hill estimator. For this, selection of k in the Hill estima-
tor was investigated using the method of the quantile type 8 which is
effective with the hydrology data. The performance of the Hill estima-
tor and the lq–Hill estimator is subsequently compared by employing
real relies with the distribution of hydrology data.

KEYWORDS
excesses over threshold, extreme value index, heavy–tailed distribution, max-
imum lq–likelihood estimator

1. Introduction

Considering X1, X2, . . . , Xn of independently and identically distributed (iid) random vari-
ables (rv) defined over some probability space (Ω; A; P), with cumulative distribution func-
tion (cdf) F. We are interested in the probability that the maximum is not beyond a certain
threshold x. This probability is given by

P (max (X1, X2, . . . , Xn) ≤ x) = Fn (x) . (1)
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As it is well known, when we are interested in the central part of a sample, the central
limit theorem (CLT) giving the asymptotic law of the sum of observations which says that
the sampling distribution of the mean will always be normally distributed as n → +∞ . On
the other hand, if we want to study the extreme values of this sample, the CLT presents
only little of interest. Instead, we use a result establishing the asymptotic distribution of
the maximum of the sample. This result is stated under EVT as demonstrated particularly
by Gnedenko (1943). The EVT gives the conditions under which there exist sequences of
normalizing constants an > 0 and bn > 0 such that

lim
n→+∞

Fn (anx + bn) = Gγ (x) . (2)

Gγ (x) is so–called the extreme value distribution, defined by

Gγ (x) =

{
exp

(
− (1 + γx)−1/γ

)
, if γ ̸= 0

exp (− exp (−x)) , if γ = 0
(3)

where Gγ (x) is a well–defined non–degenerate cdf. This law depends only on the parameter
γ ∈ R called the extreme value index or the tail index, or the shape parameter. According to
the sign of γ, there are three domains of attraction that are defined from Gγ (x) depending on
the tail index; among them is domain attraction of Fréchet. Also, it is referred to as heavy–
tailed distribution. It contains laws whose survival function decreases as a power function
like distributions of Pareto, Student, Cauchy, etc. So the heavy tailed limit distribution is the
Fréchet distribution (Balkema and de Haan, 1974), which is defined by

Gγ>0 (x) = e−x−1/γ
. (4)

As it is known and associated with EVT, the characterization of the domains of attraction
makes extensive use of the notion of functions with regular variations which we define below.

Let X1, X2, . . . , Xn be a iid sequence of a non–negative rv X over some probability space
(Ω; A; P), with cdf F. We assume that the distribution tail F = 1 − F is regularly varying at
infinity, with index (−1/γ), notation: F ∈ RV(−1/γ). That is

lim
t→+∞

F (tx)
F (t)

= x−1/γ, for any x > 0. (5)

A distribution function F belongs to the domain attraction of Fréchet if and only if
F ∈ RV(−1/γ). Hence, the tail behaves approximately as a power function x−1/γ. This im-
plies that the distribution for the maximum has a one–to–one relationship with the shape
parameter. Then, we will take heavy tailed to mean sub–exponential (definition below), but
several definitions exist in the literature. For the convenience of the reader, we also sketch
other common definitions and, where possible, relate them to one another. Sub-exponential
distributions exhibit one of the general properties expected of heavy–tailed distributions on
the level of aggregate losses, namely that the tail of the maximum determines the tail of the
sum. All of the distributions considered here are sub–exponential.

Let F be a cdf with support in [0;+∞[. Then F is sub–exponential if, for all n ≥ 2,

lim
x→+∞

Fn
(x)

F (x)
= n, for any x > 0. (6)
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Then Fn
(x) ≈ nF (x) as x → +∞. Subexponentiality implies another property that is

sometimes taken as the definition of heavy tail, i.e. the tail decays more slowly than any
exponential function. With the notation as above, the precise formulation is that for all t > 0,

lim
t→+∞

etxF (x) := ∞. (7)

An important subclass of sub–exponential distributions consists of regularly varying func-
tions. For a regularly varying with tail index γ > 0 , all moments of the associated rv higher
than γ > 0 will be unbounded (Embrechts et al., 1997).

The parameter of interest is γ > 0 is the tail index of F. Now for F ∈ RV(−1/γ) we take
as F (x) = x−1/γ. Then we can check for F is sub–exponential that

lim
t→+∞

 lim
x→+∞

1

Fn
(t)

∞∫
t

Fn
(x)
x

dx

 =
1

F (t)

∞∫
t

F (x)
x

dx := γ. (8)

Consider X1,n ≤ X2,n ≤ . . . ≤ Xn,n the order statistics of X1, X2, . . . , Xn. Let’s replace the
distribution F by its empirical version Fn and t by Xn−k,n. Thus, we find the Hill estimator
(Hill, 1975) defined by:

γ̂H
Xn−k,n

:=
1

Fn (Xn−k,n)

∞∫
Xn−k,n

Fn (x)
dx
x

. (9)

The Hill estimator can only be used for distributions belonging to the Fréchet domain. The
Hill estimator, which is a type of ML estimator, is the most common estimators for the tail in-
dex of heavy–tailed distributions; is probably the most studied estimator in the literature. As
agreed that, Hill estimator and ML estimator are goods with the large sample is susceptible
to be biased. But if we use very small k, both estimators have a large variance.

In this article, we investigate a new class of parametric estimators based on the q–entropy
function proposed by Havrda and Charvát (1967). It has been of considerable interest in dif-
ferent domains of application like physics, finance and biomedical sciences. As well, Altun
and Smola (2006) have seen that the classical maximum entropy is dual of MLE. Ditto, Fer-
rari and Yang (2010) proposed a new parametric estimation method based on the q–entropy
function, the MLqE where q is called the distortion parameter. Also, they have proven to be
a very useful method when estimating high–dimensional parameters and small tail probabil-
ities. This is important in many applications where the number of available observations is
not great. They have shown that MLqE becomes the MLE with q = 1.

Since for large sample the ML and Hill estimators are at least as precise as any other es-
timators. However, for a moderate or small sample size the MLq estimator can offer dramatic
improvement in mean squared error at the expense of a slight increase in bias.

This paper has been organized as follows. In Section (1) it is presented as an introduc-
tion the asymptotic distribution of the maximum of the sample under the EVT and especially
the heavy–tailed distribution or the Fréchet distribution. We also gave a definition about
sub–exponential. As for later, we will focus on presenting the new estimate about the tail
index of heavy–tailed distributions, i.e. MLq estimator. Next, with Section (2), we present the
basic asymptotic normality of MLq estimator with their consistent for exponential families
which we introduce in the same section. In Section (3), we present a simulation study with
Pareto distribution to compare the MLqE with MLE. Also, the real data are utilized to illus-
trate the usefulness of the Fréchet distribution as the distribution of hydrology data. Finally,
concluding notes are provided in Section (4).
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1.1. Adaptive ML and Hill estimators for small sample

In the domain of heavy–tailed distributions, the statistic of EVT translates into a semi-
parametric estimation problem. Indeed, if F belongs to the Fréchet domain, then F is of
the form x−1/γℓ (x) with ℓ a slowly varying function i.e, lim

t→+∞
ℓ (tx) /ℓ (x) := 1. This paper

concentrates on the distributions that have a regularly varying tail,

F (x)
x−1/γℓ (x)

:= 1, as x → +∞ , γ > 0 (10)

Note that Gγ>0 (x) satisfies (10). Here (1/γ) is the index of regular variation, or the tail
index. Then F has a parametric part x−1/γ depending only on γ, and a non–parametric part
ℓ. For a real t > 0 it’s clear that we deduce

F (x) := F (t)
( x

t

)−1/γ
(11)

Let X1, X2, . . . , Xn be a sequence of iid rv from distribution function (df) F and let X1,n ≤
X2,n ≤ . . . ≤ Xn,n denote the order statistics correspondence. We denoting the number of
absolute excesses over t by k for rather the largest observations (Xn−k,n, . . . , Xn,n) where in the
asymptotic setting k = kn an intermediate sequence, that is, kn → ∞ and kn/n → 0 as n → ∞.
Then, see Haan and Ferreira (2006) Lemma 3.4.1, the joint distribution of (Xn−k,n, . . . , Xn,n)

for k = 1, . . . , n − 1 be the df given by

Ft (x) = P (X ≤ x|X > t) =
F (x)− F (t)

1 − F (t)
for x > t (12)

Such that Ft (x) = 1 − Ft (x) we can rewrite (12) for x > t as

Ft (x) =
F (x)
F (t)

(13)

Since F (x) is given by (11), also we can rewrite Ft (x) given in (13) for x > t by

Ft (x) =
( x

t

)−1/γ
(14)

It’s easy to checked that under (5) that Ft ∈ RV(−1/γ).
The parameter of the Ft (x) can be estimated using standard methods such as the MLE.

Another estimation method is the MLqE which based on q–order entropy. The q–order en-
tropy which is provided by Havrda and Charvát (1967), has the function

Lq (u) =

{
u1−q−1

1−q for q < 1
log u for q = 1

(15)

where u is probability density function(pdf) and q called the distortion parameter. The MLqE,
which is proposed by Ferrari and Yang (2010), use the Lq (u) function instead of the log–
likelihood function as in the MLE. Observed that when q = 1, we have the MLq estimator
approaches as the ML estimator approaches. The MLqE method reduces the effect of extreme
observations on parameter estimates using q. The choice of q is another difficult problem in
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MLqE estimation. In this research, we take q = 1− 1
k as given by Ferrari and Yang (2010) and

we note that q → 1 as k → ∞. Then, the MLqE of γ > 0 is given by

γ̂ = arg max
k

∑
i=1

Lq ( ft (x)) (16)

with

Lq ( ft (x)) =

{
ft(x)1−q−1

1−q for 0 < q < 1
log u for q = 1

(17)

where ft (x) is the pdf of Ft (x) given in (14). Thus defense for γ > 0 by

ft (x) =
1
γ

1
t

( x
t

)−1/γ−1
(18)

As is known, MLq estimator of γ > 0 can be obtained by maximizing ∑k
i=1 Lq ( ft (x))

with respect to the parameter γ > 0. Then, for 0 < q ≤ 1 we get

∂

∂γ
Lq ( ft (x)) :=

∂

∂γ
log ( ft (x)) ft (x)1−q (19)

Then, the equations from (19) are then given in term of the partial derivative respect to
γ by:

∂

∂γ

k

∑
i=1

Lq ( ft (Xi)) :=
k

∑
i=1

1
γ2 (log (Xi)− log (t)− γ) ft (Xi)

1−q = 0 (20)

Next, we can define the estimator of γ > 0 by

γ̂
MLq
t =

k
∑

i=1
wi (log (Xi)− log (t))

k
∑

i=1
wi

with wi = ft (Xi)
1−q (21)

There more, if we take t = Xn−k,n we find a new Hill estimator called lq–Hill estimator
which is defined by

γ̂
HLq
Xn−k,n

=

k
∑

i=1
wn−i+1,n

(
log
(
Xn−i+1,n

)
− log (Xn−k,n)

)
k
∑

i=1
wn−i+1,n

with wn−i+1,n = ft
(
Xn−i+1,n

)1−q (22)

It is clear that if q = 1 gives us the classic the MLE. We get ML estimator of γ > 0 which
is given by:

γ̂ML
t =

1
k

k

∑
i=1

log (Xi)− log (t) (23)

And by their equivalents in the order statistic, we find the formula of the Hill estimator
with t = Xn−k,n by

γ̂H
Xn−k,n

=
1
k

k

∑
i=1

log
(
Xn−i+1,n

)
− log (Xn−k,n) (24)
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Also, the Hill estimator was found to be very sensitive to the choice of index k. Because
choosing the optimal value for the k index will lead to an effective estimate of Hill estimator,
the choice of k is another difficult problem and there are many researches on this. However, in
this article, we will present in sub–section (3.2) a method that allows calculating the number
k based on the method of the quantile type 8 with the hydrology data. It is important to
mention that Hill estimator is a consistent for the tail index and asymptotically normal with
mean γ and variance γ2/k. Hence, if one uses a very small k, the estimator has large variance,
however, for very large k, the estimator is likely to be biased i.e asymptotically normal with
mean 0 and variance γ2. This is why it is good with large sample also, ML estimator is
effected with large sample. In this research, we have written this tow estimator with the
MLqE. We can show that for q = 1 − 1

k we rewrite the estimators γ̂
MLq
t and γ̂

HLq
Xn−k,n

as

γ̂
MLq
t =

k
∑

i=1
ft (Xi)

1/k (log (Xi)− log (t))

k
∑

i=1
ft (Xi)

1/k
(25)

and

γ̂
HLq
Xn−k,n

=

k
∑

i=1
ft
(
Xn−i+1,n

)1/k (log
(
Xn−i+1,n

)
− log (Xn−k,n)

)
k
∑

i=1
ft
(
Xn−i+1,n

)1/k
(26)

Recall that when q is chosen correctly for small samples, the MLqE can trade bias for
accuracy successfully. This leads to a significant decrease in the mean squared error. There are
more for large sample if (k → ∞) q = 1 − 1

k or q → 1 we focus on a necessary and sufficient
condition, to ensure a proper asymptotic normality and efficiency of MLqE is established.
This is what will be discussed in the next section.

2. Main result

In this section, we discuss the basic asymptotic properties of the MLq estimator when the
degree of distortion depends on the amount of information available in the sample. Such
properties will be used later on to derive our main results. In the reminder of the paper, our
analysis focuses on the distributions belonging to the exponential family. In particular, we
consider pdf of Ft (x) given on (22) in the form

ft (x) = exp
{

1
γ

b (x)− c (x)− A (γ)

}
(27)

For
b (x) = log

( x
t

)
and c (x) = log (x) , A (γ) = log (γ)

In addition, we define ψγ (x) = 1
γ b (x)− c (x)− A (γ) . So that ft (x) and log ft (x) with

its derivative function respect to γ expressed respectively as

ft (x) = exp ψγ (x) and
∂

∂γ
ft (x) =

(
− 1

γ2 b (x)− 1
γ

)
exp ψγ (x) , (29)
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and

log ft (x) = ψγ (x) and
∂

∂γ
log ft (x) =

(
− 1

γ2 b (x)− 1
γ

)
. (30)

Until, for γ > 0 we can check that

A (γ) = log
+∞∫
t

exp
(

1
γ

b (x)− c (x)
)

dx = log γ, (31)

is the cumulative generating function (or log normalize) and differentiating k times gives

∂k

∂kγ
A (γ) =

(−1)k−1 (k − 1)!
γk , (32)

Throughout the course of the discussion the true parameter will be denoted by γ > 0
. Next, we explore consistency, which is a basic requirement for a good estimator. Let, for
0 < q ≤ 1

φk (γ) =
1
k

k

∑
i=1

∂

∂γ
Lq ( ft (Xi)) :=

1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
e(1−q)

(
1
γ b(x)−c(x)−A(γ)

)
(33)

The MLqE is found by setting φk (γ) = 0 and solving for γ. Since for q = 1 and γ ̸= 0 in
the above expression gives the usual MLE equation

1
k

k

∑
i=1

(
− 1

γ̂MLq b (x)− 1
)
= 0 (34)

Theorem 2.1. Let X1, X2, . . . , Xn be a sequence of iid rv from df F and let X1,n ≤ X2,n ≤ . . . ≤ Xn,n
denote the order statistics correspondence. Considering the largest observations (Xn−k,n, . . . , Xn,n)

for k = 1, . . . , n − 1 from the df Ft (x) and pdf ft (x) as (27). Then, for any MLq estimator of
γ̂ = arg max ∑k

i=1 Lq ( ft (x)) as k → ∞ we have that

γ̂
P→ γ.

with Lq ( ft (x)) is given in (15) and q → 1 as k → ∞.

Proof. Define, φ (γ) = Eγ

[
∂

∂γ log ft (x)
]

. Then we can rewrite φ (γ) = Eγ

[
− 1

γ2 b (x)− 1
γ

]
.

Now, we want to show that for all φk − φ → 0 as k → ∞ where

φk − φ =
1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
e(1−q)ψγ(x) − Eγ

[
− 1

γ2 b (x)− 1
γ

]
(35)

Then we have

|φk − φ| =
∣∣∣∣∣1k k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)(
e(1−q)ψγ(x) − 1

)
+

1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
− Eγ

[
− 1

γ2 b (x)− 1
γ

]∣∣∣∣∣
thus

≤
∣∣∣∣∣1k k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)(
e(1−q)ψγ(x) − 1

)∣∣∣∣∣+
∣∣∣∣∣1k k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
− Eγ

[
− 1

γ2 b (x)− 1
γ

]∣∣∣∣∣
(36)
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By the law of large numbers we find∣∣∣∣∣1k k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
− Eγ

[
− 1

γ2 b (x)− 1
γ

]∣∣∣∣∣→ 0 (37)

Then the inequality (35) becomes

|φk − φ| =
∣∣∣∣∣1k k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)(
e(1−q)ψγ(x) − 1

)∣∣∣∣∣ (38)

By the Hölder’s inequality, we can rewrite (38) as follows

|φk − φ| ≤

√√√√1
k

k

∑
i=1

(
e(1−q)ψγ(x) − 1

)2

√√√√1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)2
(39)

And under Jensen’s inequality we have

|φk − φ| ≤ 1
4

1
k

k

∑
i=1

(
e(1−q)ψγ(x) − 1

)2 1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)2
(40)

For the left side from the previous inequality and by the basic fact that (1 + u)2 ≤ e2u for any
real number u we rewrite

1
γ2k

k

∑
i=1

(
− 1

γ
b (x)− 1

)2
≤ 1

γ2k

k

∑
i=1

e
2
γ b(x) =

1
γ2k

k

∑
i=1

( x
t

)− 2
γ (41)

Then we have
1

γ2k

k

∑
i=1

e
2
γ b(x) =

1
γ2k

k

∑
i=1

Ft (x)2 < ∞ (42)

And for the right side of the inequality that under the law of large numbers we get

1
k

k

∑
i=1

(
e(1−q)ψγ(x) − 1

)2
→ Eγ

(
e(1−q)ψγ(x) − 1

)2
(43)

With q → 1 as k → ∞ we have

Eγ

(
e(1−q)ψγ(x) − 1

)2
→ 0

Finally we obtained that φk → φ as k → ∞.

As defined in theorem (2.1), the MLqE is a consistent estimator of γ. Although for a fixed
q ̸= 1. The MLqE is clearly asymptotically biased; a clear improvement is obtained by letting
the distortion parameter depends on the sample size. To obtain the asymptotic normality of
MLqE, we shall discuss the reduction in terms of variance achieved by considering a slightly
different target parameter for each γ > 0 and k ≥ 1.

On particular, we consider γ̂MLq the value such that

E
[

∂Lq ( ft (x))
∂γ̂MLq

]
= 0 (44)
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First, under the formula (27) can be represent E
[

∂Lq( ft(x))
∂γ̂MLq

]
as,

E
[

∂Lq ( ft (x))
∂γ̂MLq

]
=

∞∫
t

∂

∂γ̂MLq Lq ( ft (x)) ft (x) dx (45)

then

E
[

∂Lq ( ft (x))
∂γ̂MLq

]
=

1
γ

t
1
γ

(
γ̂MLq

)q−3
t

1−q
γ̂MLq

∞∫
t

(
log (Xi)− log (t)− γ̂MLq

)
e−[α̂(1−q)+α] log xdx

(46)
with

α = 1 +
1
γ

and α̂ = 1 +
1

γ̂MLq (47)

After performing simple arithmetic operations, we find

E
[

∂Lq ( ft (x))
∂γ̂MLq

]
=

1
γ

t
1
γ

(
γ̂MLq

)q−3
t

1−q
γ̂MLq

(
1
θ̂2

− 1
θ̂

)
e−θ̂ log x (48)

where θ̂ = α̂ (1 − q) + α − 1

Proposition 2.1. By solving the equation E
[

∂Lq( ft(x))
∂γ̂MLq

]
= 0, we find these results shown as follows

1) α̂ (1 − q) + α − 1 = 1
γ̂MLq .

2) α = α̂q.

3) γ̂MLq = q
α−q or γ̂MLq = 1

α̂−1 . And each of the previous values satisfies E
[

∂Lq( ft(x))
∂γ̂MLq

]
= 0.

In particular, γ̂MLq arbitrarily close to the true parameter γ depending on the value of
the distortion parameter .Since, for q = 1 we can get that α = α̂ and γ̂MLq = γ.

Theorem 2.2. Let X1, X2, . . . , Xn be a sequence of iid rv from df F and let X1,n ≤ X2,n ≤ . . . ≤ Xn,n
denote the order statistics correspondence. Considering the largest observations (Xn−k,n, . . . , Xn,n)

for k = 1, . . . , n − 1 from the df Ft (x) and pdf ft (x) as (27). Then, for γ̂MLq the MLq estimator of
γ̂ = arg max ∑k

i=1 Lq ( ft (x)) if q → 1 as k → ∞ are satisfied, then we have as k → ∞ that

√
k
(

γ̂MLq − γ̃
)
→ N

0;
E
[(

∂Lq( ft(x))
∂γ̃

)2
]

(
E
[(

∂2Lq( ft(x))
∂2γ̃

)])2

 .

Where γ̃ = q
α−q , α = 1 + 1

γ with Lq ( ft (x)) is given in (17) and N is the normal distribution.

Proof. Under (33) for 0 < q ≤ 1 we have

φk (γ) =
1
k

k

∑
i=1

∂

∂γ
Lq ( ft (Xi)) :=

1
k

k

∑
i=1

(
− 1

γ2 b (x)− 1
γ

)
e(1−q)

(
1
γ b(x)−c(x)−A(γ)

)
(49)

Then by Taylor’s theorem we have

∂φk
(
γ̂MLq)

∂γ̃
≈ ∂φk (γ̃)

∂γ̃
+
(

γ̂MLq − γ̃
) ∂2 φk (γ̃)

∂2γ̃
(50)
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Since
∂φk(γ̂MLq)

∂γ̃ = 0. Then

(
γ̂MLq − γ̃

)
=

1√
k

∂φk(γ̃)
∂γ̃

− 1
k

∂2 φk(γ̃)
∂2γ̃

(51)

Since E
[

∂Lq( ft(x))
∂γ̃

]
= 0 and Si =

∂
∂γ̃ Lq ( ft (x)) . Then

1√
k

k

∑
i=1

Si =
√

k
(
S − 0

)
. (52)

By the central limit theorem, we find that

√
k
(
S − 0

)
→ N (0; σa) with σa = E

[(
∂Lq ( ft (x))

∂γ̃

)2
]

(53)

Let Ri = − ∂2Lq( ft(x))
∂2γ̃

, then E
[
R
]
= −E

[
∂2Lq( ft(x))

∂2γ̃

]
and

−1
k

k

∑
i=1

∂2 φk (γ̃)

∂2γ̃
=

1
k

k

∑
i=1

Ri = R (54)

Hence, under the law of large numbers, we have R → E
[

∂2Lq( ft(x))
∂2γ̃

]
. Then, apply Slutsky’s

theorem we get

√
k
(

γ̂MLq − γ̃
)
→ N

0;
E
[(

∂Lq( ft(x))
∂γ̃

)2
]

(
E
[(

∂2Lq( ft(x))
∂2γ̃

)])2

 . (55)

Corollary 2.1. Under the assumptions of theorem (2.2), we have

√
k
(

γ̂MLq − γ̃
)
→ N

(
0; σ2

)
,

where N is the normal distribution, with γ̃ = q
α−q α̃ = 1 + 1

γ̃ with q = 1 − 1
k , and σ2 equal

σ2 =
1

(qα̃ − 1)
.

1 + ((γ̃ + 1) (1 − q))2 (α̃ (2 − q)− 1)3 ((1 − q) (1 − 2γ̃) + γ̃)2.

Corollary 2.2. Under the assumptions of corollary (2.1), for q = 1 we have

√
k
(

γ̂MLq − γ̃
)
→ N

(
0; γ2

)
,

where N is the normal distribution.
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3. Numerical examples

3.1. Simulation study

We checked that the upper tail of a distribution given by (14) is based on the exceedances
observations (Xn−k,n, . . . , Xn,n) for k = 1, . . . , n − 1 over a threshold t > 0. Then one basic
statistical model is that of Pareto distribution function which is defined as

Hγ (x) = 1 −
( x

t

)− 1
γ , with x ≥ t (56)

or x
t ≥ 1 with 0 < γ < 1 is called the tail index. When t = 1 the cdf Hγ in (56) becomes a

continuous power law distribution, also known as heavy-tailed distributions, and it’s easy to
check that H ∈ RV(−1/γ). In this section, we perform a simulation study by using selected
Hγ the Pareto distribution. We generate data sets from the Pareto distribution using the
following parameter values γ = 0.7 with t = 1 when the sample size n = 15 under the
following steps:

1) We use inverse of cumulative distribution function method of H0.7 with t = 1 to
generate the data.

2) Then, we use the pdf from the Pareto distribution of H0.7 with t = 1.
3) Calculate the estimators γ̂

MLq
t=1 and γ̂ML

t=1 as

γ̂
MLq
t=1 =

1
r

n

∑
i=1

(h0.7 (Xi))
1/n log (Xi) and γ̂ML

t=1 =
1
n

n

∑
i=1

log (Xi) , (57)

with r =
n
∑

i=1
(h0.7 (Xi))

1/n and h0.7 is pdf associated to H0.7.

The data are collected from the threshold t = 1 in generate data sets from H0.7 for a
random value (X1, X2, . . . , X15) of 15 random are listed in an increasing order in Table 1.

Table 1. Simulated data (n = 15) from Pareto distribution H0.7 with t = 1

1.00 1.06 1.06 1.11 1.20
1.26 1.57 1.87 2.06 2.33
2.54 2.62 4.66 7.08 40.03

We focus on this first part of simulation to compare between two estimators, that is γ̂
MLq
t=1

and γ̂ML
t=1 . Then , after doing the calculations we find γ̂

MLq
t=1 = 0.7 and γ̂ML

t=1 = 0.825 . And we

can explicitly note that γ̂
MLq
t=1 = 0.7 is robust then γ̂ML

t=1 = 0.825 with this 15 generate data.
In the next parts we generate data sets from Pareto df H0.7 with t = 1 with various

samples “the small sample where for n = {8; 10; 25}, the moderate sample for n = {50; 100}
, the largest sample for n = {200; 500} ”and all results are calculated by averaging over
1000 simulation runs. Also the RMSE of γ for γ̂

MLq
t=1 and γ̂ML

t=1 are calculated in each sample
respectively as

RMSE =
1

1000

√√√√1000

∑
i=1

(
γ − γ̂

MLq
t=1

)2
and RMSE =

1
1000

√√√√1000

∑
i=1

(
γ − γ̂ML

t=1
)2 (58)

By using the MLqE method, the results are summarized in Table 2.
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Table 2. The RMSE results in estimating the tail index with ML and MLq estimators

γ = 0.7 n r Estimator γ̂t=1 RMSE(γ)

8 ML 0.922 0.2311998
Small 6.55 MLq 0.701 0.0011944

sample 10 ML 0.831 0.1437046
8.61 MLq 0.705 0.0059549

25 ML 0.742 0.0487582
23.6 MLq 0.696 0.0047946

50 ML 0.732 0.0374020
Moderate 48.6 MLq 0.706 0.0071408

sample 100 ML 0.715 0.0177394
98.6 MLq 0.702 0.0023871

200 ML 0.71 0.0118678
Large 199 MLq 0.703 0.0035780

sample 500 ML 0.702 0.0023871
499 MLq 0.699 0.0011961

We note that the RMSE of γ̂
MLq
t=1 are lower than γ̂ML

t=1. Since r =
n
∑

i=1
(h0.7 (Xi))

1/n is also

estimated. We notice that γ̂
MLq
t=1 is almost equal to the estimate for large samples. As well, we

can find theoretically that when n → ∞ we have r = n. Precisely, under the inequalities (21)
and (23) and via the Hölder’s inequality we obtain that,

γ̂
MLq
t ≤

√
n

∑
i=1

(ht (Xi))
1/nγ̂ML

t (59)

Since
√

x ≤ x for any 0 ≤ x ≤ 1. Then, when n → ∞ we have γ̂
MLq
t ≤ γ̂ML

t implies that√
k
(

γ̂
MLq
t − γ

)
≤

√
k
(
γ̂ML

t − γ
)

for 0 < γ < 1. These results indicate that MLqE gives the
tailed behavior estimator reliable.

3.2. Illustrative example

In this part, we use real data set related to minimum monthly flows of water (m3/s) on
the Piracicaba River, located in São Paulo state, Brazil. The data obtained from the Water
Resources Department and Director of the Energy Agency for Water Resources in the state
São Paulo from May to September from 1960 to 2014. Ramos et al. (2018) were proposed
methodology can be used successfully to analyze the minimum flow of water during. They
demonstrated that the data from the study on the Piracicaba River follows the Fréchet distri-
bution. However, in our study, we will only use data related to the month of August. The
minimum water flows in August (m3/s) consists of 41 data, listed in an increasing order in
Table 3.
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Table 3. The minimum water flows pf Piracicaba River in August from 1960 to 2014

6.80 7.11 7.72 8.24 8.52 8.78 8.93 9.43 9.52
9.69 9.80 10.00 10.00 10.40 10.96 11.22 11.63 11.84

12.01 12.46 12.46 12.98 13.10 13.74 14.29 15.23 15.51
16.00 16.58 17.10 18.26 18.39 20.01 26.99 28.06 28.97
30.20 37.86 51.43 53.72 58.98

In this study we will focus on estimation the tail index by the Hill estimator and the
lq–Hill estimator. Hence, the number of order statistics k is important for estimating the
Hill’s estimators. Therefore, we use the method of the quantile type 8 or Q̂8(p) for selecting
k which was efficient method for an estimate of the shape parameter of hydrology data.
Let X1, X2, . . . , Xn are iid rv from a cdf and X1,n > X2,n > · · · > Xn,n the order statistics
correspondence, Boonradsamee et al. (2021) used a new method for selecting k in Hill’s
estimator by the quantile type 8 from the stable region of Hill plot which depends on the
order statistics for heavy tailed distributions. They said that they could choose the optimal k
of the stable region of Hill plot by Q8(p) method with p = 0.75. The quantile type 8 is the
theoretical of being median unbiased, and we can write as

Q8(p) = Xj + α
(
Xj+1 − Xj

)
with

j − m
n

≤ p ≤ j − m + 1
n

for m =
p + 1

3
(60)

where 0 < p < 1 with α = 1
(

j
n < p

)
and j = [np + m] (Here, [u] denotes the largest integer

not greater than u). Hyndman and Fan (1996) investigated their motivation and some of their
properties. And they presented the estimator of Q8(p) which is given in (60) as Q̂8(p) which
is the median position and by using an approximation to the incomplete beta function ratio
β (k, n − k + 1), for X1,n > X2,n > · · · > Xn,n we get

Q̂8(p) ≈ pk
β (Xk)

with pk =
3k − 1
3n + 1

(61)

where k represents the rank of Xk,n. Hence, the sample quantiles are not defined for all
p including hinges and other letter values. Therefore, we select the plotting position in a
quantile-quantile plotting which Xk is plotted against Q (p) the inverse of empirical distri-
bution function where Q (pk) = Xk where 0 ≤ pk ≤ 1 with pk is the empirical distribution
function. However, if we take the order statistics as X1,n < X2,n < · · · < Xn,n it is clear that
from (61) with s = n − k we can take that

s = n − p̃ + 1
3

with p̃ = (3n + 1) pk and
p̃ + 1

3
= k (62)

where n − k represents the rank of Xn−k,n. Hence, in this study with the order statistics
X1,n < X2,n < · · · < Xn,n if we choose pk = 1 − ps = 0.7 with ps = 0.3 and under (62) we find
k = 29. For n = 41 we have k/n = 0.7 = pk and we find m = 0.5 with j = k and α = 0, thus
under (60) we get Q̂8(qs) = X12,41. Then, k = 29 is the number of the largest observations
(Xn−k+1,n, . . . , Xn,n) given Xj > Xn−k,n for j = 1, . . . , k.

For this we will take the exceedances (X13,41, . . . , X41,41) over a threshold t = X12,41 = 10.
There is k = 29 observations of C−sample with

C0 = X12,41; C1 = X13,41; C2 = X14,41; . . . ; C29 = X41,41
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Figure 1. Histogram of C–sample with the pdf for γ̂
HLq
C0

and γ̂H
C0

Figure 2. Pdf of X-sample from the Piracicaba River (m3/s) in August from 1960 to 2014

The histogram of C−sample for i = 1, . . . , k shows a moderate deviation to the right
(Figure 1). Therefore, heavy–tailed distributions are plausible to modeling this data. We
estimate the unknown tail index of the heavy–tailed distribution for C−sample. We use the
lq–Hill estimator and Hill estimator which are given in (22) and (24) respectively. The results
are given by γ̂

HLq
C0

= 0.583649 and γ̂H
C0

= 0.5961899, respectively. Also, the fitted densities
obtained from the lq–Hill estimator and Hill estimator are shown in Figure 1. The red color is
the density obtained from γ̂

HLq
C0

and the green color is the density obtained from γ̂H
C0

. We got

them via inverse cdf of C−sample which is given in (14) as the following form: Ci = t× (pi)
γ∗

t

where t = 10 and pi is the empirical cdf according the C−sample for i = 1, . . . , 29.
We notice that the value of γ̂

HLq
C0

and γ̂H
C0

are very close to each other. Hence from
Figure 1, we observed that the best fit is obtained from the MLq method is closer to pdf of
X−sample from the Piracicaba River (m3/s) in August (Figure 2) .
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4. Concluding notes

Heavy–tailed distributions would be a good alternative to the distributions that are used in
economics, reliability, survival analysis and so on. The parameters of this distribution have
been estimated using MLE method. Recently, ML and Hill estimators are the most estimators
used to estimate the parameter of the tail behavior. For too large sample, ML and Hill
estimators are likely to be good and robust methods should be used to estimate the shape
parameter. However, ML and Hill estimators cannot be compatible with the small sample.
In this paper, we have used the MLq estimation method to estimate the shape parameter of
the heavy–tailed distribution for small sample. We have carried out to adapt the ML and Hill
estimators in the case of small sample, γ̂

MLq
t and γ̂

HLq
Xn−k,n

as in (25) and (26), respectively. Since

γ̂
MLq
t and γ̂

HLq
Xn−k,n

are both result from the MLqE, we establish the asymptotic normality of the
MLq estimator of Heavy tailed distributions parameter γ > 0. According to corollary (2.1) for
very large k, the MLq estimator is likely to be biased. And if q = 1, the MLqE becomes MLE
and the normality asymptotic of MLq estimator becomes as ML estimator. Since the MLq
estimator depends on the order statistical index k for heavy tailed distributions, we used an
approach for selecting k which is defined in (62) by using type 8 quantile estimator Q8(0.7)
in (60) from the stable region of Hill plot, which will be a more flexible alternative for use in
Hill’s estimator. This approach will be an approximation of the extreme value index at the
tail end of the distribution of hydrology data.

Appendix

First, we calculate E
[(

∂Lq( ft(x))
∂γ̃

)2
]

. Let’s consider

E

[(
∂Lq ( ft (x))

∂γ̃

)2
]
=

1
γγ̃6 t

1
γ +

2
γ̃ γ̃2qt

−2q
γ̃

∞∫
t

(log (Xi)− log (t)− γ̃)2 e−[2α̃(1−q)+α] log xdx (66)

with α̃ = 1 + 1
γ̃ . Putting log (x) = u , then the previous equality (66) becomes

E

[(
∂Lq ( ft (x))

∂γ̃

)2
]
= β

∞∫
log t

(
u2 − 2u (log t + γ̃) + (log t + γ̃)2

)
e−[2α̃(1−q)+α−1]udu (67)

where β = 1
γγ̃6 t

1
γ +

2
γ̃ γ̃2qt

−2q
γ̃ is constant with α = 1 + 1

γ . Then, for γ̃ = q/ (α − q) we have

qα̃ = α with γ̃ = 1/ (α̃ − 1). For θ̃ = α̃ (q − 1) + α − 1 = α̃ − 1then 2α̃ (1 − q) + α − 1 =

α̃ (2 − q)− 1.
Consider this decomposition

D (t) =
∞∫

log t

(
u2 − 2u (log t + γ̃) + (log t + γ̃)2

)
e−[α̃(2−q)−1]udu = I1 − I2 + I3 (68)

where

I1 =

∞∫
log t

u2e−[α̃(2−q)−1]udu,
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I2 =

∞∫
log t

2u (log t + γ̃) e−[α̃(2−q)−1]udu

And

I3 =

∞∫
log t

(log t + γ̃)2 e−[α̃(2−q)−1]udu

Beginning with I1 =
∫ ∞

log t u2e−[α̃(2−q)−1]udu, under integral by parts we have

I1 =

∞∫
log t

u2e−[α̃(2−q)−1]udu =
−1

α̃ (2 − q)− 1

[u2e−[α̃(2−q)−1]u
]∞

log t
− 2

∞∫
log t

ue−[α̃(2−q)−1]udu


(69)

Also with integral by parts we have

∞∫
log t

ue−[α̃(2−q)−1]udu =
−1

α̃ (2 − q)− 1

[ue−[α̃(2−q)−1]u +
e−[α̃(2−q)−1]u

α̃ (2 − q)− 1

]∞

log t

 (70)

Substituting (26) into I1 and since α̃ (2 − q)− 1 > 0 we get

I1 =
e−[α̃(2−q)−1] log t

α̃ (2 − q)− 1

(
(log t)2 +

2
α̃ (2 − q)− 1

(
log t +

1
α̃ (2 − q)− 1

))
(71)

Then we go to I2 =
∫ ∞

log t 2u (log t + γ̃) e−[α̃(2−q)−1]udu, . By (26) and with α̃ (2 − q)− 1 > 0
we have

I2 =
2 (log t + γ̃) e−[α̃(2−q)−1] log t

α̃ (2 − q)− 1

(
log t +

1
α̃ (2 − q)− 1

)
(72)

And for I3 =
∫ ∞

log t (log t + γ̃)2 e−[α̃(2−q)−1]udu, under-performing simple arithmetic oper-
ations, we get

I3 = (log t + γ̃)2

[
−e−[α̃(2−q)−1]u

α̃ (2 − q)− 1

]∞

log t

=
(log t + γ̃)2 e−[α̃(2−q)−1] log t

α̃ (2 − q)− 1
(73)

Under (71)-(73) and D (t) = I1 − I2 + I3 we have

(α̃ (2 − q)− 1) e[α̃(2−q)−1] log tD (t) =
1 + (α̃γ̃ (1 − q))2

(α̃ (2 − q)− 1)2 (74)

Then it gives us that

E

[(
∂Lq ( ft (x))

∂γ̃

)2
]
= β

e−[α̃(2−q)−1] log t

α̃ (2 − q)− 1

(
1 + (α̃γ̃ (1 − q))2

(α̃ (2 − q)− 1)2

)
(75)

Since

β =
1

γγ̃6 t
1
γ +

2
γ̃ γ̃2qt

−2q
γ̃
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Next, for α̃γ̃ = 1 + γ̃ we can find that

E

[(
∂Lq ( ft (x))

∂γ̃

)2
]
=

1
γ

t
1
γ

e2(q−3) log γ̃+
(

2
γ̃ (1−q)−(α̃(2−q)−1)

)
log t

α̃ (2 − q)− 1

(
1 + ((1 + γ̃) (1 − q))2

(α̃ (2 − q)− 1)2

)
Then

E

[(
∂Lq ( ft (x))

∂γ̃

)2
]
=

1
γ

t
1
γ e2(q−3) log γ̃−(q(α̃−2)+1) log t

(
1 + ((1 + γ̃) (1 − q))2

(α̃ (2 − q)− 1)3

)
(76)

Next, we have to calculate E
[(

∂2Lq( ft(x))
∂2γ̃

)]
. Then, consider

E

[(
∂2Lq ( ft (x))

∂2γ̃

)]
=

∂

∂γ̃

∞∫
t

∂Lq ( ft (x))
∂γ̃

ft (x) dx (77)

Referring to equality (48), we conclude that

E

[(
∂2Lq ( ft (x))

∂2γ̃

)]
=

∂

∂γ̃

(
1
γ

t
1
γ γ̃q−3t

1
γ̃ (1−q)

(
1
θ̃2

− 1
θ̃

)
e−θ̃ log t

)
=

∂

∂γ̃

(
1
γ

t
1
γ

(
1
θ̃2

− 1
θ̃

)
e
(
−θ̃+ 1

γ̃ (1−q)
)

log t+(q−3) log γ̃
)

where θ̃ = α̃ (1 − q) + α − 1 with α̃ = 1 + 1/γ̃ implies ∂θ̃/∂γ̃ = − (1 − q) /γ̃2 and ∂α̃/∂γ̃ =

−1/γ̃2. Since

∂e
(
−θ̃+ 1

γ̃ (1−q)
)

log t+(q−3) log γ̃

∂γ̃
=

(q − 3)
γ̃

e
(
−θ̃+ 1

γ̃ (1−q)
)

log t+(q−3) log γ̃

Therefore, we have

E

[(
∂2Lq ( ft (x))

∂2γ̃

)]
=

1
γ

t
1
γ e
(
−θ̃+ 1

γ̃ (1−q)
)

log t+(q−3) log γ̃
(

1 − q
γ̃2θ̃2

− 2 (1 − q)
γ̃2θ̃3

+
q − 2

θ̃
− q − 3

γ̃θ̃2

)
Under θ̃ = α̃ (1 − q) + α − 1 = 1/γ̃. Then, we get

E

[(
∂2Lq ( ft (x))

∂2γ̃

)]
=

1
γ

t
1
γ e−

1
γ̃ log t+(q−3) log γ̃

((1 − q) (1 − 2γ̃) + γ̃) (78)

Now, we have to count the variance of
√

k
(
γ̂MLq − γ̃

)
/σ → N (0; 1) as k → ∞. With

σ2 =

E
[(

∂Lq( ft(x))
∂γ̃

)2
]

(
E
[(

∂2Lq( ft(x))
∂2γ̃

)])2 (79)

And under (76)-(78) we get

σ2 =
1
γ

t−
1
γ e2 1

γ̃ q log t−(q(α̃−2)+1) log t


(

1+((1+γ̃)(1−q))2

(α̃(2−q)−1)3

)
((1 − q) (1 − 2γ̃) + γ̃)2

 (80)
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It’s easy to find that

− (q (α̃ − 2) + 1) log t +
2
γ̃

q log t =
1
γ

log t

Since qα̃ = α we find, γ = 1/ (qα̃ − 1) . Then the variance becomes

σ2 =
1

(qα̃ − 1)
1 + ((γ̃ + 1) (1 − q))2

(α̃ (2 − q)− 1)3 ((1 − q) (1 − 2γ̃) + γ̃)2 . (81)

with q = 1 then α̃ = α and γ̃ = γ the variance σ2 write as

σ2 =
1

(α − 1)
1

(α − 1)3 γ2
(82)

Since (α − 1) = 1/γ we have σ2 = γ2.
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Procjenitelj najveće lq–vjerodostojnosti parametra distribucije s teškim
repom

VRSTA ČLANKA
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SAŽETAK
Proučavanje teorije ekstremnih vrijednosti (EVT) uključuje
nekoliko glavnih ciljeva, med̄u kojima je procjena parametra
repnog indeksa. Različite metode procjene koriste se za proc-
jenu ovog parametra, poput metode najveće vjerodostojnosti
(MLE). Dodatno, Hillov procjenitelj je jedan tip procjenitelja
najveće vjerodostojnosti koji je robusniji kod velikih uzoraka
nego kod malih. Ovo istraživanje predlaže konstrukciju al-
ternativnog procjenitelja za parametar distribucije s "teškim
repom" koristeći pristup najveće lq–vjerodostojnosti (MLqE),
kako bi se prilagodili MLE i Hillov procjenitelj za male uzorke.
Nadalje, utvrd̄ena je asimptotska normalnost procjenitelja na-
jveće lq–vjerodostojnosti. Osim toga, provedene su simulacijske
studije kako bi se usporedio MLq procjenitelj s MLE procjenitel-
jem. U slučajevima prekoračenja visokih razina pragova, prik-
ladnih vrijednosti, broj najvećih opažanja k vodi do efikasne
procjene pomoću Hillovog procjenitelja. U tu svrhu, izbor k
kod Hillovog procjenitelja istražen je metodom kvantila tipa 8,
koja se pokazala učinkovitom u analizi podataka iz hidrologije.
Učinkovitost Hillovog procjenitelja i lq–Hillovog procjenitelja
zatim je uspored̄ena primjenom stvarnih podataka s distribuci-
jom hidroloških vrijednosti.

KLJUČNE RIJEČI
prekoračenja iznad razine praga, indeks ekstremnih vrijed-
nosti, distribucija s teškim repom, procjenitelj najveće lq–
vjerodostojnosti
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SUMMARY

Housing affordability is a crucial issue that affects both individual
and societal well–being. Affordable housing ensures that households
can meet their basic living needs without experiencing undue finan-
cial stress. It influences labor mobility, consumer spending, economic
growth, and resilience. Typically, housing affordability is measured by
the proportion of household income spent on housing costs, including
rent or mortgage payments, utilities, and maintenance. However, no
single metric is universally accepted (cost–to–income ratio, residual
income approach or subjective measures assessing households’ per-
ceptions of their housing affordability). These diverse indicators re-
flect the complexity of housing affordability and highlight the need for
comprehensive analysis using multiple metrics, which is the purpose
of this paper. Panel analysis of the socio–economic and demographic
demand and supply drivers of housing affordability is essential for
developing effective policies that ensure all citizens have access to ad-
equate and affordable housing, as many European Union countries
have faced a housing affordability crisis characterized by rising hous-
ing prices, housing costs and insufficient housing units supply.

KEYWORDS
EU members, housing affordability, housing costs, panel data

1. Introduction

Housing affordability pertains to the financial capacity of households to afford housing costs
relative to their income. This concept is concerned with the overall economic burden of hous-
ing expenses on households. In contrast, affordable housing refers to specific housing units
that are priced at levels deemed affordable for low to moderate income households, often
provided through public policy initiatives, subsidies, or regulations (Kikerec, 2024). This re-
search focuses exclusively on housing affordability, examining the extent to which households
can afford to purchase or rent housing. Effective housing policies are essential for addressing
housing affordability issues. These policies can include measures to increase the supply of
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affordable housing, provide financial assistance to low income households, and implement
regulations to stabilize housing markets with respect to housing prices. Additionally, demo-
graphic policies that address population growth, migration, and household formation can
significantly impact housing affordability.

In recent decades, most EU countries have faced a housing affordability crisis, charac-
terized by rising housing costs and an insufficient supply. Housing prices and rental rates
have increased significantly in many European urban centers due to high demand, limited
supply, and speculative investments in real estate. Meanwhile, wages and salaries have stag-
nated, making it increasingly difficult for both low and middle income households to afford
adequate housing (Kikerec, 2024). As a result, many households have been forced into dis-
placement, gentrification, and long commutes for those unable to afford housing near their
workplaces. For the same reason, a shift toward renting rather than owning has been ob-
served in many EU countries, including Germany, Sweden, the Netherlands, and Denmark,
even though two-thirds of the EU population still live in households owning their housing
unit (EUROSTAT, 2023).

Previous studies illustrate distinct findings based on the varying measurements of hous-
ing affordability, different explanatory variables, and diverse methodological approaches.
Some studies rely on conceptual analysis (Anacker, 2019) or meta–analysis (Lee et al., 2022)
while others employ econometric techniques such as fixed-effects modeling (Filić, 2022) and
spatial regression (Ismail and Wilhelmsson, 2024).

This paper contributes to the ongoing studies on housing affordability by addressing
three key research questions. First, it explores the theoretically specified drivers that shape
housing affordability in the EU. By reviewing the existing literature and empirical findings,
the paper identifies the most important factors that influence housing affordability. Second,
the paper investigates whether these drivers continue to have a significant impact on housing
affordability when different measures of affordability are employed within a panel data anal-
ysis. According to this objective, three housing affordability proxy measures are utilized as
dependent variables: (a) the share of housing costs for low income households, (b) the hous-
ing cost overburden rate for low income households, and (c) the housing cost overburden
rate for all households. Through robust testing and model comparison, the analysis reveals
that some factors retain their significance across various affordability measures. Standard
panel data methodology is applied within the pooled model, individual–specific fixed ef-
fects model (FE individual), individual and time–specific fixed effects model (FE two–ways),
individual-specific random effects model (RE individual), and individual and time–specific
random effects model (RE two–ways). Accordingly, appropriate goodness–of–fit comparison
as well as diagnostic checking was conducted.

Finally, the paper examines the implications of the findings for improving housing af-
fordability policies of the EU member states by analyzing demand drivers, such as migration,
employment, urbanization, and household size and supply drivers of housing affordability,
including housing prices, construction costs, and building permits. The empirical results offer
valuable insights for the development of more effective, evidence–based housing policies that
ensure access to adequate and affordable housing for all citizens, with the potential to mit-
igate the affordability challenges faced by both low income and middle income households
(Kikerec, 2024). These insights can enhance the knowledge of policymakers and stakeholders,
helping to shape interventions that address the housing affordability crisis and contribute to
urban planning and urban development.



Trends and drivers of housing affordability in the EU: Insights from panel data analysis 51

2. Theoretical concept and previous studies review

Housing affordability is a complex concept that is defined and measured in various ways in
literature and public policies (Bogdon and Can, 1997). Essentially, it refers to the ability of
households to afford adequate housing at acceptable costs (Stone, 2006). However, there are
different interpretations of this basic concept regarding what is considered adequate and af-
fordable housing. The cost–to–income ratio is the most commonly used measure of housing
affordability in literature (Bogdon and Can, 1997). It refers to the share of household income
that is spent on housing, whether it is rental costs, mortgage payments, or other housing
expenses such as utilities and maintenance (Stone, 2006). Although there is no universally
accepted consensus, most authors consider ratios below 30% to indicate affordable housing,
while ratios above 50% point to excessive housing costs and unaffordability (Jewkes and Del-
gadillo, 2010). Eurostat regularly publishes statistics on the share of EU households with
housing costs above 40% as a measure of "overburden" (EUROSTAT, 2023). The main advan-
tage of this measure is its simplicity of calculation and interpretation. Despite the criticism
that neglects the absolute level of housing costs and total household income, e.g. a 40% ratio
may represent dramatically different absolute costs and material conditions for a poor and
a wealthy household Lux and Sunega (2020), remains the dominant housing affordability
measure in academic and policy circles (Hsieh and Moretti, 2019).

Unlike the cost–to–income ratio which is based on relative figures, absolute amounts
and an assessment of the material standard a household can afford are used in the residual
income approach, taking into account real housing costs. According to this concept, hous-
ing is affordable if after paying all housing costs (rent, mortgage installments, utilities) the
household is left with enough funds to cover other basic living expenses and maintain a
minimally acceptable standard of living (Stone, 2006). However, it also requires determining
that "minimum standard", which carries normative challenges and comparability difficulties.
This measure also has its critics, but the fact is that it more realistically reflects households’
financial situations (Chaplin, 1994; Chaplin and Freeman, 1999).

Subjective measures of housing affordability are based on perceptions, experiences and
assessments of households themselves regarding the affordability of housing costs and sat-
isfaction with living conditions, collected through surveys, e.g. EU–SILC (European Union
Statistics on Income and Living Conditions). Subjective measures commonly include: as-
sessments of the affordability of current housing costs, perceived financial strain of housing
costs, satisfaction with apartment size, quality and amenities and sense of housing security
(Heylen, 2021). Subjective measures complement "hard" statistics and provide insight into
the affordability experience from the citizens’ perspective (Kikerec, 2024).

Housing affordability can also be viewed through the prism of access to mortgage lend-
ing, i.e. the ability of households to take out housing loans to purchase real estate (Lerman
and Reeder, 1987). Since most households finance the purchase of an apartment or house
through borrowing, lending terms and creditworthiness crucially affect the affordability of
homeownership. Therefore, affordability measures based on the share or number of house-
holds meeting the conditions for obtaining mortgage loans with "reasonable" interest rates
and repayment terms can be found in the literature (Bogdon and Can, 1997). However, "rea-
sonable" lending conditions are relative and hardly comparable between countries. Different
definitions and measures of housing affordability lead to different assessments and policies.
Therefore, it is important to analyze them critically.
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Economic factors are crucial for determining housing affordability and the three main
economic factors are real estate prices, household incomes and creditworthiness (Hsieh and
Moretti, 2019). Real estate prices, whether for purchasing or renting housing, have a direct
impact on affordability. When prices rise faster than household income growth, affordabil-
ity decreases. A significant drop in real estate prices can temporarily increase affordability,
however, it is unsustainable in the long run without price and income stabilization (Kikerec,
2024). The second important factor is household income. Higher average incomes allow
larger housing cost outlays without compromising basic living needs (Chaplin and Freeman,
1999; Lux and Sunega, 2020). Lower incomes constrain households’ ability to afford housing
costs. Households in the lower income deciles are especially vulnerable (Yates, 2008). The
third key factor is access to mortgage lending (Lerman and Reeder, 1987). Income and cred-
itworthiness determine households’ ability to absorb these costs (Hancock, 1993). Therefore,
it is imperative to observe them in an integrated manner when designing public policies to
improve housing affordability.

Housing affordability is impacted by various demographic factors pertaining to the size,
composition, and lifecycle stage of households. Key determinants include household for-
mation rates, population growth, migration flows, trends in household size and type, and
age distribution dynamics (Kikerec, 2024). Rising levels of household formation, due to
young adults moving out of family homes or partnership breakdowns, generate substan-
tial demand for affordable starter homes (Yates and Milligan, 2007). High population growth
rates through natural increase or immigration also feed into greater housing needs across
all segments (Myers and Ryu, 2008; Myers and Pitkin, 2009). Within many countries, trends
of declining household sizes, aging populations, and growth in single–person households
further impact affordability pressures and policy responses required. Rapid growth in the
number of households, whether due to young adults setting up homes or immigrant flows,
reduces affordable housing availability if construction lags behind. Many countries have wit-
nessed homeownership rates declining among young cohorts over recent decades, linked to
housing becoming less affordable for first-time buyers on average incomes (Cigdem and Whe-
lan, 2017). Greater private rental demand similarly squeezes affordability for lower-income
households seeking to rent (Yates and Milligan, 2007). Strong population expansion through
elevated births, extended longevity, or immigration therefore risks amplifying constraints
across multiple tenure options for disadvantaged groups. Ongoing social shifts towards
smaller households on average, through lower fertility rates, partnership breakdowns, aging,
and increased lifespans spent living alone, alter aggregate housing needs. A larger num-
ber of smaller households increases population–adjusted residential demand and potentially
hinders per–capita affordability (Myers and Ryu, 2008; Myers and Pitkin, 2009). Housing af-
fordability barriers vary across age groups and are often most problematic for those entering
employment or retiring. High rents and house prices hinder labor market flexibility among
young workers when moving jobs involves unaffordable relocation costs. At later life stages,
declining incomes for retirees heighten affordability stresses. Spatial mismatches between the
geographical spread of housing versus employment opportunities also dampen affordability,
especially for younger and lower income households (Ong et al., 2013).

Housing affordability is also shaped by various institutional forces, particularly regard-
ing housing supply responses, subsidy programs, and regulatory policies pursued by gov-
ernments (Kikerec, 2024). When appropriately calibrated, housing policies can improve af-
fordability across ownership, private rental, and social rental market segments.
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However, inadequately addressing housing and planning system constraints risks com-
pounding affordability pressures over time. Boosting the housing supply through upzoning
land, funding social housing projects, and addressing construction sector barriers can mit-
igate mounting affordability issues in growing cities (Gurran and Phibbs, 2013; Gurran et
al., 2018). Insufficient market-rate housing development to accommodate household growth
and evolving locational preferences lessens affordability by intensifying bidding competi-
tion for available properties (Glaeser and Gyourko, 2018). Constraints such as zoning re-
strictions, infrastructure funding gaps, construction costs, and fledgling build-to-rent sectors
commonly hinder supply responses across countries and require policy efforts targeting iden-
tified blockages (Barker, 2004). Government–provided rent assistance payments and home
purchase grants help recipient households better afford their existing housing. However,
such demand–side subsidies risk being capitalized into higher rents and prices if not cou-
pled with actions countering supply constraints (Fenton, 2010). More construction–linked
subsidies can avoid inflationary effects while aiding marginal occupants (Whitehead, 2007).
Stamp duty reductions and shared equity schemes supporting prospective buyers also assist
affordability at a cohort level alongside economy-wide impacts from stimulating transaction
activity (Helderman and Mulder, 2007). Planning regulations fundamentally shape housing
market operations and pricing signals guiding construction. Urban containment boundaries,
density controls, approval lags, car parking mandates, and building code obligations vari-
ously influence development feasibility and affordability outcomes (Gurran et al., 2018). Re-
forms streamlining approvals, allowing greater densification, reducing mandatory developer
contributions and easing codes provide scope to improve affordability where responsibly im-
plemented. Though regulations aim to enhance amenity and sustainability, an overregulated
system hampers responsiveness and affordability.

Using a statistical model that captures pricing dynamics, Blackwell et al. (2023) have
found that deregulation and market–driven competition have not significantly improved af-
fordability, especially in high–demand urban areas. Dubois and Nivakoski (2023) contributed
to the EU context by examining housing affordability across Europe based on Eurofound’s
survey data, which includes both objective indicators (e.g. cost-to-income ratios) and subjec-
tive measures (e.g. perceived financial strain). The methodology reveals how inadequate and
unaffordable housing disproportionately affects low income households, with urban areas ex-
periencing greater affordability challenges due to demand and supply mismatches. Similarly,
in the EU context, Filić (2022) employs a panel data approach to analyze housing affordabil-
ity, focusing on various socio–economic and demographic drivers. Exploring housing market
volatility, Engsted et al. (2016) used time–series data from the OECD to investigate the pres-
ence of speculative bubbles in housing prices. They employed cointegration tests and found
that house prices in advanced economies exhibit volatile trends driven by speculation, which
can lead to affordability crises as prices outpace income growth, which highlights the need
for financial regulations to stabilize housing prices.

3. Research methodology and empirical results

In this research, the price–to–income ratio is not used due to its numerous drawbacks, as
explained in the previous section of the paper, despite being commonly used in existing
empirical studies. There is a lack of papers addressing housing affordability indicators other
than the price–to–income ratio, and this research aims to fill that gap (Kikerec, 2024).
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The three potential indicators of housing affordability (the share of housing costs of low
income households, the housing cost overburden rate of low income households, and the
housing cost overburden rate of all households) exhibit extremely high positive correlations
(0.91, 0.92, and 0.93), which justifies the reason to alternate with these proxy measures as
dependent variables (Kikerec, 2024). Furthermore, this research provides a comprehensive
panel data analysis with detailed explanations of all diagnostic checks in the post–estimation
phase, an aspect often ignored in existing studies employing similar methodology. Identify-
ing the best fitting panel model is not straightforward, nor is determining which variables
are most relevant for reducing housing overburden or improving affordability.

Table 1. Descriptive statistics of three potential affordability proxies over years across EU members

Share of housing cost of Housing cost Housing overburden rate
low income households overburden rate of low income households

year mean min max mean min max mean min max

2010 20.30 10.70 33.20 9.04 3.10 21.90 33.68 10.90 71.10
2011 20.36 11.20 32.30 9.51 3.00 24.20 34.59 10.50 78.80
2012 21.24 11.00 37.00 10.30 2.60 33.10 37.07 11.90 90.50
2013 21.32 10.40 39.90 10.49 2.50 36.90 36.99 11.20 93.10
2014 21.15 8.70 42.50 10.55 1.60 44.90 36.86 5.80 93.30
2015 20.75 7.50 42.20 10.17 1.10 45.50 35.61 4.80 94.00
2016 20.15 7.80 41.90 9.67 1.40 40.50 35.36 5.70 91.90
2017 19.63 6.90 41.10 9.24 1.40 39.60 34.94 5.60 89.70
2018 19.12 7.80 40.90 8.60 1.70 39.50 32.92 5.60 90.70
2019 18.54 8.20 38.90 8.25 2.30 36.20 31.98 9.20 88.20
2020 17.59 9.00 36.90 7.24 1.90 33.30 29.09 7.50 83.40
2021 17.57 9.00 34.20 7.15 2.40 28.80 28.67 8.80 76.70
2022 18.37 8.80 34.20 7.89 2.50 26.70 30.98 10.90 84.50

Source: author’s calculation in RStudio using data provided by EUROSTAT

(a) Share of housing costs of
low income households

(b) Housing cost overburden
rate (threshold 40%)

(c) Housing cost overburden
rate of low income households

Figure 1. Affordability proxy measures across EU members

Before conducting panel data analysis, descriptive statistics of three potential affordabil-
ity proxies over years across EU members are reported in Table 1. Minimum and maximum
demonstrate that affordability greatly varies across countries, e.g. 84.50% of the Greek pop-
ulation in 2022 lived in low income households (below 60% of median equivalised income),
where housing costs represent more than 40% of disposable income), while the mean in-
dicates upward trending of housing cost overburden rate. Likewise, it can be concluded
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that housing is more affordable in Ireland, Cyprus, Malta, and Lithuania due to their lower
housing costs and overburden rates (Figure 1).

Table 2. List of demand and supply drivers of housing affordability

Variable Description Measurement unit

PRICE Housing price Index (2015=100)
CONSTRUCTION Construction producer price Index (2015=100)
SIZE Average number of persons per household Persons
PERMITS Building permits Index (2015=100)
URBAN Population living in urban areas % of population
MIGRATION Net–migration (immigration – emigration) % of population
OWNERSHIP Population living in owning dwellings % of population
EMPLOYMENT Total employment rate within age 15–64 % of labor force

Note: data are provided by EUROSTAT public sources

Among explanatory variables in Table 2 (demand and supply drivers of housing afford-
ability) the highest and positive correlation (0.85) is observed between house price index with
respect of purchasing existing or newly built dwellings and construction producer price index
of new residential buildings, which was expected. For the same reason both variables will
be omitted from panel analysis due to multicollinearity issue and because these prices are
already embedded, although indirectly, in housing affordability indicators through mortgage
or rental payments (Kikerec, 2024). Variable "size" which measures the average household
size, will be also omitted as it is almost time–invariant. Therefore, five variables will be used:
building permits, degree of urbanization, net–migration, ownership and employment rate,
while three housing affordability proxies will be swapped in the new panel model specifi-
cation (Kikerec, 2024). For each dependent variable 5 static panel models are estimated: (1)
pooled model, (2) FE individual, (3) FE two–ways, (4) RE individual, and (5) RE two–ways.
The first part of Table 3 presents parameter estimates with standard errors in parenthesis, the
second part provides commonly used goodness–of–fit measures (coefficient of determina-
tion, adjusted coefficient of determination, Akaike Information Criterion, Bayes Information
Criterion and Root Mean Squared Error), while the third part exhibit panel diagnostic tests
(F–statistic, Breusch–Pagan statistic, Hausman statistic, Wooldridge and Pesaran CD statistic).

When the share of housing costs in disposable income of low income households is
considered as the dependent variable (HA proxy), a two–ways fixed effects model is most ap-
propriate, indicating that building permits, employment and ownership reduce housing costs
(and hence improves housing affordability), while degree of urbanization increases housing
cost and consequently diminishes housing affordability (Kikerec, 2024). For example, a 1%
increase of employment improves housing affordability on average by 0.212%. Likewise, a
1% increase of building permits improves housing affordability on average by 0.013%, as-
suming all other variables are constant. Contrary, housing affordability worsens by 0.038%
if population living in urban areas increases by 1%. Although negative, net–migration is
not statistically significant variable. It should be noted that only building permits are taken
into logs as variable which is not expressed in percentages, while other variables are. A best
fit model FE two–ways is validated through diagnostic checking when comparing to other
models (Table 3). In that context, the F statistic was first applied to test the significance of
individual–specific effects, as well as both individual and time effects, in a fixed–effects (FE)
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model to determine whether these effects improve the model’s fit compared to a pooled panel
model (a model without individual effects). Under the null hypothesis, it is assumed that all
individual effects are equal to zero. If the null is rejected, then the FE model is preferable to
the pooled model. The results suggest that both FE individual and FE two–ways provide a
better fit compared to the pooled model.

Table 3. Panel models results with housing costs share of low income households as HA proxy

Variable Pooled FE individual RE individual FE two–ways RE two–ways

Intercept 51.184∗∗∗ 57.424∗∗∗ 57.024∗∗∗

(5.796) (5.353) (5.389)
URBAN −0.034 0.028 0.024 0.038∗ 0.025

(0.025) (0.018) (0.018) (0.018) (0.017)
Log(PERMITS) −0.999 −1.738∗∗∗ −1.734∗∗∗ −1.268∗∗ −1.683∗∗∗

(0.674) (0.397) (0.389) (0.431) (0.392)
MIGRATION −2.361∗∗∗ 0.034 −0.021 −0.255 −0.050

(0.445) (0.220) (0.219) (0.232) (0.219)
EMPLOYMENT −0.145∗∗ −0.272∗∗∗ −0.265∗∗∗ −0.212∗∗∗ −0.264∗∗∗

(0.052) (0.046) (0.044) (0.063) (0.045)
OWNERSHIP −0.184∗∗∗ −0.188∗∗ −0.176∗∗ −0.197∗∗ −0.175∗∗

(0.031) (0.072) (0.058) (0.074) (0.059)

Observations 351 351 351 351 351
R2 0.200 0.397 0.378 0.189 0.358
R2 adj. 0.188 0.338 0.369 0.075 0.349
AIC 2174.3 1408.6 1439.8 1376.5 1435.1
BIC 2201.3 1431.8 1466.9 1399.7 1462.1
RMSE 5.25 1.77 1.84 1.69 1.83

F statistic 95.788∗∗∗ 69.894∗∗∗

BP statistic 1431.3∗∗∗ 1432.4∗∗∗

Hausman statistic 12.34∗∗ 116.29∗∗∗

Wooldridge statistic 97.472∗∗∗ 112.07∗∗∗ 107.11∗∗∗ 112.33∗∗∗

Pesaran CD statistic 4.753∗∗∗ 4.905∗∗∗ −0.149 3.959∗∗∗

Note: significance levels are indicated as ∗p < 0.1, ∗∗p < 0.05, ∗∗∗p < 0.01, while standard errors are in parenthesis

Thereafter, the Breusch–Pagan statistic was used to check the assumption of constant
variance. Specifically, if the null hypothesis of zero variance in individual effects is rejected,
this implies that a random effects (RE) panel model is more suitable than the pooled model.
Accordingly, two Breusch–Pagan statistics were conducted: one for the RE individual model
and the other for the RE two-ways model. In both RE models the null hypothesis was rejected,
indicating that a random panel model is more adequate than a pooled model.

The Hausman statistic helps in deciding between fixed effects (FE) and random effects
(RE) models by testing the null hypothesis of no correlation between the individual effects
(also known as unobserved individual heterogeneity) and the explanatory variables, which
is the key assumption of the RE model. If no difference is found between the random effects
and fixed effects estimates, it indicates that the RE model is consistent and efficient. However,
rejection of the null hypothesis typically favors the FE model, as it suggests that the FE model
provides unbiased estimates. Accordingly, two Hausman tests were conducted, indicating
that both fixed effects models are more suitable.
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In the next step, the Wooldridge test for serial correlation in the error terms was utilized
to all estimated models except the pooled one. The rejection of the null hypothesis confirmed
significant serial correlation in all four models, indicating that the error terms are not inde-
pendent over time. This could produce incorrect standard errors if not properly addressed
(violation of the assumptions may be overcome by estimating dynamic panels instead of static
panels or by utilizing robust standard errors).

Finally, the cross–sectional dependence was checked. The correlation between the cross-
sectional units in the panel data can lead to biased and inconsistent estimates if ignored. FE
and RE assume that the error terms are independent across cross–sections. For the same
reason the Pesaran CD test was performed, indicating that the cross–sectional units behave
independently of each other only for FE two–ways model, making it a potentially more ro-
bust.

Similar results are found in the other two panel model specifications. Specifically, when
the housing cost overburden rate of low income households is considered as a HA proxy,
net–migration is still not a significant demographic demand driver of housing affordability
(Kikerec, 2024). On the other hand, the degree of urbanization significantly reduces housing
affordability as it positively impacts the overburden rate at 5% significance level (Table 4).

Table 4. Panel models results with overburden rate of low income households as HA proxy

Variable Pooled FE individual RE individual FE two–ways RE two–ways

Intercept 47.515∗∗∗ 42.682∗∗∗ 42.702∗∗∗

(6.488) (6.300) (6.309)
URBAN −0.018 0.044∗∗ 0.044∗∗ 0.051∗∗ 0.044∗∗

(0.028) (0.021) (0.021) (0.022) (0.021)
Log(PERMITS) 0.392 −2.480∗∗∗ −2.296∗∗∗ −1.997∗∗∗ −2.298∗∗∗

(0.755) (0.475) (0.464) (0.526) (0.464)
MIGRATION −1.389∗∗∗ 0.177 0.169 0.009 0.169

(0.498) (0.263) (0.261) (0.283) (0.261)
EMPLOYMENT −0.378∗∗∗ −0.193∗∗∗ −0.212∗∗∗ −0.206∗∗∗ −0.211∗∗∗

(0.058) (0.055) (0.053) (0.077) (0.053)
OWNERSHIP −0.178∗∗∗ −0.195∗∗ −0.150∗∗ −0.163∗ −0.150∗∗

(0.035) (0.087) (0.069) (0.090) (0.069)

Observations 351 351 351 351 351
R2 0.180 0.299 0.283 0.164 0.283
R2 adj. 0.168 0.231 0.272 0.047 0.273
AIC 2253.4 1534.0 1564.3 1516.1 1564.0
BIC 2280.4 1557.2 1591.4 1539.2 1591.0
RMSE 5.88 2.12 2.20 2.06 2.20

F statistic 82.452∗∗∗ 57.564∗∗∗

BP statistic 1415.3∗∗∗ 1416.3∗∗∗

Hausman statistic 6.142 6.073
Wooldridge statistic 129.80∗∗∗ 144.39∗∗∗ 136.06∗∗∗ 144.25∗∗∗

Pesaran CD statistic 2.152∗∗ 2.304 0.889 2.301∗∗

Note: significance levels are indicated as ∗p < 0.1, ∗∗p < 0.05, ∗∗∗p < 0.01, while standard errors are in parenthesis

Unlike the results from the first proxy, the Hausman test here do not reject the null
hypothesis, indicating no significant difference between the fixed and random effects esti-
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mates. This suggests that the random effects model is consistent and efficient, making it a
suitable choice. The FE individual shows significant cross–sectional dependence, while the
FE two–ways model does not, suggesting that when both individual and time effects are
incorporated, the cross–sectional independence assumption might hold better.

Table 5. Panel models results with respect to overburden rate of all households as HA proxy

Variable Pooled FE individual RE individual FE two–ways RE two–ways

Intercept 129.772∗∗∗ 134.709∗∗∗ 130.209∗∗∗

(16.869) (14.752) (14.831)
URBAN −0.143∗∗ −0.024 −0.025 −0.002 −0.018

(0.072) (0.048) (0.047) (0.047) (0.046)
Log(PERMITS) 0.231 −1.435 −1.325 0.676 −0.488

(1.963) (1.062) (1.040) (1.127) (1.058)
MIGRATION −4.606∗∗∗ −1.231∗∗ −1.259∗∗ −2.092∗∗∗ −1.602∗∗∗

(1.294) (0.590) (0.583) (0.607) (0.586)
EMPLOYMENT −0.564∗∗∗ −0.552∗∗∗ −0.558∗∗∗ −0.522∗∗∗ −0.575∗∗∗

(0.150) (0.122) (0.118) (0.165) (0.126)
OWNERSHIP −0.640∗∗∗ −0.813∗∗∗ −0.729∗∗∗ −0.764∗∗∗ −0.713∗∗∗

(0.090) (0.194) (0.162) (0.193) (0.161)

Observations 351 351 351 351 351
R2 0.176 0.270 0.260 0.156 0.214
R2 adj. 0.164 0.199 0.249 0.038 0.203
AIC 2924.2 2099.5 2126.8 2051.1 2105.9
BIC 2951.2 2122.7 2153.9 2074.3 2132.9
RMSE 15.28 4.73 4.91 4.42 4.76

F statistic 115.58∗∗∗ 88.55∗∗∗

BP statistic 1624.0∗∗∗ 1625.6∗∗∗

Hausman statistic 1.832 130.04∗∗∗

Wooldridge statistic 67.18∗∗∗ 75.21∗∗∗ 71.82∗∗∗ 74.38∗∗∗

Pesaran CD statistic 6.221∗∗∗ 6.310∗∗∗ −1.637 2.560∗∗

Note: significance levels are indicated as ∗p < 0.1, ∗∗p < 0.05, ∗∗∗p < 0.01, while standard errors are in parenthesis

Table 6. Two–ways fixed effects models with robust standard errors considering three HA proxies

Housing costs of low Overburden rate of low Overburden rate
income households income households of all households

URBAN 0.038∗∗ 0.051∗∗∗ −0.002
(0.015) (0.014) (0.036)

Log(PERMITS) −1.268∗∗∗ −1.997∗∗∗ 0.676
(0.302) (0.463) (0.635)

MIGRATION −0.255 0.009 −2.092∗∗∗

(0.229) (0.256) (0.414)
EMPLOYMENT −0.212∗∗∗ −0.206∗∗∗ −0.522∗∗∗

(0.059) (0.074) (0.168)
OWNERSHIP −0.197∗ −0.163∗ −0.764∗∗∗

(0.109) (0.101) (0.220)

Note: significance levels are ∗p < 0.1, ∗∗p < 0.05, ∗∗∗p < 0.01; Driscoll and Kraay standard errors in parenthesis
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Within the third HA proxy (Table 5) net–migration becomes a statistically significant
variable, which negatively impacts the housing cost overburden rate of all households, along
with the employment rate and ownership percentage. Contrary to the first two model spec-
ifications, the number of building permits for residential buildings, as well as the degree of
urbanization, no longer affects housing affordability (Kikerec, 2024). Again, statistics of Haus-
man and Pesaran CD favor FE two–ways model. However, significant Wooldridge statistics
across all models indicate that there is autocorrelation present, which can affect the reliability
of standard errors and significance testing. This suggests that corrections for serial correlation
might be necessary to ensure valid inference. Thus, a Driscoll and Kraay robust standard er-
rors are applied to FE two–ways models for each dependent variable. Best fit estimates with
robust standard errors are summarized in Table 6 (goodness–of–fit measures and diagnostic
test statistics are omitted as already reported in previous tables).

4. Conclusion

This paper comprehensively examines the multifaceted issue of housing affordability within
27 EU countries over 13 years. By analyzing the socio–economic and demographic factors,
the research has shed light on the intricate dynamics that influence housing affordability
across different member states. The empirical analysis revealed significant insights into how
variables such as building permits, urbanization, net–migration, home–ownership rates, and
employment rates interact to shape housing affordability (Kikerec, 2024). These results un-
derscore the complexity of the housing market and suggest that housing affordability cannot
be fully explained by traditional economic or demographic variables alone. Effective hous-
ing policies should not only address the supply side by encouraging new construction and
reducing regulatory barriers but also consider demand side measures such as financial assis-
tance for low income households (Kikerec, 2024). However, demand side interventions must
be carefully designed to avoid unintended consequences, such as inflationary pressures on
housing prices.

Furthermore, it highlights the role of demographic trends, particularly urbanization and
migration, in influencing housing markets. Policymakers need to account for these trends
when designing strategies to ensure that housing supply meets the evolving needs of the
population. The study also pointed out the necessity for continuous monitoring and adap-
tation of housing policies to respond to changing economic and demographic conditions.
This paper contributes to the body of knowledge on housing economics and provides valu-
able insights for policymakers, urban planners, and stakeholders involved in addressing the
housing affordability crisis in the EU. Ensuring that all households have access to affordable
housing is not only a matter of economic stability but also a fundamental aspect of social
well–being. Limitation of this paper is not using other explanatory variables, such as mort-
gage rate, because such data are not available for all EU members and all observed years.
Although standard requirements are fulfilled, having the number of cross–sections greater
than the number of time periods, this paper deals with small panel (351 observations in total)
and therefore panel data should be balanced and complete, at least to compensate for that
deficiency. Another limitation is regarding the use of static panels, while the use of dynamic
panels (accommodating not only serial correlation but also cross–sectional dependence) will
be considered in future research.
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Trendovi i pokretači priuštivog stanovanja u EU: uvidi iz analize panel
podataka

VRSTA ČLANKA
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Primljeno: 12. rujna 2024.
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SAŽETAK
Priuštivo stanovanje ključan je problem koji utječe na dobro-
bit pojedinaca, ali i društva. Priuštivo stanovanje omogućuje
kućanstvima da zadovolje svoje osnovne životne potrebe bez
nepotrebnog financijskog opterećenja. Ono utječe na mobil-
nost radne snage, potrošnju, gospodarski rast i ekonomsku
otpornost. Priuštivo stanovanje obično se mjeri udjelom do-
hotka kućanstva potrebnim za pokriće troškova stanovanja,
uključujući najamninu ili otplatu stambenog kredita, režije i
održavanje. Med̄utim, ne postoji univerzalno prihvaćena mjera
stambene priuštivosti (poput omjera troškova stanovanja i do-
hotka, pristupa preostalog dohotka ili subjektivnih mjera ko-
jima se procjenjuje percepcija kućanstava o priuštivosti njihovog
stanovanja). Ovi različiti indikatori odražavaju složenost priuš-
tivog stanjavanja i naglašavaju potrebu za sveobuhvatnom anal-
izom koja koristi više mjera, što je i svrha ovog rada. Panel
analiza socio-ekonomskih i demografskih pokretača, kako na
strani potražnje tako i na strani ponude, koji utječu na priuš-
tivo stanovanja, ključna je za razvoj učinkovitih politika koje
osiguravaju pristup adekvatnom i priuštivom stanovanju za sve
grad̄ane, jer su se mnoge zemlje Europske unije suočile s kri-
zom priuštivog stanovanja obilježenom rastom cijena nekret-
nina, troškova stanovanja i nedostatnom ponudom stambenih
jedinica.

KLJUČNE RIJEČI
EU članice, priuštivo stanovanje, stambeni troškovi, panel podaci
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